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ABSTRACT

A sampling of the environment around inert space objects has determined, which linear and nonlinear waves are created by moving space
debris of all sizes. Plasma waves excited by satellites and space debris moving through the Earth’s plasma in low earth orbit have been
measured with in situ electric field sensors on other satellites. These orbit driven plasma waves are of interest for proximity detection of
space debris and sources of electrostatic and electromagnetic noise on spacecraft. Satellites and other space objects moving through the near-
earth ionosphere between 200 and 1000 km altitude become electrically charged by both electron collection and photo emission in sunlight.
These hypersonic, charged objects can excite a wide range of plasma waves. Measurements with the Radio Receiver Instrument (RRI) on the
Swarm-E satellite have shown that electromagnetic plasma waves from known objects can be observed out to ranges of tens of kilometers.
The amplitude, spectral, and polarization changes of the RRI data are consistent with electromagnetic, compressional Alfvén waves launched
by charged space objects traveling across magnetic field lines. In addition, electrostatic lower hybrid waves or nonlinear ion acoustic pinned
oscillations may have been self-generated and measured on the Swarm-E satellite. It is proposed that measurements of these waves with local
electric field measurements or remote electromagnetic wave scatter may be useful to design systems for the location of orbiting objects.
Spatial and temporal details of spacecraft charging are key to understanding the extent of waves associated with the object motion in space
plasmas.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0155454

I. INTRODUCTION

Plasma wave noise in space is of interest for both space object
detection and shielding of sensitive instruments on satellites. First, sys-
tems that traditionally detect space debris with satellite and ground
sensors use optics and ranging radars but are insensitive to smaller

from an object orbiting through an ionized media can enhance the
EM noise by penetration though this shielding.

This work supports applications for detection of space debris and
unknown satellites with observations the types of waves produced by
known objects. Theory, simulations, and laboratory experiments have
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debris. Detection of charged satellites and space debris has been pro-
posed by using nonlinear wave excitations of solitary ion acoustic and
magnetosonic waves in low earth orbit (LEO)' '® to prevent collisions
in space.'” Second, large space objects have been designed with shield-
ing from external electromagnetic (EM) signals. For instance, polyhe-
dron mesh structures have been proposed to provide protection from
external damage by electromagnetic waves.'® Plasma wave emissions

investigated the possibility of ion acoustic and magnetosonic waves
generation in the ionosphere by charged space objects for detection of
moving targets. This paper presents the first in situ observations of
plasma waves from inert space bodies without from active propulsion
or artificial electric-field emissions. The amplitude, spectral, and polar-
ization characteristics of the measured electric fields are used to iden-

tify the wave types.
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The Earth is surrounded by the ionosphere—an atmospheric
layer that is 1% ionized with charged particles such as ions and elec-
trons (Fig. 1). All satellites move through this plasma at speeds faster
than the speed of sound. Both spacecraft and space debris become
electrically charged as they are bombarded by solar light particles and
electrons from the plasma environment. Moving charged objects can
stimulate a wide range of plasma waves as they travel through the ion-
osphere and across the Earth’s magnetic field lines. The region of
plasma oscillations around a small space object may be increased by
more than 10000 from the objects physical size or geometric radar
cross section (RSC). Objects normally invisible to radar can be made
visible to electromagnetic wave illumination by stimulated scatter
from the orbit driven plasma waves.

Plasma wave excitation by space objects can be either steady state
or transient. A charged object in an orbit generates a plasma oscillation
environment tied to the object. The specifics of the wave dispersion
depend on the plasma wave mode. Table T lists the relevant electro-
magnetic EM and electrostatic modes,” *” in a plasma at low and
medium frequencies. The nomenclature, frequency range, group
velocity, propagation direction, and polarization help identify each
wave mode for space observations. These waves are affected by the ori-
entation to the ambient magnetic field and by the plasma density.

