Single particle motion and
trapped particles

« Gyromotion of ions and electrons

* Drifts in electric fields

* Innomogeneous magnetic fields
 Magnetic and general drift motions
* Trapped magnetospheric particles

* Motions in a magnetic dipole field —

planetary radiation belts



Gyration of ions and electrons |

The equation of motion for a particle in a magnetic field is:

m%r:q(E—l—va)

Taking the dot product with v yields (for E = 0) the equation:

dv d {muv?
m— -V = — 0
dt dt 2
A magnetic field can not change the particle‘s energy. If B = Be, ,and
B is uniform, then v, is constant; taking the second derivative yields:

s 2.,
’by — —Wg @y

We introduced the gyrofrequency, @, = qB/m, with charge g and
mass m of the particle.



Gyration of ions and electrons I
The previous equation for a harmonic oscillator has the solution:
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Guiding Center

The equation describes a circular orbit around the field with gyroradius, r,,
and gyrofrequency, a,. The orbit‘s center (X,,Y,) IS called the guiding center.
The gyration represents a microcurrent, which creates a field opposite to the
background one. This behaviour is called diamagnetic effect.



Gyration of ions and electrons 111

Helicoidal ion orbit in a uniform magnetic field
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If one includes a constant speed parallel to the field, the particle
motion is three-dimensional and looks like a helix. The pitch angle of
the helix or particle velocity with respect to the field depends on the
ratio of perpendicular to parallel velocity components.



Electric drifts |

Adding an electric field to to the magnetic field results in electric drift
motion, the nature of which depends on whether the field is nonuniform

In space or variable in time. A parallel field component yields straight
acceleration along the magnetic field:

mu|| = gk

Particles are in space plasmas are usually very mobile along the magnetic

field. A perpendicular electric field component (in x-axis) leads to the
famous E x B drift:

. 2

. q VUr — —W,Uzg

Uy = wgUy + —FEg g o

_ m —— > T
Uy = —WgqUg Vy — —Wy (Uy + f)

— kExB The E x B drift does not depend on the charge,
B2 thus electrons and ions drift in the same direction!
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Electric drifts 11

The E x B drift has a close link to the Lorentz transformation, because a
particle can by drifting transform the external electric field away, such
that In its rest frame the electric field vanishes:

=E+vxB

E=—-vxB

Solving the last equation for the velocity, yields the previous E x B drift.

For slowly time-varying
electric fields, particles
perform a polarization drift
perpendicular to the
magnetic field.
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Magnetic drifts |

Inhomogeneity will lead to a drift. A typical magnetic field in space
will have gradients, and thus field lines will be curved. We Taylor
expand the field:

B=By+ (r- V)Bg

where B, is measured at the guiding center and r is the distance from it.
The modified equation of motion then reads:

d
md—: = q(v x Bg) +¢q[v x (r - V)Bg]

Expanding the velocity in the small drift plus gyromotion, v = v,
+ vy , then we find the stationary drift:

vy = % ((vg x (r-V)Bg) x Bg)
0




Nonuniform magnetic fields in space
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Magnetic drifts |1

By inserting the previous analytic solution for the helical gyration orbit,
we can time average over a gyroperiod and thus obtain the expression:

2
_ muy

Vo —
Vv 2¢B3

(B x VB)

showing that the non-uniform magnetic field B leads to a gradient drift
perpendicular to both, the field and its gradient, as sketched below:

VB lon The ratio in front of the gradient term
: is the particle‘s magnetic moment,
I.e. the ratio between the kinetic

energy and the magnetic field:
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General force drifts

By replacing the electric field E in the drift formula by any field
exerting a force F/q, we obtain the general guiding-center drift:
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In particular when the field lines are curved, the centrifugal force is

R
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where R, is the local radius of
curvature. The particle kinematics

Is illustrated on the right.
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Table 2.2. Drift in various types of fields
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source: Kallenrode, Space Physics



Summary of guiding center drifts

. ExB
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Associated with all these drift are corresponding drift currents.




