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Active Plasma Experiment North Star was launched from Poker Flat Research Range, Alaska, on 22 January
1999 at 13:57:03 UT, with two explosive-type generators that produced an artificial aluminum plasma jet. The
purpose of this experiment was to study the interaction of the artificial plasma jet with the ambient plasma.
The first release occurred at 363 km, and a ∼90% reduction of the geomagnetic field was observed on three
separate daughter payloads. The diamagnetic signatures suggest that the plasma cloud was highly localized (i.e.,
cloud dimensions ∼Al+ gyroradius) traveling with a velocity of roughly 25 km/s perpendicular to the geomagnetic
field. A hybrid code simulation provided an estimate of the plasma distribution and a qualitative description of
the evolution of the plasma cloud. The simulation showed that the plasma cloud polarized and E ×× B drifted
while transferring momentum to the ambient plasma via an Alfvénic disturbance. The model results are in good
qualitative agreement with data from the plasma diagnostics payload.

Nomenclature
A = perpendicular cross section
B = magnetic field vector
E = electric field vector
L = field-aligned length scale
m = mass
N = number of particles
n = density
p = momentum
t = time
u = fluid bulk flow velocity vector
V = volume
v = velocity
τ = momentum transfer time scale
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Subscripts

A = Alfvén
c = cloud
e = electrons
f = fluid
i = ions
p = particle
r = radial
T = transferred momentum/properties of the ambient medium
th = thermal velocity
0 = initial value

Introduction

P LASMA injection experiments have been employed to study
a variety of plasma phenomena in the Earth’s ionosphere and

magnetosphere. An intriguing application for active experiments
is the long-standing and complex problem of momentum coupling
between a partially ionized gas moving relative to an ambient mag-
netized plasma.1 An obvious example of such a system is the neutral
atmosphere and gas clouds of Jupiter’s moon, Io, interacting with
the corotating Io plasma torus. Other examples include cometary gas
clouds interacting with the solar wind and coronal mass ejections.
Moreover, auroral emissions at the base of Io’s flux tube suggest
that electron acceleration might be a consequence of an Alfvénic
interaction.2−4 Hence, a detailed understanding of active plasma ex-
periments can have general application to electron acceleration pro-
cesses. The Active Plasma Experiment (APEX) North Star provided
a unique opportunity to investigate the interaction between an ion-
ized aluminum jet and the Earth’s ionospheric plasma environment.

Previous experiments include a series of barium releases, which
were conducted at a variety of altitudes in the Earth’s ionosphere
and magnetosphere as a part of the Combined Release and Ra-
diation Effects Satellite (CRRES) mission.5 These satellite-based
experiments were documented with optical data, which showed that
the photoionized component of the barium cloud polarized and ex-
ecuted an E × B drift across the geomagnetic field. This drift was
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termed “skidding” by Huba et al.6 Modeling efforts showed that the
CRRES barium clouds skidded significantly farther than expected,
suggesting a decoupling of the cloud from the momentum transfer-
ring Alfvénic disturbance. A likely consequence of this decoupling
is a field-aligned electric field as suggested in Ref. 1.

More recently, the FLUXUS 1 and 2 aluminum injection exper-
iments were conducted from rockets launched from Kapustin Yar,
Russia, on 31 January 1997 (Ref. 7). In situ measurements recorded
a diamagnetic cavity associated with the plasma jet,8 and auroral
emissions were observed.9 The latter observation implies that en-
hanced electron fluxes existed near the cloud and were presum-
ably associated with field-aligned currents caused by an Alfvénic
disturbance.

As a continuation of the FLUXUS experiment, two aluminum
shaped-charge releases were conducted from Poker Flat, Alaska, on
22 January 1999 as a part of the APEX North Star mission. In situ
instrumentation provided plasma data at multiple points along the
path of the plasma injection. The purpose of this paper is to present a
comparison of plasma density, electric and magnetic field data with
the results from a three-dimensional hybrid code simulation with an
emphasis on understanding signatures that relate to the long-term
(collisionless) dynamics of the plasma jet. The simulation provides a
three-dimensional description of the electric fields, magnetic fields,
and associated current systems to assist with the interpretation of
the in situ measurements.

