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When the solar wind interacts with the Earth’s magnetic field, it gets 
deflected, creating a plasma region called magnetosphere. 

Not all planets have strong magnetospheres, but some comets, asteroids, 
and localized regions on the Moon showed evidence of “mini 
magnetospheres”. 

In this work, we present simulations of mini magnetospheres that 
reproduce recent laboratory experiments performed in a laboratory. 
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FIG 1: Schematic of the 
experimental setup on the LAPD.

The particle-in-cell (PIC) method consists of self-consistently solving the 
equations of motion for all the particles in a discretized spatial grid. 

The state-of-the-art, fully relativistic, massively parallel PIC code OSIRIS 
[2,3] was used to determine the magnetospheric structure and kinetic-
scale features of the plasma current distribution. 

The 2D simulations recreate the experimental results [4,5]. 
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The plots show the variation of the measured magnetic field and the calculated 
current density, at x=0 over time.

PIC simulations were used to 
determine the magnetospheric 
structure and kinetic-scale features 
of the plasma current distribution.
The numerical simulations were 
performed using OSIRIS, a 
state-of-the-art, fully relativistic, 
massively parallel PIC code [3,4].
We performed 2D simulations at 
the z=0 plane with 1200 x 1200 
grid points to discretize 12     x 12 

—-----, with 25 particles / cell / species.

The simulations considered a simplified driver plasma flowing with fluid velocity        
against a background plasma with an internal magnetic field and a dipole at the 
origin. The magnetic moment was chosen such that the predicted standoff 
distance matches the experimentally observed value (                     ). 
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Ion-scale magnetospheres have been observed around comets, 
weakly-magnetized asteroids, and localized regions on the Moon. These 
mini-magnetospheres provide a unique environment to study kinetic-scale 
plasma physics, in particular in the collisionless regime. 

I. Motivation
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Particle-in-cell simulations of laser-driven, ion-scale 
magnetospheres in laboratory plasmas

● The Large Plasma Device (LAPD) is a 20 
m long, 1 m diameter chamber capable of 
high-repetition-rate operation. 

● In the experiments, a high-intensity laser 
was focused on a plastic (CH) target, 
releasing a super-Alfvénic plasma that 
expands through a magnetized 
background plasma with initial field      .

● A current loop was inserted into the 
center of the background plasma (x=0) to 
induce a dipolar magnetic field of 
magnetic moment       .
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II. Experimental setup [2]

Magnetic Field
● Visible reflection of the compressed 

magnetic field along the symmetry 
axis. 

● Reflection more evident for the 
higher magnetic moments.

IV. Simulation methods and parameters [5]

V. Simulation setup and overall dynamics [5]

VII. Conclusions and future work

Current Density
● Two structures observed: the 

diamagnetic current and the 
magnetopause.

● The separation of the two structures was 
more evident for the lower magnetic 
moments.

III. Experimental results [2]

VI. Driver-background plasma coupling
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In these systems, the plasma gyroradius       or the ion 
skin-depth     are of the same order as the stand-off 
distance       , given by the equilibrium between the plasma 
pressure and the magnetic pressure [1].
In this work, we present collisionless particle-in-cell (PIC) 
simulations of ion-scale magnetospheres that reproduce 
recent laboratory experiments performed on the Large 
Plasma Device (LAPD) at UCLA. 
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Parameters Space Laboratory PIC

v0 (km/s) 2-8x102 2-3x102 3x104

n0 (cm-3) 1-10 1012-1013 -

mi/me 1836 1836 100

vthe/v0 4 3-11 0.1.

MA ≡ v0/vA - 0.5. 1.5.

di ~100 km 7-23 cm 10 c/ωp

1/ωci ~1 s 200-500 ns 150 1/ωp

B0 - 300 G 0.67 ωpmec/e 
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Future work
● Compare the 

magnetospheric 
characteristics for 
different Mach 
numbers.

● Explore the coupling 
analytical expressions for 
other parameter ranges.

Conclusions
● Mini-magnetospheres can be studied in the 

laboratory. In recent experiments, the most 
prominent observed feature is the reflection of the 
magnetic field compression ahead of the dipole.

● Two current structures are formed, the 
magnetopause, associated with plasma - dipole 
interactions, and the diamagnetic current, associated 
with the magnetic cavity.
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Synthetic diagnostics

● Simulations replicate the compression of the magnetic field, and its reflection.
● The magnetopause and diamagnetic structures are visible in the current density.
● The two current structures were more distinguishable for weaker dipoles.

Some of the magnetospheric features depend on the coupling between the two 
plasmas. It manifests through the ratio of compression to initial magnetic 
field   , the magnetic cavity velocity     , and the magnetic compression 
velocity     .

We performed 1D simulations with a 
driver plasma flowing against a uniform 
magnetized background plasma.
From conservations laws, these quantities 
can be described by:

These equations 
allow us to predict 
the changes to the 
characteristics of 
the system. ,       - Driver parameters.

,       - Background ion mass
and density.

Conclusions

Experiments

Simulations

Experimental setup

The Large Plasma Device (LAPD) 
at UCLA, is a 20 m long, 1 m 
diameter chamber capable of high-
repetition-rate operation. 

In the experiments, a high-intensity 
laser was focused on a 
plastic/carbon target, releasing a 
fast plasma against a magnetized 
background plasma with a dipole in 
the center.
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FIG 5: Simulations with inverted dipole lead to magnetic reconnection.

Experimental results

The experiments showed a reflection of the compressed magnetic field [1].
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FIG 2: LAPD experimental results for the variation of the magnetic 
field Δ𝐵! (left) and the current density 𝐽" (right), at 𝑥 = 𝑦 = 0. 

FIG 4: Synthetic diagnostics for the simulations.

If we invert the dipole, the magnetic fields of the plasma and of the 
dipole become antiparallel. This forces the magnetic field lines 
to rearrange themselves, releasing energy in the process.
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FIG 3: Total ion density for the simulations.

Ion-scale magnetospheres can be studied in the laboratory. 
Two current structures are formed, the magnetopause, associated with 
plasma-dipole interactions, and the diamagnetic current, associated with 
the magnetic cavity.
We can observe magnetic reconnection in an antiparallel configuration.
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