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The results of measurements of magnetic and electric fields, plasma ions energy, and plasma density during the
Russian–American North Star active experiment are presented. The experiment was carried out in the auroral
ionosphere on 22 January 1999. A Black Brant XII rocket, having two explosive aluminum plasma generators
plus scientific payloads onboard, was launched at 13:57:03 UT from Poker Flat, Alaska. Two plasma-jet injections
across the magnetic field were made at the altitudes 280 and 360 km, respectively. Before injection 1, an air
cloud was released to increase jet ionization. At injection 1, the maximum plasma density exceeded the density at
injection 2 by two orders of magnitude. This can be explained by charge stripping of aluminum atoms when the
jet propagated through the dense air cloud. Only at injection 1 was complete expelling of the magnetic field by the
plasma jet observed. A weak plasma deceleration was indicated by magnetic field compression before the jet front.
At injection 2, the magnetic field was weakened only by 1%. A polarization electric field E = −−V ×× B generated
field-aligned currents, which involved the ionospheric plasma in motion, and the plasma jet efficiently decelerated.

Nomenclature
B = magnetic field, nT
E = electric field, V/cm
Ex , Ey , Ez = electric field components in the payload

reference frame, V/cm
l p = length of cylindrical Langmuir probe, mm
mi = ion mass, amu
ni = plasma density, cm−3

rp = radius of cylindrical Langmuir probe, mm
V = plasma velocity, km/s
VA = Alfvén velocity, km/s
Vp = bias of Langmuir probe, V
δBx , δB y , δBz = variation of magnetic field components in the

payload reference frame, nT
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Introduction

M ANY important phenomena in space physics are associated
with high-density plasma-jet interaction with an ambient

magnetized plasma, and the investigation of the artificial plasma
jet interactions with the magnetic field in active experiments in the
magnetosphere is very important.1 However, plasma-jet dynamics,
jet deceleration, and magnetohydrodynamic wave generation still
remained a topic of discussion. Earlier we reported an investigation
of plasma-jet propagation along the geomagnetic field in the Fluxus
rocket experiments,2,3 where a chemical explosive generator was
used for plasma-jet creation. During Fluxus, a diamagnetic cavity
was observed ∼100 m from the plasma jet source, with a jet velocity
reaching 45 km/s and a plasma density ∼109 cm−3. In this paper,
we present some results of the new Russian–American North Star
active experiment with jet injection across the magnetic field.

The main goal of the North Star experiment4,5 is to investigate
the influence of the background density and geomagnetic field on
plasma-jet dynamics and environmental phenomena accompanying
plasma propagation. Two aluminum plasma injections were carried
out across the geomagnetic field. Special explosive generators that
produce a high-velocity dense aluminum plasma jet were used.5

Three separate scientific payloads allowed us to obtain data on
plasma-jet evolution in the ionosphere from the time of injection
essentially up to the loss of jet energy.

This paper is devoted to description and preliminary analysis of
particle, electric field, and magnetic field measurements during the
North Star experiment. Before performing this space experiment,
we simulated a jet interaction with ambient plasma and perpendic-
ular magnetic field in numerical6,7 and laboratory8,9 experiments.
These experiments showed the magnetic field increasing ahead of
the magnetic cavity and jet deceleration caused by field-aligned cur-
rent generation. These results were taken into consideration in the
design of a scenario for the North Star experiment and in the choice
of probe parameters.

Plasma density and magnetic field measurements were executed
by the Institute of Geospheres Dynamics, the Johns Hopkins Uni-
versity, Applied Physics Laboratory, and NASA’s Goddard Space
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Flight Center (GSFC). Electric field measurements were carried out
by GSFC.5 Particle fluxes were investigated using the University of
New Hampshire electrostatic analyzers.5,10

Experiment
The North Star experiment was carried out on 22 January 1999 in

the auroral ionosphere. A Black Brant XII sounding rocket having
two explosive-type generators (ETG-1 and ETG-2), a plasma diag-
nostic payload (PDP), and an optical sensors payload (OSP) was
launched at 1357:03 UT from Poker Flat, Alaska, in the northerly
direction. The payloads were situated on a line so that the plasma
jet would pass each payload consecutively.