Summary of Observations
For completeness we provide a summary of the following relevant

observations. A detailed overview of the experiment is provided by
Erlandson et al.10

The first plasma injection from explosive-type generator 1
(ETG1) provided the best data for this study. The detonation oc-
curred at an altitude of 363 km and was preceded by an air cloud
to provide additional collisional ionization of the aluminum vapor.
The resulting plasma jet, moving roughly perpendicular to the geo-
magnetic field, was highly localized with a peak density of roughly
109 cm−3. The dense plasma slug created a diamagnetic cavity with
a diameter of about 300 m (1–2 Al+ gyrodiameters). The mean in-
jection velocity was ∼25 km/s perpendicular to B. Three diagnostic
payloads provided measurements for the ETG1 detonation: magne-
tometers on ETG2, magnetometers, electric field probes, a Lang-
muir probe on a plasma diagnostics payload (PDP), and another
magnetometer on the optical sensor payload (OSP). The separation
distances of these diagnostic payloads from ETG1 were 170 ± 10,
470 ± 10, and 1020 ± 10 m, respectively. All subpayload magne-
tometers recorded the passage of a diamagnetic cavity. The aver-
age velocity of the diamagnetic cavity between ETG2 and PDP
was roughly 21 km/s, and between PDP and OSP the velocity was
roughly 17 km/s indicating a slowdown of the plasma cloud (Fig. 1).

Figure 2 shows the Langmuir-probe data, total magnetic field, and
three components of the electric field (coordinates defined in Fig. 3)
measured at PDP. The total magnetic field is largely determined by
δBz , and so we use total B in Fig. 2 as a proxy for Bz in our analysis.
The plasma density is clearly localized, and the diamagnetic cavity
is nearly complete. At the leading edge of the cloud, the peak electric
field is consistent with an E × B drift velocity of roughly 28 km/s,
and the trailing edge peak has an E × B drift velocity of 18 km/s.
Inside of the cavity the electric field goes to zero. Considerable wave
activity is present in the electric field data at the leading edge of the
cloud. Also, the magnetic field increases by about 10% prior to the
diamagnetic cavity.

Plasma-Jet Ionosphere Coupling
One of the basic goals of the APEX North Star experiment was

to address the interaction between the plasma jet and the space en-
vironment. Fundamental to plasma-jet ionosphere interaction is the
transfer of momentum from the plasma jet, hereafter referred to as
the “cloud,” to the ambient ionospheric plasma. An Alfvénic dis-
turbance, which propagates field-aligned currents into the ambient
plasma, is generated by the injected plasma cloud (illustrated in

a)

b)

Fig. 1 Momentum transfer: a) location of the maximum δBz associ-
ated with the diamagnetic cavity as a function of time (TALO = time
after liftoff); b) average velocity of the diamagnetic cavity (——).
Momentum transfer estimates for a cloud to ambient density ratio
nc/nT of 1000 and 100 are also shown.

the simulation results later). This current system decelerates the in-
jected plasma cloud and accelerates the ambient medium thereby
transferring momentum. A preliminary estimate of the momentum
transfer can be made by assuming that the “frozen-in” condition
of magnetofluids is valid, whereby we assume that the magnetic
field lines can be treated as equipotentials and that ion-neutral and
ion-electron collision times are much greater than the timescales of
interest.

