








Scattering of trapped, energetic electrons by shear waves

• Project led by D. Papadopoulos (UMd)

• High power microwaves used to generate mirror-trapped, 
energetic electron population (up to 1 MeV)

• Shear waves injected, de-trapping of electrons observed (x-
ray generation) — surprisingly a non-resonant process, AWs 
of a range of frequencies are effective

Radiation belt remediation: !
 ArtiÞcial method to control 
and drain energetic particles 
trapped in earthÕs magnetic 
mirror

2.45 GHz waveguide

electron ring

Y. Wang, et al., PRL 108, 105022 (2012)



Production of whistler waves by energetic electrons in LAPD

• J. Bortnik (UCLA): Inject ~4 keV electron beam into LAPD 
plasma; whistler emission observed 



Broadband whistler emission observed (hiss-like)

An, et al. Geophys. Res. Lett., 43, 2413–2421 (2016)

• Two bands, with 
quiet region 
around 0.5 fce

• nb/ne ~ 0.1%, , fpe/
fce ~ 6-15

• Consistent with 
Landau & 
Doppler-shifted 
Cyclotron 
Resonance 
(normal and 
anomalous)



Chirping (chorus-like) emission observed at higher beam density

Van Compernolle, et al., Phys. Rev. Lett. 114, 245002 (2015)
Van Compernolle, et al., Plasma Phys. Contr. Fusion 59, 014016 (2017)

• Seen at higher beam current:  nb/ne ~ 1%, (also fpe/fce ~ 2-4)



Interactions of SAWs with Energetic Ions

• Heidbrink (UCI):  Fusion-motivated 
study of scattering/diffusion of fast 
ions by SAWs

• Low current (test particle) Lithium 
ion beam (~1 keV) interacts with 
antenna launched AWs

• Doppler-shifted cyclotron resonant 
interaction observed; interaction only 
observed with LHP waves

Y. Zhang et al., Phys. Plasmas 16, 055706 (2009)
Y. Zhang et al., Phys. Plasmas 15, 102112 (2008)

Sp
at

ia
l S

pr
ea

di
ng

 o
f I

on
 B

ea
m

Wave Frequency



Excitation of Alfvén waves (EMIC) by intense ion beamEXCITATION OF SHEAR ALFVÉN WAVES BY A . . . PHYSICAL REVIEW E 91, 013109 (2015)

FIG. 3. (Color online) Profiles of a 15-keV H+ beam with 10 A
current at two axial locations, (a) z = 13.42 m and (b) z = 0.64 m in
the LAPD plasma recorded using a retarding field energy analyzer.
(c) Typical time traces of the ion beam pulse from the analyzer (at
x = 2.0 cm, y = −1.0 cm, z = 0.64 m) and beam-driven magnetic
fluctuations (at x = 0 cm, y = 0 cm, z = 3.83 m) are indicated by
the red (lower) and blue (upper) traces associated with the right and
left axes, respectively.

is expected to take ≈18.6 µs to travel through the plasma.
The delayed arrival of the beam pulse at multiple z locations
was measured and found to be consistent with the expected
time-of-flight of the H+ ion beam with vb∥ = 1.02 × 106 m/s.

Amplitude spectra of magnetic fluctuations in the ambient
plasma were recorded in the presence and absence of the
beam and are plotted in Fig. 4. The spectra were produced by
averaging over the Fourier transforms of 15 015 time traces of
By fluctuations. The time-traces (duration = 328 µs, sampling
rate = 100 MHz) were acquired using a fixed magnetic-loop
probe at x = 0 cm, y = −2 cm, and z = 7.67 m on
the shot-to-shot basis under nearly identical experimental
conditions. The time-range of the data for generating the
“BEAM ON” spectra is indicated by the vertical-dotted lines
in Fig. 3(c). The time series for the “BEAM OFF” spectra were
acquired 320 µs after turning off the beam. In the presence of
the beam, magnetic fluctuations were amplified by ≈40 times
in the lower frequency band (f < fci1) and ≈200 times in the
upper frequency band (fii < f < fci2, labeled as UF in Fig. 4).
The amplification was dominant in the upper frequency band
and is the focus of this paper.