The types of waves that can be artificially generated in a magne-
tized space plasma have been studied using dedicated spacecraft
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thruster firings in the ionosphere.”” On 30 July 2009, both Orbital
Maneuvering Subsystem (OMS) engines on the Space Shuttle
Endeavor were fired for 12s at a range of 223.8km from the Vector
Electric Field Instrument (VEFI) electric field sensors on the Air Force
Research Laboratory (AFRL) C/NOEFS satellite. The low frequency,
electric field measurements by Vector Electric Field Investigation
(VEF]) instrument are illustrated in Fig. 2 where C/NOFS was in orbit
at 450km, 87km above the orbit of STS-127 flight for the Space
Shuttle. The measured waves are consistent with (1) a fast magneto-
sonic pulse associated with the termination of the OMS burn, (2)
intense lower hybrid wave Turbulence from charge-exchange ion
beams driving a non-linear lower hybrid-wave instability”" ** when
the exhaust cloud passed over the C/NOFS spacecraft, and (3) weaker
ion acoustic waves by the current-driven ion acoustic instability from
pickup ions in the exhaust.”® Figure 2 is an updated plot of the VEFI
electric field data with a separation into parallel and perpendicular
electric fields relative to the magnetic field direction and a correction
of the timing relative to the engine start. As discussed later, the MHD
pulse may be a soliton excited by the termination of the OMS engines.
The fast N-Wave at 12 s is labeled MHD pulse because the polariza-
tion, electric field shape and time delay are consistent with a compres-
sional Alfvén pulse traveling at much greater than the exhaust cloud
speed. Not shown in Fig. 2 are higher frequency Precursor Whistler
Waves observed in the spectrum of VEFL”* These whistlers are excited

FIG. 1. Polar view of satellites (cyan) and
space debris (magenta) superimposed on
electron densities in the ionosphere at the
limb of the Earth. The ionospheric simula-
tion, shown over the equator, are from the
full-physics, 3D model of the ionosphere
SAMI3 with the day (left side) and night
(right side) variations in electron density.'
The electron density scale is linear from
0.1 (blue) to 1.0 (green) to 2.0 (red)
x 10%cm~2. The changes in ionospheric
density affect the charging of the space
objects. This will influence the plasma
wave production in low earth orbit (LEO)
as the objects pass through the plasma.
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TABLE I. Key features of plasma waves excited by orbiting space objects.
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Mode Alias Frequency range Speed Group direction Polarization
Fast magnetosonic Compressional Alfven Low frequency Fast EM Isotropic E-By=0
wave 0<w<Q,or oy
Alfven Shear Alfven wave Low frequency Fast EM Along By E-Bp=0
0<w< Qi
Slow magnetosonic Magnetized ion Low frequency Slow ES Along By E| By
acoustic wave 0< w < Q, cos 0 E|k
Whistler Electron whistler, Medium frequency Fast EM < 19.5° of By E-By=0
helicon wave Q, < w < Q. cos 0
Electrostatic ion First ion cyclotron Low frequency Zero ES [sotropic E-By=0
cyclotron =} E| k
EM ion cyclotron Second ion cyclotron Low frequency Slow EM Along By E-By=0
* = Q cos*0)
Ton acoustic Unmagnetized ion Medium frequency Slow ES Isotropic E| By
sound waves Q < w<wy E|k
Lower hybrid Finite-kz lower hybrid Low frequency fixed Slow ES Perpendicular to E-By=0
waves ot — Q0, + Qﬁcotzﬁ phase velocity E|k
Q) W5

in association with the transients of OMS engine ignition.” Late time
(>20 s) passage of the exhaust cloud over the electric field sensors
yields pickup ions from the hypersonic exhaust that form ion beams
and drive instabilities for the electrostatic waves.

Since the pickup ions are moving much faster than the ion ther-
mal speed, the growth rate for the lower hybrid instability”” only
depends on the flux of the ion beams and is not affected by the elec-
tron temperature relative to the ion temperature. In the region of full
charge exchange between ambient O ion and H,O vapor exhaust, the
growth rate for the ion acoustic instability driven by an ion beam cur-
rent is

STS-127 OMS Burn, 2009 July 2009, 11:03:44 GMT
1.5 i E-Perpendicular to B,
: E-Parallel to B,
Burn Start Lower Hybrid
y1 & lor u
. Waves

1.0 «—Burn —~

..... Burn Stop

0.5{Start Eﬁd

Electric Field (mV/m)

0 10 20 30 40 50
Time (s)

FIG. 2. Plasma wave electric fields obtained with the VEFI instrument on C/NOFS
following the 12's injection of 3 x 10% molecules of rocket exhaust. These waves
have been identified based on frequency, polarization, and time delays for the
engine burn 223.8 km from the electric field detectors. Since the pickup ions are
moving much faster than the ion thermal speed, electron Landau damping is unim-
portant for the perpendicular propagating lower hybrid (LH) waves but does attenu-
ate the ion acoustic waves.