The change in the cloud’s momentum is equal to the momentum
transferred to the ambient plasma:

p0 − pc(t) = pT (t) (1)

where the subscript T refers to the transferred momentum and the
subscript c refers to the aluminum cloud. The cloud’s momentum
as a function of time is

pc(t) = ncVcmcvc(t) ∼ nc(AL)mcvc(t) (2)

where nc is the cloud density, mc is the mass of the aluminum ions, Vc

is the cloud volume with field-aligned extent L and cross-sectional
area A, and vc(t) is the cloud velocity. If we assume that the local
ambient plasma is accelerated up to vc (plasma frozen to B), then the
total momentum in the volume of the magnetic flux tube bounded
by the Alfvénic disturbance (i.e., Alfvén wing) is

pT (t) = 2nT mT

∫
vc(t)(AvA dt) (3)

where nT and mT are the ambient plasma (transfer medium) density
and mass respectively, vA is the Alfvén velocity, and A is the cross-
sectional area of the magnetic flux tube subtended by the plasma
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Fig. 2 In situ measurements from the plasma diagnostics payload of
perpendicular electric field, total magnetic field, and plasma density.

Fig. 3 Simulation coordinate system.

cloud. The factor of 2 accounts for upward and downward propa-
gating disturbance. The rate of momentum transfer is

dpc(t)

dt
= −2nT mT AvAvc(t) (4)

So the acceleration of the cloud is

dvc(t)

dt
= −2nT mT vA

ncmc L
vc(t) (5)

and the velocity of the cloud is

vc(t) = v0e−t/τ (6)

where τ = (ncmc L)/(2nT mT vA) and v0 is the initial velocity of the
cloud.

A sample estimate is shown in Fig. 1 using the following pa-
rameters: nc/nT = 100 and 1000, mc/mT = 27/16, vA = 300 km/s,
L = 300 m, and v0 = 23.5 km/s. The momentum transfer timescale
τ is 0.084 s and 0.84 s for these parameters, respectively. The best
fit to the measurements requires that nc/nT = 150. The peak den-
sity of the plasma cloud was 109 cm−3. If we assume an average
cloud density of 5 × 108 cm−3, then the deceleration of the cloud
is consistent with an ambient plasma density ∼3 × 106 cm−3. The
Langmuir-probe data showed that the ambient density was in fact
one order of magnitude lower (2 × 105 cm−3), and nc/nT = 1000
is consistent with the measurements. The magnetometer observa-
tions only cover the first 0.05 s of the cloud-ionosphere interaction,
and the estimated momentum transfer timescale for nc/nT = 1000
is ∼1 s; thus, it would be dangerous to draw conclusions regard-
ing the long-term coupling. However, it appears initially that some
anomalous braking occurred.

Hybrid Code
To further explore the cloud-ionosphere interaction, we have used

a three-dimensional hybrid code to explore the quasi-steady-state
configuration of the electric and magnetic fields of the APEX (i.e.,
t < τ ). Modeling the APEX plasma injection experiments requires
the inclusion of both ion kinetic effects and the momentum coupling
to the ambient plasma. This system involves size scales ranging
from the ion gyroradius to Alfvén transit distances of several hun-
dred kilometers. A hybrid code in which we treat the injected ions
as fully kinetic particles, the ambient plasma as a fluid, and the elec-
trons as a massless fluid, is a reasonable approach. This approach
was first proposed by Harned,11 and the particular algorithms for
our code were developed by Swift12,13 and Delamere et al.1,14 The
code assumes quasi-neutrality and is nonradiative. The equations of
motion for the ion particles, the ambient ion fluid (O+ is dominant
ion species at an altitude of 363 km), the massless electron fluid,
and the update of the electric and magnetic fields are described in
this section.

The electric fields can be written explicitly from the electron
momentum equation as

E = −ue × B (7)

where E is the electric field in units of ambient O+ acceleration, B
is the magnetic field in units of ambient O+ ion gyro frequency, and
ue is the electron flow velocity. The total ion bulk flow velocity, ui

is given by

ui = (n p/n)up + (n f /n)u f (8)

where the subscripts p and f represent the particle and fluid con-
stituents of the bulk flow.

