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Abstract— Numerical simulations have been conducted at the
University of Strathclyde to study the spatial growth rate and
emission topology of the cyclotron maser instability responsible
for auroral magnetospheric radio emission from stars and planets
and intense non-thermal radio emission in other astrophysical
contexts. The results have significant bearing on the radiation
propagation characteristics and highly debated question of escape
from the source region.

magnetic flux density of 0.487T. There is clear evidence of
pitch angle expansion within the plotted trajectory, as
indicated by the presence of a radially diffuse mirrored
component within the convergent magnetic field region.

I. INTRODUCTION AND BACKGROUND

A

variety of astrophysical radio emissions have been
identified to date associated with non-uniform magnetic
fields and accelerated particle streams [1]. Numerous such
sources, including planetary and stellar auroral radio emission
are spectrally well defined with a high degree of extraordinary
(X-mode) polarisation. In particular, for the terrestrial auroral
case it is now widely accepted that such emissions are
generated by an electron cyclotron-maser instability driven by
a horseshoe shaped electron velocity distribution [2-5]. Such
distributions are formed when particles descend into the
increasing magnetic field of planetary/stellar auroral
magnetospheres, where conservation of magnetic moment
results in the conversion of axial momentum into rotational
momentum forming an electron velocity distribution having a
large spread in pitch factor. Theory has shown that such
distributions are unstable to cyclotron emission in the X-mode
[6] and inhomogeneous systems have also been examined [7].
Experiments and simulations carried out at the University of
Strathclyde [8-16] have investigated the electrodynamics of an
electron beam subject to significant magnetic compression.
Analytical theory [3-7,17] at the University of St Andrews and
at the STFC, Rutherford Appleton Laboratory has greatly
benefitted this experimental and numerical simulation
research. More recently, PiC simulations have been conducted
to study the cyclotron-maser emission topology in the absence
of radiation boundaries and as a function of various beam
parameters, with the spatial growth of the instability and
characteristics of radiation propagation documented.

Fig. 1. Overview of experimentally consistent, waveguidebounded PiC simulation geometry.
Within both the waveguide bounded simulations and
experiments, cyclotron resonant energy transfer was studied
with near-cutoff Transverse Electric (TE) modes, which
closely match the electromagnetic field polarization of the Xmode with respect to the magnetostatic field. Although
radiation propagation and coupling was assumed to be in the
forward-wave direction (with respect to the cathode), a
significant number of cyclotron-wave detunings resulted in
backward-wave coupling. An example of such a regime is
presented in figure 2, where a contour plot of Eθ from a 2.5D
PiC simulation shows a more prominent backward-wave
character to the cyclotron-wave coupling.

II. RESULTS

In the initial scaled laboratory experiments conducted at
Strathclyde, an electron beam was injected from an annular
explosive emission cathode and subject to significant magnetic
compression using a highly configurable solenoid
arrangement. The beam transport characteristics and cyclotronresonant beam-wave interaction within a circular cylindrical
waveguide were simulated in 2.5D using the PiC code
KARAT, with a typical electron beam trajectory presented in
figure 1 for a magnetic mirror ratio of Bz/Bz0 = 34 and peak

Fig. 2. Contour plot of Eθ within a waveguide-bounded
simulation geometry.

In order to bridge between the waveguide-bounded
experiments and an unbounded astrophysical scenario, we
conducted PiC simulations to study the horseshoe cyclotronmaser instability in the absence of radiation boundaries. For
the purpose of simulating the unbounded interaction geometry,
a 44cm thick region of radially increasing conductivity was
defined around the 4m propagation path of a 20keV, 14A
electron beam. This represented an idealised absorber of
electromagnetic radiation, inhibiting reflection and the
formation of boundary resonant eigenmodes. Other simulation
parameters include a predefined electron beam horseshoe
distribution, comprising a pitch spread of α = v⊥ / vz = 0→9.5
and a uniform axial magnetic flux density of 0.1T.
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Fig. 3. 3D contour plot of Eθ within an unbounded simulation
geometry.
The simulations demonstrate a clear relaxation of the
electron horseshoe distribution via the cyclotron maser
instability, with RF output generated in the X-mode at the
electron cyclotron frequency and with a small negative axial
wavenumber (fig 3). This is evidenced by the oblique
propagation angle of the wavefront highlighted in figure 3,
which factoring in the differing spatial scales of the z and r
axes corresponds to a backward-wave propagation angle of a
few degrees.
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III. CONCLUSION
PiC simulations have been conducted to study the
electrodynamics and emission topology of the cyclotron maser
instability responsible for auroral magnetospheric radio
emission and the generation of non-thermal radio emission in
other astrophysical contexts [20]. Initial waveguide-bounded
PiC simulations and laboratory experiments show for
numerous near-cutoff resonance regimes, a tendency for
cyclotron-wave coupling to occur with a backward-wave
character. This trend is reflected in the results of unbounded
PiC simulations of cyclotron-wave coupling, where radiation
propagation has been observed with a distinctive backwardwave character to it, typically a few degrees from
perpendicular to the magnetostatic field. The corresponding
RF conversion efficiency of 1.1% in the unbounded case is
comparable to earlier waveguide bounded simulations [12] and
consistent with estimates of ~1% for the astrophysical
phenomena [18-20].
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A plot of the corresponding radial Poynting flux is
presented in figure 4 measured in a plane at r = 3.5cm. A DC
offset is present in the measurement due to low frequency EM
field components associated with the electron beam
propagation. After 180ns a peak rf output power of ~3kW was
measured corresponding to an rf conversion efficiency of 1.1%
- comparable to the estimate of ~1% for the astrophysical
phenomena [19].
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Fig. 4. Radial Poynting flux temporal evolution, measured in a
plane at r = 3.5cm and spanning the length of the simulation.
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