For our experimental parameters, average ne = 1.5 ×
1011 cm−3, Te = 5.0 eV, fci1 = 685 kHz, fb = fci2 = 4fci1
= 2740 kHz, Alfvén speed vA = 5.2 × 106 m/s, and electron
thermal speed vthe = 9.4 × 105m/s. Here, vthe/vA = 0.18 and
vb∥/vA = 0.20, hence the beam is sub-Alfvénic and Alfvén
waves are in the inertial regime. By identifying the ion-ion
hybrid frequency (fii = 2385 kHz), the relative concentration
of He+ (n1 = 0.92 ne) and H+ (n2 = 0.08 ne) ions was
estimated [19] and used in determining the vA. For the
excitation of Alfvén waves (f < fci2 = fcb) through the

FIG. 4. (Color online) In the presence of the H+ beam, amplifi-
cation of magnetic fluctuations of the ambient plasma (8% H+ and
92% He+, fci1 = 685 kHz) is depicted. The red and blue curves
(labeled as BEAM ON and BEAM OFF, y axis on the left as
shown by the left arrows) are the spectra of magnetic fluctuations
in the presence and absence of the beam, respectively. The “beam
on” spectra peaks at fpeak. The dotted-blue (labeled by C) and
dashed-green (labeled by L) curves (y axis on the right as indicated by
the right arrows) are the cyclotron and Landau resonance functions,
respectively. The resonance conditions are satisfied at a frequency
where C or L curves intersect the horizontal-dotted line. The n = 1
DICR condition is satisfied (marked by the double arrow) near fpeak,
suggesting the excitation of shear Alfvén waves through DICR of the
ion beam.

DICR process by a sub-Alfvénic ion beam, Eq. (1) requires
S = −1. This implies that the wave must propagate in the
opposite direction to the beam. Using these parameters in
Eqs. (1)–(3), C(f ) and L(f ) were evaluated and plotted in
Fig. 4. The LR and n = 1 DICR resonances are expected to
occur at a frequency where associated resonance functions are
equal to 1, i.e., where they cross the horizontal dotted line.
The results indicate that the LR and n > 1 DICR can occur
only at fci1 and fci2, where the wave signal is negligible.
However, the n = 1 DICR condition is satisfied near fpeak in
Fig. 4 where maximum amplitude of Alfvén waves is detected.
This implies that the waves in the UF band are generated by
the n = 1 DICR process. The counter-propagation of the wave
with the beam and the mode-structure of the wave is discussed
below.

A cross-spectral data analysis technique [26], which re-
quired a fixed-movable probe pair, was used to derive the mode
structure of waves at different frequencies. This technique is
efficient in identifying the mode-structure in a plasma where a
multitude of waves exist. In addition to the fixed magnetic-loop
probe, a three-axis magnetic-loop probe (z = 8.63 m) was
moved in a 34 × 34-cm xy plane with !x = !y = 1.0 cm. At
every spatial location in the plane, 11 time traces were recorded
by the movable probe and data from the fixed probe were
acquired simultaneously. The ensemble-averaged phases of
Bx,y,z(x,y) wave-field components in the plane were retrieved
relative to the phase of By wave-field component at the fixed-
probe location. Using this relative phase and amplitude in the
plane, mode structures of the waves were generated at different
frequencies. The mode structure at f/fci1 = 3.67 is depicted in
Fig. 5 by showing the magnetic-field vectors in the top panel
and associated axial current density Jz in the bottom panel.
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the LAPD plasma recorded using a retarding field energy analyzer.
(c) Typical time traces of the ion beam pulse from the analyzer (at
x = 2.0 cm, y = −1.0 cm, z = 0.64 m) and beam-driven magnetic
fluctuations (at x = 0 cm, y = 0 cm, z = 3.83 m) are indicated by
the red (lower) and blue (upper) traces associated with the right and
left axes, respectively.

is expected to take ≈18.6 µs to travel through the plasma.
The delayed arrival of the beam pulse at multiple z locations
was measured and found to be consistent with the expected
time-of-flight of the H+ ion beam with vb∥ = 1.02 × 106 m/s.