The electron flow speed is evaluated from Ampere’s law:

ue = ui − (∇ × B1)/αn (9)

where in mks units, α = µ0e2/mO+ and where mO+ is the fluid ion
mass. The value of α is used to scale the simulation particle densities
to their appropriate physical values. Note that B = B0 + B1, where
B0 is the ambient curl free geomagnetic field and B1 is the variable
field.

Faraday’s law is then used to update the first order magnetic fields:

∂B1

∂t
= −∇ × E (10)

which upon using Eqs. (7) and (9) yields

∂B1

∂t
= −∇ ×

[(∇ × B1

αn
− ui

)
× B

]
(11)

With the equation for the magnetic fields written in this form, it can
be shown that the first term on the right-hand side is responsible for
the propagation of the whistler mode, and the second term, together
with the particle/fluid equations, propagates the Alfvén modes.
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Using Eqs. (7–9), the equation for ion particle motion is

dv
dt

= Ep + v × B (12)

where v is the individual particle velocity and

Ep = [(∇ × B1)/αn − ui ] × B (13)

Similarly, the ion (O+) fluid velocity is

∂u f

∂t
= E f + n p

n
u f × B (14)

where

E f = −(u f · ∇)u f + [(∇ × B)/αn − (n p/n)up] × B (15)

Note that the ordering of the terms in the expressions for Ep and E f

are different than in the expression for E given by Eqs. (7) and (9).
This was done for the sake of computational convenience. Finally,
the ambient fluid density was governed by

∂n f

∂t
+ ∇ · n f u f = 0 (16)

Simulation
The simulation was performed on a three-dimensional grid with

43 × 33 × 183 grid cells. The APEX injections were made perpen-
dicular to B. The geomagnetic field, B0 = 2 × 10−5 T , was taken in
the z direction, the injection was in the x direction, and y completed
the orthogonal coordinate system (Fig. 3). The observations of the
plasma jet suggest an initial ion velocity distribution in spherical
coordinates of the form

f (vr , θ, φ) = N0e−(vr − v0)2/v2
th e−θ2/θ2

0 (17)

where θ is measured from the x direction, N0(1025) is the total
number of released ions, v0 (25 km/s) is the injection velocity, vth

(
√

20 km/s) is the thermal expansion velocity, and θ0 (20 deg) is
the characteristic cone angle of the beam. The ionization of the
aluminum particles was considered complete at the beginning of
the simulation run.

The grid cell dimensions in the release region were
0.5 × 0.5 × 0.5 km, which was sufficient to resolve the ion gyro-
motion. The mass of a simulation ion was roughly four times the
mass of an aluminum ion. The primary reason for using heavy ions
was for computational feasibility. Aluminum ions would require
grid cells of 0.1 km, and the Courant condition with respect to the
propagation of the whistler mode required a time step that was a
factor of 25 smaller. The qualitative results are sensitive only to the
ratio of cloud size to ion gyroradius. For the parameters used in the
simulation, the cloud dimension was roughly three simulation ion
gyrodiameters, similar to the APEX aluminum cloud. Farther away
from the release region, in the z direction, the grid spacing was in-
creased to accommodate the large volume of ambient plasma that is
coupled to the plasma cloud. The simulation was run until a quasi-
steady-state configuration of the electric and perturbation magnetic
fields was reached, which took less than the ion gryoperiod. Note
that the PDP measurements were made at t ∼ 0.02 s or ∼ 1

5 of the
Al+ ion gyroperiod, thus the comparison with the simulation results
were made for t < 1 simulation ion gyroperiod. Energy and mo-
mentum were conserved to within 1%, and the simulation box was
sufficiently large that the Alfvénic disturbance did not interact with
the boundaries. Note that the E-region boundary will not affect the
observations because the Alfvén propagation time (∼1 s) is much
larger than the time of the PDP measurements (∼0.02 s).