7| rmN\ Y2 (U T\ T,
meonfs () (5-1)-(F) erl(-3)] 0

where Uy is the ion beam velocity and c; is the ion acoustic speed. This
instability is damped out unless the electron temperature is much larger
than the ion temperature. The ion acoustic waves are weak in Fig. 2
because of Landau damping in (1). The identification of the plasma
wave modes was based on the frequencies and electric field polarization
according to the criteria listed in Table I. In addition to the four wave
modes of fast magnetosonic, lower hybrid, ion acoustic, and whistler, no
other mode listed in Table T has been previously observed.

In situ measurements of plasma waves excited by space objects in
low earth orbit (LEO) are presented in Secs. I and III with emphasis
on (1) identifying the wave modes and (2) experimental conditions for
production of these waves. Section II illustrates the plasma wave oscil-
lations produced on the host satellite that is making the electric field
measurements. This is followed by Sec. I on the electric field observa-
tions when sensors on a host satellite pass through the plasma wave
environment found within 100 km of target satellites. Both of these
sets of observations show that compressional Alfvén (i.e., fast magne-
tosonic) waves and oblique (i.e., finite k,) lower hybrid waves are gen-
erated by charged object motion in space.

Section IV surveys theories that can account for the observations
with either constant or time varying charging of the space objects. The
generation of plasma waves is affected by both the orbit angle with
magnetic field lines and object charging processes. Section IV A
describes steady state solutions from an object with a fixed electric
charge. The resulting electric field disturbances can be either linear
waves spread across the orbit in the wake or nonlinear solitons pinned
to an orbiting object. Section I'V B examines time variations in plasma
waves in the orbit reference frame caused by time variations in the
charging of the object. The sudden charging of a spacecraft can launch
precursor solitons that travel relative to the charged source. In Sec. V,
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FIG. 3. Swarm-E/e-POP small-satellite instrument payload launched on 29
September 2013. The particle instruments IRM (Imaging Rapid lon Mass spectrom-
eter), SEI (Suprathermal electron imager), and NMS (Neutral Mass and Velocity
spectrometer), the optical camera FAI (Fast auroral imager), wave receivers RRI
(E-Field receiver), MGF (Magnetometer), GAP (Differential GPS) and radio beacon
CERTO (Radio tomography) provide eight sensors that are ideal for space debris
investigations. The Swarm-E/CASSIOPE satellite image is open source from
Magellan Aerospace.”

the detection of these spacecraft driven plasma waves is discussed in
terms in situ conjunctions with electric field proximity sensors or scat-
tering of electromagnetic waves from ground HF transmitters. Section
VI states that the in situ observations of space object electric fields are
consistent with compressional Alfvén waves limited in frequency by
finite-k, lower hybrid waves.

Il. OBSERVATIONS OF SELF-GENERATED PLASMA
WAVES AROUND HOST SATELLITES

Prior to conducting experiments to observe the wave generated
by other satellites, measurements were made of plasma wave modes

ARTICLE pubs.aip.org/aip/pop

generated by the host satellite itself. The Swarm-E spacecraft (also
known as CASSIOPE) was used for these observations (Fig. 3).

Archived data from the RRI (Radio Receiver Instrument) electric
field instrument have been analyzed to determine if the orbital motion
of Swarm-E satellite body and booms could create plasma emissions.
The spacecraft produces a VLF spectral feature called the Spontaneous
Plasma Wave Emission (SPWE).” Figure 4 illustrates an examples of
the SPWE near 15 to 20 kHz for satellite motion oblique to the mag-
netic field B,. These waves are observed above the local values of the
ion cyclotron and lower hybrid frequencies. The data show frequency
shifts, spectral spread, and intensity variations that may be related to
changes in the object charging, background plasma density, and orbit
direction. For the observed SPWE frequency ranges, the SPWE could
be local (a) ion acoustic or (b) off-perpendicular lower hybrid waves.