Amplitude spectra of magnetic fluctuations in the ambient
plasma were recorded in the presence and absence of the
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averaging over the Fourier transforms of 15 015 time traces of
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FIG. 4. (Color online) In the presence of the H+ beam, amplifi-
cation of magnetic fluctuations of the ambient plasma (8% H+ and
92% He+, fci1 = 685 kHz) is depicted. The red and blue curves
(labeled as BEAM ON and BEAM OFF, y axis on the left as
shown by the left arrows) are the spectra of magnetic fluctuations
in the presence and absence of the beam, respectively. The “beam
on” spectra peaks at fpeak. The dotted-blue (labeled by C) and
dashed-green (labeled by L) curves (y axis on the right as indicated by
the right arrows) are the cyclotron and Landau resonance functions,
respectively. The resonance conditions are satisfied at a frequency
where C or L curves intersect the horizontal-dotted line. The n = 1
DICR condition is satisfied (marked by the double arrow) near fpeak,
suggesting the excitation of shear Alfvén waves through DICR of the
ion beam.

DICR process by a sub-Alfvénic ion beam, Eq. (1) requires
S = −1. This implies that the wave must propagate in the
opposite direction to the beam. Using these parameters in
Eqs. (1)–(3), C(f ) and L(f ) were evaluated and plotted in
Fig. 4. The LR and n = 1 DICR resonances are expected to
occur at a frequency where associated resonance functions are
equal to 1, i.e., where they cross the horizontal dotted line.
The results indicate that the LR and n > 1 DICR can occur
only at fci1 and fci2, where the wave signal is negligible.
However, the n = 1 DICR condition is satisfied near fpeak in
Fig. 4 where maximum amplitude of Alfvén waves is detected.
This implies that the waves in the UF band are generated by
the n = 1 DICR process. The counter-propagation of the wave
with the beam and the mode-structure of the wave is discussed
below.

A cross-spectral data analysis technique [26], which re-
quired a fixed-movable probe pair, was used to derive the mode
structure of waves at different frequencies. This technique is
efficient in identifying the mode-structure in a plasma where a
multitude of waves exist. In addition to the fixed magnetic-loop
probe, a three-axis magnetic-loop probe (z = 8.63 m) was
moved in a 34 × 34-cm xy plane with !x = !y = 1.0 cm. At
every spatial location in the plane, 11 time traces were recorded
by the movable probe and data from the fixed probe were
acquired simultaneously. The ensemble-averaged phases of
Bx,y,z(x,y) wave-field components in the plane were retrieved
relative to the phase of By wave-field component at the fixed-
probe location. Using this relative phase and amplitude in the
plane, mode structures of the waves were generated at different
frequencies. The mode structure at f/fci1 = 3.67 is depicted in
Fig. 5 by showing the magnetic-field vectors in the top panel
and associated axial current density Jz in the bottom panel.
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• Up to 25 keV, ~10A ion beam injected into H/He plasmas

• Waves seen at a range of frequencies (up to LH)

• SAW/EMIC excited in H+ band (due to Doppler-shifted 
cyclotron resonance)

Tripathi, et al., Phys. Rev. E., 91, 013109 (2015) 



Have an idea?  Apply for run time!
• Yearly solicitation for LAPD runtime (just completed 

review for Calendar 2018 runtime).  Next solicitation in 
the fall for 2019 runtime (stay tuned).

• Runtime, use of existing equipment/diagnostics, and staff 
support are free (you pay for travel)

• We welcome proposals from theorists, space observers 
(our group can assist with design & execution of 
experimental ideas).  International proposals are 
welcome

• Please contact me if you are interested!

http://plasma.physics.ucla.edu
tcarter@physics.ucla.edu

http://plasma.physics.ucla.edu
mailto:tcarter@physics.ucla.edu