Results and Discussion
The simulation results for steady state are shown in Fig. 4–8.

Figures 4 and 5 show the electric fields and currents in the plane
perpendicular to B along with the ion density. Figure 6 shows the
total magnetic field in the yz plane, and Fig. 7 shows the currents in
yz plane at the leading edge of the ion cloud. Figure 8 is intended for
comparison with Fig. 2. The three panels in Fig. 8 show ion density,
the y component of the electric field, and the z component of the
magnetic field. Assuming a steady-state configuration of the elec-
tric and magnetic fields, profiles of these quantities were extracted
from the simulation along the x direction. This approximates the
measurements made at the PDP. The horizontal axis is 1) time for a
point measurement made as the jet passes through and 2) distance
for the jet moving from right to left at a given time.

The skidding distance of the ion cloud is caused by a combi-
nation of diamagnetism and polarization, which are both functions
of density. For ion cloud densities greater than the ambient plasma
density, the cloud polarizes, and E × B drifts (skids) in the injection
direction. The polarization is caused by the difference between ion
and electron gyromotion, and the associated electric field is in the y
direction inside the cloud and dipolar outside the cloud. The quasi-
neutrality approximation by definition precludes the formation of
space charge layers, and the polarization is caused by an induction

Fig. 4 Steady-state configuration of electric fields in a plane perpen-
dicular to B. The plasma cloud is indicated with density contours.
The contour levels from outermost to innermost are 1 ×× 106, 1 ×× 107,
1 ×× 108, 2 ×× 108, 4 ×× 108, and 6 ×× 108 cm−3. The outermost contour
corresponds to the ambient plasma density.

Fig. 5 Currents in a plane perpendicular to B. This longitudinal cur-
rent loop is responsible for the diamagnetic cavity. The ion cloud density
contours are the same as noted in Fig. 4.
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Fig. 6 Total magnetic field in the yz plane showing the diamagnetic
cavity. The ion density contour levels are the same as in Fig. 4.

Fig. 7 Currents in the yz plane located toward the leading edge of the
ion cloud. A portion of the cross-cloud current closes along the magnetic
field as a part of the Alfvénic disturbance. The ion density contour levels
are the same as in Fig. 4.

electric field rather than an electrostatic electric field. The cloud can,
nevertheless, be considered as a battery where the electrons form a
negative terminal near y = 11 km in Fig. 4, and the ions form a pos-
itive terminal near y = 4 km. With respect to the electrons, the large
ion gyroradius (∼1400 m for v = 25 km/s) results in an asymmetry
with respect to the center of the ion cloud. Notice that the posi-
tive terminal is displaced by an additional gyrodiameter away from
the cloud center. The electric field within the cloud also decreases
toward the negative terminal. This asymmetry is consistent with
an asymmetry in the position of the diamagnetic cavity discussed

Fig. 8 Ion cloud profiles of density Bz and Ey. For the steady-state
solution obtained in the simulation, the horizontal axis can be treated as
time or distance. The horizontal axis is 1) time-for-point measurements
made as the jet passes through and 2) distance for a jet moving from
right to left at a given time.

next. A decrease in Ey is consistent with a decrease in Bz so that
the ions maintain their injection velocity. As momentum is trans-
fered to the ambient plasma, the cloud decelerates and momentum is
conserved.

If the ion cloud density is sufficiently large, the particle pressure
exceeds the geomagnetic field pressure and a diamagnetic cavity is
formed. In the case of APEX, a nearly complete diamagnetic cav-
ity was observed. The simulated cavity is not complete as the peak
ion density is roughly a factor of 2 smaller than the observed peak
density. (We elected not to generate a complete cavity for numeri-
cal reasons as a complete cavity generated considerable numerical
noise.) The simulated cavity is not symmetric with respect to the
cloud center. The center of the cavity is shifted toward the right (to-
ward the negative charge layer). This asymmetry is again attributed
to the large ion gyroradius.

