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The VISIONS (VISualizing Ion Outflow via Neutral atom imaging during a Substorm) sounding rocket was launched on Feb. 7, 2013 at 8:21 UTC from Poker Flat, Alaska, into an auroral substorm with the objective of identifying the drivers and dynamics of the ion outflow below 1000km. Energetic ion data from the VISIONS polar
cap boundary crossing show evidence of an ion “pressure cooker” effect whereby ions energized via transverse heating in the topside ionosphere travel upward and are impeded by a parallel potential structure at higher altitudes. VISIONS was also instrumented with an energetic neutral atom (ENA) detector which measured neutral
particles (∼50-100 eV energy) presumably produced by charge-exchange with the energized outflowing ions. Hence, inferences about ion outflow may be made via remotely-sensing measurements of ENAs. This investigation focuses on modeling energetic outflowing ion distributions observed by VISIONS using a kinetic model. This kinetic
model traces large numbers of individual particles, using a guiding-center approximation, in order to allow calculation of ion distribution functions and moments. For the present study we include mirror and parallel electric field forces, and a source of ion cyclotron resonance (ICR) wave heating, thought to be central to the transverse
energization of ions. The model is initiated with a steady-state ion density altitude profile and Maxwellian velocity distribution characterizing the initial phase-space conditions for multiple particle trajectories. This project serves to advance our understanding of the drivers and particle dynamics in the auroral ionosphere and to improve
data analysis methods for future sounding rocket and satellite missions.

Motivation

The ionosphere plays a significant role in loading the magnetosphere plasma populations
(Zeng, [2008]). Moreover, the energization and outflow of ions in the polar ionosphere
was first observed by Shelley et al. in 1972 and has been reported by other satellite
missions and simulation models (Retterer, [1983], Crew [1990]). Unlike the strongly
field-aligned beam distributions generated in the dayside cleft/cusp, the ion conic forma-
tions in the cusp have peak fluxes at a pitch angle relative the field-aligned directions.
The conic formation in velocity space is thought to be generated by gradual heating of
ions. In this study, we present ion conic distributions generated by a 3D kinetic ion
model with ICR wave heating. This model is used to reconstruct ENA trajectories and
ion outflow source regions as observed by satellites and sounding rockets - and in this
case the VISIONS sounding rocket.

Magnetic Dipole Coordinates

The Earth’s magnetic dipole field is with no free currents and spherical boundary condi-
tions ΦB → 0 as r →∞ and ΦB →∞ as r → 0 is given by

B =

[
2m cos(θ)

r3

]
êr +
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m sin(θ)

r3

]
êθ

where B = |B| = m
√
`

r3
, ` = 1+3 cos2(θ), B = Bêq, r = R0 sin2(θ) and θ = arcsin

(√
r/R0

)
.

The dipole coordinate system (q, p, θd) has q along the field line, p as the L-shell, and θd
the dipole longitude.
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, p =
r
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, φd = φ,

where m = µ0M0R
3
E/3 = BER

3
E, M = M0êz is Earth’s magnetic moment, BE = m/r3 is

B at equator (θ = π/2), RE is Earth’s equatorial radius and R0 is distance to dipole field
line at equator.
The kinetic equations of motion of this model are performed in Cartesian unit basis
(êx, êy, êz) to avoid time-dependent unit vectors, although, the forces are developed in
magnetic dipole coordinates (êq, êp, êφd). The Cartesian and dipole systems are related
via the spherical coordinate system (êr, êθ, êφ) , where ` = 1 + 3 cos2(θ):
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êz
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Figure 1: Configuration space in Cartesian, spherical, and magnetic dipole (êq, êp, êφd)

coordinates where RE is the Earth radius, r = R0 at the equator (θ = π/2), and Nmag

(Smag), and Ngeo (Sgeo) are the North (South) magnetic and geographic poles, respectively.

Phase-Space Initialization

The guiding center kinetic model includes the magnetic mirror force FM = |FM|êq
and the field-aligned Earth’s gravitational force FG = |FG|êq, where FM = miaM =

−µm∂qBêq, µm = mv2⊥/(2B) is the ion magnetic moment where v⊥ is the perpendicular
velocity component. The acceleration term that is integrated for particle velocity and
position is thus

a =
{

3FN cos(φ) cos(θ) sin(θ)/mi

√
`
}
êx +

{
3FN sin(φ) cos(θ) sin(θ)/mi

√
`
}
êy+{

FN(3 cos2(θ)− 1)/mi

√
`
}
êz
,

where FN = |FN| = |FM| + |FG|, and mi is the ion mass.
Initial particles positions are allocated in each configuration space cell according to a
normalized steady-state ion density profile in Cartesian coordinates. The roots of the
following quartic polynomial transform these positions into dipole coordinates (Huba,
[2000]):

q2(r/RE)4 + p−1(r/RE)− 1 = 0

Initial velocities have an 3D Maxwellian distribution in Cartesian coordinates where the
field-aligned components are v‖ = vq and v⊥ =

√
v2p + v2φd. This transformation gives

an energetically relaxed ion conic distribution. When ICR heating is turned off, the
distribution is a drifting Maxwellian with time, otherwise, v⊥ is updated accordingly.
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Figure 2: An example of O+ ion motion by the mirror force along the dipole field.
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Figure 3: Initial field-aligned Maxwellian velocity distribution function before 250 sec-
ond simulation duration.