In the experiment, two plasma injections across the magnetic
field were carried out at the altitudes 280 and 360 km, respectively.
The first injection (injection 1) was produced at 1402:48 UT by the
plasma explosive generator installed on ETG-1. The measurements
of plasma density and magnetic field were carried out by the probes
on ETG-2, PDP, and OSP at the distances of 170, 468, and 1020 m,
respectively (Fig. 1a). The electric field and particle fluxes were
registered on the PDP. The second injection (injection 2) was made
at 1405:23 by ETG-2, and the measurements were carried out only
on PDP and OSP at distances of about 537 and 1595 m, respectively
(Fig. 1b). The main difference between the two injections was that
about 7 g of compressed air was released 0.2 s before injection 1
was detonated. The purpose of creating the air cloud was to increase
jet ionization through interaction of the jet with the neutral particles
of air. Injection 2 took place without release of an air cloud.

The ion density was measured by Langmuir probes. On the ETG-2
and PDP, cylindrical probes of stainless steel were used. In addition,
a spherical Langmuir probe was located on one of the 5-m boom
(not discussed here). The cylindrical probes were installed on short
folding isolated booms on the front plate of the payloads. On the
ETG-2, two Langmuir-probe sensors were used (radii and lengths
rp = 0.5 mm, l p = 30 mm and rp = 3 mm, l p = 100 mm). The on-
board system supplied measurements of ion density in the range of
105 to 5 × 109 cm−3 in the bandwidth 1–100,000 Hz and in the range
of 5 × 109 to 5 × 1012 cm−3 in the bandwidth 1–50,000 Hz. PDP
also had two Langmuir-probe sensors (rp = 0.5 mm, l p = 50 mm
and rp = 5 mm, l p = 100 mm). The measurements were carried out
in the range of 104–108 cm−3 in the bandwidth 1–50,000 Hz and in
the range of 108–1011 cm−3 in bandwidth 1–10,000 Hz. The probes
worked in a fixed-bias mode (Vp = −10 V) and collected ion satu-
ration current. It is assumed that the gauges were directed along the
stream movement, so that the influence of plasma velocity on the
probe current was not taken into account. Ion density was estimated
using formulas for an orbital-motion-limited case. In calculations
the temperature of the plasma was assumed to be 104 K (Ref. 11).
During injection 2, PDP was inclined at an angle of about 80 deg
to the direction of jet propagation, so that the dependence of probe
current on the jet velocity was taken into account. On the OSP, ion
density measurements in the bandwidth 0–3 kHz were produced by
a flat probe operating in fixed-bias mode. The probe sensor was a
circular disk of 3.8-cm diam, surrounded by a guard. Ion density in
the jet was calculated assuming that ions move to the probe with a
time-of-flight velocity.

A three-axis search coil high-speed magnetometer was used for
magnetic field registration on ETG-2 and PDP in the bandwidth 0.3–

a)

b)

Fig. 1 Payload positions injections 1 and 2.

50,000 Hz. Resolution is about 50 nT. The probe was installed on a
folding dielectric boom. Magnetic field measurements on OSP were
carried out by a three-axis fluxgate magnetometer in the bandwidth
0–4500 Hz. Resolution is about 2 nT. All magnetic field data pre-
sented in the following sections of this paper are given in the payload
reference frame. The Bx , By components are in the spin plane. The
Bz component is along the payload spin axis, which corresponds to
the direction of the jet propagation in the case of injection 1.

Electric field measurements were produced by the probe on PDP,
which consisted of three sets of extendable dipole antennas, 6 m
in length from tip to tip.5 A spherical sensor of 6.35 cm diam was
mounted at the end of each electric field boom. Electric fields shown
in this paper are in the payload reference frame. The Ex and Ey data
are in the spin plane. The Ez data are along the spin axis of the
payload. Accuracy of electric field measurement in the range of
0–20 kHz is about 1 mV/m.

Ion fluxes were measured by a top-hat hemispherical electrostatic
analyzer5,10 that registers ions in the range of 10–400 eV. The energy
sweep had 16 steps of 0.4-ms duration each. The aperture plane was
parallel to the spin axes of the payload.

Results of Measurements
An initial peak in the high-gain Langmuir-probe signals was de-

tected at the beginning of both detonations. This signal is explained
by photoemission from the probe surface because of ultraviolet ra-
diation at the initial phase of the injection. Hereafter the initial peak
of the probe signals is taken as the time of the detonation; therefore,
the time in all figures is referenced to the time of plasma injections.

Injection 1
The results of measurements at ETG-2 are shown in Fig. 2. Signif-

icant growth of the plasma density ni is detected at a 170-m distance
4 ms after injection. This growth corresponds to a plasma velocity
of 42 km/s. At the jet front, high-frequency fluctuations of the probe
current are registered (Fig. 2 at 4 ms). The maximum plasma density
ni = 3 × 109 cm−3 is detected at 7 ms. The plasma density exceeds
the ambient level for 250 ms.

