From levitated dipole trap to neutron star's magnetospheres | apex
Proposal for a guiding center PIC simulation
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ABSTRACT Radio Pulsar APEX |
Magnetosphere [8] Levitated Dipole

Neutron stars are rotating objects with a strong magnetic field. The consequent Magnetic Field 108 T 1T

Induced field in the rotating reference frame is expected to support the creation of :

pair plasma in the vicinity of the neutron star. Presumably, electrons and positrons Density 10" m~3 10"° m~3

reside in separated domains above the poles and around the equator [1]. This model Energy 10° eV (y = 10 for 1 el

IS supported by several fully kinetic particle-in-cell (PIC) simulations [2][3]. However,

the magnetic field needs to be scaled down by several orders of magnitude in these secondary particles)

simulations, such that the gyromotion can be resolved. We propose to use the Cyclotron Frequency 101° s71 1012 g1
g_wdmg center approximation to overcome th|s_ difficulty. In a f|rst_ step, the Plasma Frequency 109 g1 107 s 1
simulation would be benchmarked against experimental results obtained by the : - w = a0
APEX collaboration. The APEX collaboration has the goal to create a pair plasma in EXB Drift 10° ms 10° ms
a levitated dipole trap [4]. In a second step we plan to gradually introduce the System Size 104 m 1m
properties that distinguish the lab experiment from the neutron star's 1 5
magnetosphere. This involves for example the extreme magnetic field which leads Debye Length 107" m 107" m
to radiative processes with consequent pair creation as well as ultra-relativistic Larmor Radius 10~ 13 m 10~% m
velocities.
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—4 At the moment, an electron emitter is used for injection
‘_ ; (Fig. 4). In the future electrons and positrons will enter
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—10 O 10 from an external beamline as shown in Fig. 3. Depending
e S on the charge on the coil and the charge of the particles,

accelerated away from the glowing emitter and excite helium

restrained to distinct regions in the center of the coil and that was introduced in the trap to visualize the trajectory.

IFig. 1 2D fully kinetic PIC simulation of a neutron star's magnetosphere. (a) Parallel electric

field (b) charge density. The rotation frequency/magnetic field is not high enough to sustain Fig. 2 3D fully kinetic PIC simulation of a neutron star's the outboard mid plane (F | g. 5) .
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The Iinduced electric field in the rotating frame (Fig. 1la) extracts charged particles
from the surface. Curvature and synchrotron radiation cause a cascade of pair 0.5
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creation. Electrons and positrons separate into a “disc and dome" distribution In an 25T
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5t 5 ‘ In the non-llne_ar phase Of Fig. 5 Density distribution of electrons and positrons in a global thermal equilibrium state [5]. Fig. 6 Density distribution of an electron plasma in a local thermal
1 . ) 1 the diocotron InStabI|Ity N They are confined in separate domains defined by the potential well indicated by the white equilibrium along magnetic field lines [5]. The coil is neutral and the
N » e - | a Penning-MaImberg trap dashed lines. Complete charge separation is achieved by biasing the coil (white solid line). lifter platform is grounded, both are indicated by white solid lines.
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Fig. 7 Snapshot of the charge density in the plasma column showing the m = 3 pattern (on the left) and
the m = 7 pattern (on the right). The chosen time corresponds to the transition between the linear phase B The diocotron mode has been studied extensively N
and the beginning of the non-linear regime, associated with the total electrostatic energy curves. [6] —> . . .
Cathode Phosphor Penning-Malmberg traps shown in Fig. 8. These
A global, fully kinetic PIC simulation of a : | traps consist of cylindrical electrodes which provide
’ ‘ : PLASMA ' ' '
: | | neutron star's magnetosphere shows a mode E m electrogtatlc_, axial conflnement_, A ho_mogeneogs
v e T structure that might be a diocotron mode in : S R— ' mag_netlc field along_ the —axis prowdes rac_hal
2 ) the equatorial plane (Fig 8). It took seven \ = I fr?enﬂT:sr,nrrle;téa?\ybleovglﬁ::\ngec:hoente)o;entllilsOlrllo?r;irsledne
T ket e rotations of the plasma (corotating with the -V "V pl' h de st pt P P !
! neutron star) to develop the structure in Fig. S Pee e T revealing the mode structure
Since the fully kinetic simulation has to | The fluctuations measured at with the wall probe
= 0 resolve the gyro-motion, the magnetic field as ' (Fig. 10) has the scaling with the magnetic field
well as the particle energies has to be scaled expected for a drift wave w « B~! and is likely to be
N down. This also implies that the ratio between related to the diocotron instability.
| B | - il the light cylinder and the size of the neutron
ontas S S star is significantly smaller. 5 —-110
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b4 hope to be able to simulate the evolution of 4
Fig. 8 Diocotron instability in the equatorial plane of the charge- the plasma on the drift timescale and answer - —120
separated aligned rotator. The instability leads to non- the question rather or not previous results are N
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ymmetric charge modulations and radial expansion of the disk. b| S 3
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* PIC Simulation =» captures non-Maxwellian (due to loss cone, Fig. 9 Images of annular plasmas for three different 0.0 2.3 &Y 7.5 10.0
cyclotron cooling, relativistic velocities...) and kinetic effects (mirroring, thicknesses (0.67, 0.17, and 0.14 cm). The left column is time [s]
phase-space holes...) at t=0. The right is after the onset of the diocotron Fig. 10 Spectrogram of a potential perturbation measured with a
instability. The outer circle indicates the conducting wall. [7] wall probe in the levitated dipole trap after electrons were injected.
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