3D Kinetic Solver

A fourth-order Runge-Kutta (RK4) scheme is employed to integrate the net acceleration
components in Cartesian coordinates for the velocities and positions. The solver is con-
ducted on a time domain [A B] over Nt time-steps with a time-step of h = (B − A)/Nt.
The solution is of order h5. The ODE system is ai = v̇i where ani = ai(x

n, yn, zn) with
component index i = x, y, z and time index n. According to the RK4 scheme:

k1 = ani = ai(x
n, yn, zn), k2 = a

n+h/2
i = ai(x

n+h/2, yn+h/2, zn+h/2),

k3 = a
n+h/2
i = k2, k4 = an+hi = ai(x

n+h, yn+h, zn+h)

where
vn+1
i = vni + (h/6)(k1 + 2k2 + 2k3 + k4),

in+h = in + hv
n+h/2
i = in + hvni + (h2/2)ani ∀i = x, y, z, where accelerations are computed

given previous positions, where ai 6= ai(vi). To ensure a guiding center model, the Carte-
sian velocity components are recast into dipole velocity components where vp is set to
zero such that no particles overshoot the L-shell. In this study the L-shell difference is
less than 10−3 of an RE. A similar scheme is employed to solve vi = ṙi.
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Figure 4: Spherical coordinate (r, θ, φ) kinematics for arbitrarily selected particles.
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Figure 5: Dipole coordinate (q, p, φd) kinematics for arbitrarily selected particles, where
p is the L-shell.

Ion Cyclotron Resonance Heating

Once the initial v⊥ value is computed according to the initial Maxwellian velocity dis-
tribution, it is updated on every time-step as vn+1

⊥ =
√

(vn+1
⊥1 )2 + (vn+1

⊥2 )2 according to
ICR heating by broad-band ELF waves, where vn+1

⊥1 = vn⊥1 + Dn
V⊥1, v

n+1
⊥2 = vn⊥2 + Dn

V⊥2,
Dn
V⊥1 = γn+1

⊥1
√

2Dn
⊥1h, Dn

V⊥1 = γn+1
⊥2
√

2Dn
⊥2h, and γ⊥1 and γ⊥2 are random numbers from

a zero-mean Gaussian distribution. The variances of the distribution along ê⊥21 and ê⊥2
are 2D⊥1h and 2D⊥2h, respectively. The perpendicular velocity diffusion coefficient D⊥1
along ê⊥1 and associated heating rate Ẇ⊥1 = 2miD⊥1 (similarly along ê⊥2) is:

D⊥1 =
(
q2i /4m2

i

)
ηχ⊥1|E⊥0|2 (ωg/ωg0)

−α⊥1 Ẇ⊥1 =
(
q2i /2mi

)
ηχ⊥1|E⊥0|2 (ωg/ωg0)

−α⊥1

D⊥2 =
(
q2i /4m2

i

)
ηχ⊥2|E⊥0|2 (ωg/ωg0)

−α⊥2 Ẇ⊥2 =
(
q2i /2mi

)
ηχ⊥2|E⊥0|2 (ωg/ωg0)

−α⊥2

where η = 0.125 is the fraction of BBELF wave power that is left-hand polarized, χ⊥1 is
the fraction of wave power along ê⊥1, |E⊥0|2 = 0.3 mV2 · m−2 · Hz−1 is the total electric
field spectral density, and α⊥1 = α⊥2 = 1.7 is the spectral index at a reference gyro-
frequency of ωg0 = 2π6.5 Hz (Wu, [1999]).
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Figure 6: ICR heating parameters where γ⊥1 (γ⊥2) is a random number from a Gaus-
sian distribution, D⊥1 (D⊥2) is the velocity diffusion coefficient, and DV⊥1 (DV⊥2) is the
stochastic velocity kick along ê⊥1 (ê⊥2).
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Figure 7: Mirror force parameters where ∂B/∂s it the field-aligned gradient of the mag-
netic field strength, |B|, ωG is the cyclotron frequency, α is particle pitch-angle, ε‖ (ε⊥) is
the particle energy, and aM‖ (aM⊥) is the mirror force acceleration along ê‖ (ê⊥).

Conclusions & Future Work
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Figure 8: Final velocity-space distribution function after 250 second simulation duration.

The phase-space distributions generated in the presence of a magnetic mirror force, grav-
ity, and ICR heating are ion conic (loss cone) distributions. Ion conics have been ob-
served by in auroral passings of the Dynamics Explorer I satellite (Crew, [1990]), and
replicated by numerical studies (Bouhram, [2003]). The source regions of ion outflow
direct the trajectories of the ENAs detected by the VISIONS sounding rocket. Future
work includes scaling the number of particles up to create smooth distributions functions
with MPI and using a fluid electron energy equation solver to produce a downward par-
allel electric field consistent with the electron pressure. This ambi-polar electric field
will be tested against the ICR heating to gauge the “pressure cooker” effect across the
field-aligned potential structure. Ultimately, a 3D kinetic ENA model will be constructed
to compliment this ion model. Virtual rockets flown through the computational domain
will then lead to a reconstruction of the ENA source region and subsequent outflowing
ion populations detected onboard.
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