For technical reasons, only one component of the magnetic field
was registered on ETG-2. A smooth increase of the magnetic field
is seen at 1 ms. At 5 ms a sharp decrease of the magnetic field is
observed, which is evidence of a diamagnetic cavity appearing. This
time corresponds to a jet velocity of 34 km/s. The maximum field
deviation is ∼8 × 103 nT.

The experimental results obtained at PDP are shown in Fig. 3.
A sharp increase in plasma density on PDP is detected 14 ms after
injection. This time corresponds to a jet velocity of 33 km/s at the
distance from ETG-2 to PDP. High-frequency fluctuations at the
front of the plasma jet are also seen. The maximum plasma density
ni = 3 × 109 cm−3 is observed at 18 ms. Plasma density greatly
exceeding the background densities is observed for 400 ms.

A gradual increase of the magnetic field is revealed at 9–10 ms
after injection. This increase can be explained by the arrival of a
magnetosonic wave. At 17–18 ms, a sharp decrease of the mag-
netic field signal was registered for all three components; this in-
dicates the onset of a diamagnetic effect. The diamagnetic cavity
propagates with a velocity of about 27.5 km/s. The maximum field
perturbation reaches about 5 × 104 nT. Thus the signal from PDP

a)

b)

Fig. 2 Injection 1, explosive-type generator-2 (ETG-2) payload. One
component of the a) magnetic field and b) ion density.
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Fig. 3 Injection 1, plasma diagnostic payload: a–c) three components
of the magnetic field, d–f) three components of the electric field, and g)
ion density.

Fig. 4 Injection 1, PDP: leading edge of the diamagnetic cavity
(curve a) and the ion density (curve b).

demonstrates a complete expelling of the magnetic field from the
plasma jet. One can see also that the diamagnetic signal duration
coincides with the most dense part of the plasma arriving at the pay-
load (ni > 5 × 108 cm−3). Estimating the ion density at the border
of the diamagnetic cavity from the balance of plasma and magnetic
field pressure at T ∼ 104 K11 gives the value of about 109 cm−3,
which agrees with the measurement results.

Figure 4 shows the leading edge of the diamagnetic cavity from
the magnetometer data (curve a) and the Langmuir-probe data (curve
b) on PDP. It can be seen that the Langmuir probe registers two
peaks of density at 14.5 and 16 ms, which are associated with a
corresponding decrease in the local magnetic field. This effect can
be explained by plasma front stratification. Each dense layer of
plasma reduces the magnetic field according to the value of its ion
density.

The electric field data obtained at PDP are shown in the Figs. 3d–
3f. A smooth increase of the electric field at the initial part of the

Fig. 5 Injection 1, PDP: ——, ion density and �, �, +, , ion fluxes in
the energy range of 10–422 eV.

Fig. 6 Injection 1, PDP: ——, ion density and �, estimates of particle
masses.

signal is revealed. This increase is also connected to the magne-
tosonic wave arrival. At ∼10 ms high, frequent fluctuations appear.
The maximum total electric field reaches about 0.016 V/cm at 17 ms.
This field is connected with background plasma moving in the mag-
netosonic wave. Then the electric field quickly decreases to zero,
which corresponds to the appearance of the diamagnetic cavity. In
the region where the magnetic field begins to be restored (∼27 ms),
the polarization electric field connected with the plasma moving
through the transverse magnetic field also increases. The maximum
amplitude of the electric field in this region is 0.01 V/cm. At a mag-
netic field equal to 5 × 104 nT, this corresponds to a plasma velocity
E/B ∼ 20 km/s. This value is very close to the average jet veloc-
ity registered at this time. Further, the total electric field gradually
diminishes with the decreasing plasma velocity.

Figure 5 shows the ion density at the PDP distance of 468 m and
fluxes of ions with energies in the range of 10–400 eV registered by
the electrostatic analyzer in the direction of jet propagation. Figure 6
shows the results of ion mass estimation, calculated from ion energy
and time-of-flight velocity, in comparison with ion density data. We
can see that the front of the jet coincides with the arrival of particles
with average mass corresponding to that of aluminum. At the same
time, if we use this method of ion mass estimation we could conclude
that at the front of the jet there are particles with apparent mass
from several units up to several hundred units mass of a proton. The
possible explanation of this effect is that some number of particles
arrive with different speeds, and among the ions registered some
have lost their energy on the border of the diamagnetic cavity. Also,
we cannot exclude the possibility that some ionospheric ions, for
example, oxygen, can be entrained by the jet.