Synopsis of the magnetospheric current system

Tail Current

Ring QU"‘?mﬁ ‘ Neutral Sheet Current

Field—-Aligned Currents
Magnetopause Current

The distortion of the Earth‘s
dipole field is accompanied by
a current system. The currents
can be guided by the strong
background field, so-called
field-aligned currents (like in
a wire), which connect the
polar cap with the magnetotail
regions. The compression of
the dayside field leads to the
magnetopause current. A tail
current flows on the tail
surface and as a neutral sheet
current in the interior. The
ring current is carried by
radiation belt particles flowing
around the Earth in east-west
direction.
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TRANSPORT OF COSMIC RAYS IN THE HELIOSPHERE

* DIFFUSION
« CONVECTION
* DRIFTS
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HELIOSPHERIC
CURRENT SHEET

Solar Minimum Solar Maximum

Waviness of the heliospheric current sheet during solar minimum and
maximum conditions, based on a sketch by R. Jokipii, University of Arizona



Magnetic mirror

Let us follow the guiding center of a particle moving along an

Inhomogeneous magnetic field by considering the magnetic
moment:

muv2sin? o
2B

;_L:

where we used the pitch angle. Apparently pitch angles at
different locations are related by the corresponding
magnetic field strengths, 1.e.:

Mirror Point
Sin2 ap B> 5
sinfa; B %
The point where the angle |
reaches 90° is called the
mirror point. o




Trajectories of particles confined in a dipole field

Trajecmry of
trapped particle ;

A dipole magnetic field has a field strength minumum
at the equator and converging field lines at the polar
regions (mirrors). Particles can be trapped in such a
field. They perform gyro, bounce and drift motions.



Magnetic dipole field

At distances not too far
from the surface the
Earth‘s magnetic field can
be approximated by an
azimuthally symmetric
dipole field with a moment:

Mg = 8.05 1022 Am?

M
= PO T (_5gin A&, 4 cos \éy)

Measuring the distance in units of the 47 13

Earth‘s radius, Rg, and the equatorial
surface field, B (= 0.31 G), yields with

the so-called L-shell parameter B (11 3sin2)\)1/2
(L=ry/Re) the field strength as a B\, L) = g (1 g )
function of latitude, 2, and of L as: L COS® A




Dipole latitudes of mirror points
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Bounce period as function of L shell
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Equatorial Loss Cone in Degrees
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If the mirror point lies too
deep in the atmosphere
(below 100 km), particles
will be absorbed by
collisions with neutrals.

Equatorial loss cone

The loss-cone width depends only on L but not on the particle mass, charge or energy.



Period of azimuthal magnetic drift motion
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Drift period is of order of several days. Since the magnetospheric field changes
on smaller time scales, it is unlikely that particles complete an undisturbed drift
orbit. Radiation belt particles will thus undergo radial (L-shell) diffusion!



lon paths due to electric drifts
(magnetospheric convection)

Solar wind generates
an electric field from
dawn to dusk in the
equatorial plane.
Particles will drift
sunward In this field.

» Close to Earth magnetic drift prevails -> symmetric ring current

* Intermediate region -> partial ring current

 Far from Earth particles are dominated by E x B drift.



Sources and sinks of ring current

The major source of the ring current is the tail plasma sheet,

from which particles are brought in by the electric drift.

Adiabatic heating: While drifting inwards particles
conserve their magnetic moments, thus their energy
Increases according to:

Ve ()
Wio \L

The major sink of the ring current is the loss of energetic
particles undergoing charge exchange (liftime hours to days).
Other loss mechanism: Pitch-angle scattering into the loss
cone in the neutral lower atmosphere.
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Differential Energy Flux in (cm?s sr)

Particle fluxes in near Earth space
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Adiabatic invariants of motion

In classical Hamiltonian mechanics the action integral

J; = jgpid%'

IS an invariant of motion for any change that is slow as compared to the
oscillation frequency associated with that motion. Three invariants related to:

2mm
« Gyromotion about the local field Pu = 2 HT const

 Bounce motion between mirror points | j — j{m’“HdS

e Drift motion In azimuthal direction

2
b = EM — const

q2

Magnetic flux, @ = Bxr?, through surface encircled by gyro orbit is constant.