The current systems consist of two components. The first com-
ponent is a longitudinal (xy plane) current, which is responsible for
the diamagnetic cavity. This diamagnetic current is generated by
the density gradients at the boundary of the cloud. Figure 5 shows
this longitudinal current loop along with its asymmetry with respect
to the cloud center. The second current system is caused by the
propagation of the Alfvénic disturbance. Figure 7 shows part of this
current system flowing from right to left (negative to positive) in the
leading edge of the cloud and closing along the magnetic field lines
to the Alfvén wave fronts. The large currents seen in the leading edge
of the cloud are essentially the superposition of the Alfvén current
and the diamagnetic current. The currents shown in Figs. 5 and 7
are combined in Fig. 9 to illustrate the three-dimensional current
system associated with the APEX experiments.
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Fig. 9 Illustration of the APEX current system for motion into the
page. The currents can be separated into contributions from the Alfvénic
disturbance JA and contributions from a longitudinal diamagnetic cur-
rent Jd . The cloud is illustrated as a polarized sphere embedded within
the geomagnetic field B.

The simulated cloud profiles shown in Fig. 8 are in good agree-
ment with the in situ measurements. First, the diamagnetic cavity
is offset to the right with respect to the peak ion density (i.e., trail-
ing the peak ion density). The z component of the magnetic field
increases by roughly 10% prior to the cavity, consistent with ob-
servation. Finally the electric field shows peaks at the leading and
trailing edges of the ion cloud that are consistent with the observed
Ey/Bz drift velocity of the ion cloud. The polarization electric field
decreases in proportion to Bz as expected when quasi-neutrality is
assumed. Note that the ratio of the peak electric fields, disregard-
ing wave activity seen primarily at the leading edge of the cloud, is
nearly the same as in the simulation. This suggests that a reasonable
form of the initial ion velocity distribution was used.

The duration of the skidding ion cloud is unknown in the APEX
experiment. However, the observed motion of the diamagnetic cav-
ity during the early interaction (t < 0.05 s) shows that the cav-
ity (dense plasma slug) slowed faster than our estimate for ideal
magnetohydrodynamic coupling would predict. We attribute the
deceleration of the dense plasma, slug to momentum transfer to
the ambient plasma, which is exaggerated by rapid decay of the
diamagnetic cavity as a result of the large ion gyroradius (“onion
peeling”). The estimated momentum transfer timescale (∼1 s), is
much larger than the observation time (0.05 s), which precludes
a definitive statement regarding the long-term plasma interaction
of the aluminum ions with the ambient plasma. However, based
on our comparison of observations with the hybrid code simula-
tion it appears that the plasma cloud was fully coupled to the am-
bient plasma where we have associated the increase in Bz at the
leading edge of the ion cloud with the Alfvénic coupling currents.
One should not rule out the possibility that intense field-aligned
currents could eventually lead to the formation of parallel electric
fields causing momentum transfer limitations similar to CRRES.
The observations of auroral emissions in the FLUXUS experi-
ment suggest of the presence of parallel electric fields and electron
acceleration.

Conclusions
A high-speed plasma jet was generated in the APEX North Star.

The cloud was roughly 2–3 Al+ gyrodiameters in size with a lead-
ing edge velocity of roughly 28 km/s and a trailing edge velocity
of ∼18 km/s. This highly localized plasma slug was an excellent
candidate for a hybrid code simulation because of scale lengths com-
parable with the ion gyroradius. Good agreement between in situ
measurements of ion density, electric and magnetic fields, and the
simulation results indicates that the cloud was fully coupled to the
ambient plasma. However, the long-term interaction (∼1 s) was not
observed, and so a definitive statement regarding the momentum
coupling cannot be made. Evidence of hot electron fluxes in the in
situ spectral data and electron electrostatic analyzers suggests the
presence of parallel electric fields that could be associated with the
Alfvénic interaction.
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