The magnetic field and the ion density measured at OSP are shown
in Fig. 7. At 55 ms the diamagnetic cavity is seen that corresponds
to the ion density increase. The value of the magnetic field decreases
by 40%. The peak value of ion density is about 4 × 108 cm−3. The
velocity of the plasma jet at the distance between PDP and OSP
is 20 km/s. Also, the local peaks of ion density and corresponding
decrease in the magnetic field are observed at the front of the jet.
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Fig. 7 Injection 1, optical sensors payload: a–c) three components of
the magnetic field and d) ion density.

Fig. 8 Injection 1: velocity of the leading edge (curve a) and the trailing
edge (curve b) of the diamagnetic cavity and the diamagnetic cavity
length (curve c).

The data on the magnetic field variation at 170, 468, and 1020 m
permit us to estimate a size for the diamagnetic cavity (Fig. 8), whose
borders are assumed to be where the magnetic field decreases by
10%. During cavity propagation, the velocity of the cavity’s leading
edge (curve a) changes from 42 to about 18 km/s. At the same time
the velocity of the trailing edge (curve b) is practically constant at
14 km/s. So the length of the diamagnetic cavity (curve c) grows
from ∼100 m at ETG-2 to about 350 m in the region of OSP.

The plasma deceleration in the later stage is a result of field-
aligned currents generation. The evidence for these currents ap-
pearing is the bipolar parallel electric field at the leading edge of the
cavity.12

The Langmuir probes’ registration of the initial UV splash de-
mands that we consider the question of UV influence on probe sig-
nals as a whole. Figure 9a shows the UV radiation power (curve 1)
and Langmuir-probe signal (curve 2) at ETG-2. The UV radiation
power data are obtained by recalculation of OSP photometer data
with the assumption that the UV source approaches the payload with
the jet front velocity. The patterns of the curves are similar. Thus
we think that UV radiation contributes a certain amount to measure-
ments of ion density. The same situation occurs on PDP (Fig. 9b).

Injection 2
Magnetic and electric fields and ion density in the plasma jet at

injection 2 at a distance of 532 m from the injector are shown in
Fig. 10. The sharp increase of the plasma density is detected 16 ms
after injection and corresponds to a jet velocity of 33.5 km/s. The
maximum plasma density is about 4 × 107 cm−3. The plasma density
exceeds the ambient level for 400 ms.

a)

b)

Fig. 9 Injection 1: plasma-jet radiation (curve 1) and ion density
(curve 2) on a) ETG-2 and b) PDP.

Fig. 10 Injection 2, PDP: a–c) three components of the magnetic field
perturbations, d–f) three components of the electric field, and g) the ion
density.
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The magnetometer shows weak magnetic field perturbation of no
more than 104 nT. This result can be explained by the smaller ion
density of injection 2 compared with injection 1. Indeed, the lowest
value for a plasma density that can expel the magnetic field can be
determined from the balance of plasma pressure and magnetic field
pressure ni = (B2

0 − B2
i )/8π kT. Here, B0 is the local undisturbed

geomagnetic field, and Bi is the magnetic field inside the plasma
cloud. To expel the magnetic field, the plasma density should be
more than 108–109 cm−3 for the typical chemical release tempera-
ture 5000–50,000 K. At injection 2 the maximum plasma density
measured at PDP is about 4 × 107 cm−3. Such plasma can weaken
the magnetic field by no more than 1%, as is observed in the exper-
iment. The magnetic field data registered the frequencies of 29, 48,
and 760 Hz, which could be identified as cyclotron frequencies for
aluminum, oxygen, and hydrogen. The frequencies of 7.3 × 103 Hz
could be related to low-hybrid frequencies.

The electric and magnetic fields gradually increase before the
plasma-jet front. This shows that magnetic disturbances are gener-
ated at the jet interaction with the ionospheric medium, and these
disturbances are propagating ahead of the front across the magnetic
field. Such disturbances are magnetosonic waves that propagate with
Alfvén velocity across the magnetic field. The magnetosonic waves
are similar to ordinary sound waves, but their propagation is deter-
mined by magnetic pressure. One can see high-frequency fluctua-
tions of the electric field during the passage of the dense plasma.
The peak value of the total electric field is about 0.025 V/cm. A po-
larization electric field caused by the plasma propagation across the
magnetic field is observed 25 ms after the jet injection. The maxi-
mum value of the total electric field in that region is about 0.01 V/cm.
At a magnetic field of 5000 nT, it corresponds to the plasma veloc-
ity E/B ∼ 20 km/s. This value is very close to the time-of-flight
velocity at this time. The total polarization electric field gradually
decreases because of diminishing plasma velocity.

Ion fluxes with particle energies in the range of 10–400 eV and
plasma density measured at PDP are shown in Fig. 11. Ion density

Fig. 11 Injection 2, PDP: ——, ion density and �, �, +, , the ion
fluxes in the energy range of 10–422 eV.

Fig. 12 Injection 2, PDP: ——, ion density and �, estimates of particle
masses.

a)

b)

Fig. 13 Injection 2, OSP: a) magnetic field perturbation and the b) ion
density.

and estimates of ion mass from ion energy and time-of-flight velocity
are displayed in Fig. 12. One can see that fluxes of ions with average
mass corresponding to that of aluminum are registered at the front
of the plasma. As with injection 1, the registration of ions with mass
different from that of aluminum can be explained by the fact that
ion velocity differs from time-of-flight velocity.

Figure 13 shows the ion density and the magnetic field pertur-
bations at OSP. The Langmuir probe registers peak ion density at
∼60 ms after injection. Magnetic field perturbations are very weak.

Conclusions
The picture of plasma jet evolution looks as follows. After in-

jection 1, the magnetometer registers growth of a weak magnetic
field ahead of the plasma-jet arrival. Later the plasma density and
the magnetic field increase. This field growth is produced by plasma
compression together with the frozen-in magnetic field at plasma de-
celeration and magnetosonic wave generation. Then the magnetic
field decreases, which corresponds to the appearance of a diamag-
netic cavity.

The electric field is observed both before and behind the diamag-
netic cavity. The first splash of electric field and increase of the
magnetic field are also connected with the magnetosonic wave ar-
rival. The increase of the magnetic field δB is the characteristic of
the wave power. It is determined by the interaction of the jet front
with the magnetized ionospheric plasma. In the magnetosonic wave
δV/VA = δB/B. The wave propagates with velocity VA. The am-
plitude of the plasma velocity in the wave is δV . At the trailing edge
the electric field appears as a result of propagation of plasma across
the magnetic field.

The local maxima of the plasma density and the magnetic field
depletion are seen at the leading and trailing edges of the jet. These
phenomena are associated with the beginning of plasma stratifica-
tion. This instability can be developed at the resonance between drift
and cyclotron waves.

The probe measurements show that at injection 1 the maximum
plasma density exceeds the density at injection 2 by two orders
of magnitude, in spite of the fact that the plasma generators were
identical for both injections. The production of such dense plasma
at injection 1 can be explained by aluminum atom stripping during
propagation of the jet through the dense air cloud. On the other hand,
the air cloud does not result in substantial loss of kinetic energy by
the jet. The data obtained show that the average jet velocity at a
distance of about 500 m from the source is comparable for both in-
jections. These velocities are 27.5 and 29 km/s. From this it appears
that the amount of neutral air is enough to increase plasma ioniza-
tion, but it is not enough to cause jet deceleration in the first 500 m.

Only at injection 1 did we observe complete expelling of the mag-
netic field by the plasma jet. The minimum value of plasma density
that can expel the magnetic field can be derived from the balance
of magnetic and plasma pressures on the border of a diamagnetic
cavity: this value is about 108 cm−3. For injection 2 at the dis-
tance of about 500 m the maximum ion density was approximately
4 × 107 cm−3, and the magnetic field was weakened by only 1%.

The total expulsion of the magnetic field at the injection 1 provides
an electric field E = −V × B = 0. Therefore, field-aligned currents
are not induced, and the j × B force inside the jet is zero. In that
case a weak deceleration of the dense plasma is determined only by
magnetic field compression before the jet front.
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The polarization electric field appears as a result of magnetic
field penetration into plasma. The field-aligned currents involve the
ionospheric plasma in the motion, and the plasma should be decel-
erated at a distance of several hundreds meters.

The weak plasma deceleration at a distance of about 500 m from
the injector can be explained by the presence of a great deal of
highly dense neutral gas in the jet. Indeed, the comparison of the
Langmuir probe and pyroprobe data at injection 1 shows that the
total (ambient + ion) jet density is more than the ion density by
one or two orders of magnitude.5 The neutrals push the ions by
viscosity. In this case the jet dynamics are determined by inertia not
of ionized gas but of neutral gas. Later, when an ion-free path grows
the neutrals do not affect plasma dynamics. This is the stage of
plasma deceleration as a result of field-aligned current generation.
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