Pinned ion acoustic solitons in the form of ion acoustic waves
have been predicted by nonlinear simulations driven by charged
spacecraft motions above the local ion acoustic speed.”>” 7' *!*!3120
The observations of the SPWE previously published by Bernhardt
et al.”” and shown Fig. 4 may be the first confirmation of this process
by in situ measurements of satellite electric fields. Production of non-
linear ion acoustic waves is described in Sec. I'V. The intensity and fre-
quency spread of ion acoustic pinned solitons may represent changes
in the Swarm-E charging.

Waves produced with frequencies above the local lower hybrid
frequency (~7kHz) are also consistent with the in situ observations
(Fig. 4) that with an orbit angle of 76° with B, change and are polar-
ized perpendicular to the ambient magnetic field direction. According
to the properties in Table I, these waves are consistent with lower
hybrid (LH) modes that are propagating slightly off perpendicular to
the magnetic field line direction.”’ This result is important for showing
that cross-magnetic-field satellite motion in space excites finite k,
lower hybrid waves. These waves are sources of noise for host satellites
employed to detect plasma waves generated by the motion of target
space debris through the ionosphere. It is significant that these local
waves only exist for frequencies above the local value of the lower
hybrid frequency. The waves detected from other satellites are shown
in Sec. II1 to be below the lower hybrid frequency so self-generated dis-
turbances do not contribute to the receiver noise spectrum.
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FIG. 4. Spectrogram of the Self-Generated Spontaneous Plasma Wave Emissions (SPWE) on the Swarm-E satellite using the radio receiver instrument RRI. The narrow and
wide emissions have frequencies above both the local lower hybrid frequency near 7 kHz and the ion gyro frequency at 50 Hz. The emissions are found when Swarm-E/e-POP
moves nearly perpendicular to By.
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The generation of waves in the lower hybrid frequency range can
be caused by density gradients in the near environment of plasma
clouds,” and dust and space objects.”” The situation with magnetized
electrons and unmagnetized ions is favorable for the excitation of
lower hybrid waves by the lower hybrid drift instability (LHDI)****”
or the electron-ion hybrid mode if there is shear in the cross field elec-
tron flow.”* These waves have been observed with diamagnetic cavities
formed by plasma clouds™ and comets.”*””** Moving space debris in
a plasma will charge to a negative potential leading to wake enhance-
ments of both ion and electron densities over the ambient values.’ The
diamagnetic drifts across By that develop due to density changes can
drive the LHDI and ion-ion cross field instability to excite lower
hybrid waves at the space object.”””” These electrostatic wave modes
will not propagate much farther than an ion gyroradius (~5m) from
the spacecraft.

Practical detection of plasma waves from space debris using in
situ proximity sensors would need waves that propagate to a much
larger distance than an ion gyro radius but localized waves are impor-
tant to validate the wave production process at the charged space
object. Section I1I provides a sample of disturbances recorded for tar-
get space objects using the RRI electric field sensors at ranges of 1 to
100 km.

Ill. IN SITU OBSERVATIONS OF PLASMA WAVES
GENERATED BY TARGET SATELLITE

Motivated by theoretical predictions that charged spacecraft can
produce plasma waves,” the Canadian Swarm-E satellite was used to
measure the plasma wave environment around satellites and space
debris. Electric fields of spacecraft-generated waves were obtained as
the Swarm-E host-satellite passed close to several targets including sat-
ellites and space debris in low earth orbit. Swarm-E has the ideal orbit
for LEO satellite encounters with an apogee of 1500 km and a perigee
of 325 km. For instance, this orbit passes through the 550 km altitudes
of the 2500 Starlink satellites 28 times a day (Fig. 5). These observa-
tions are organized into a database according to the distance between
host and target, the satellite-target physical size, radar cross section
(RCS) of the hard body at a specific frequencies, orbit attitude and
velocity, the target motion relative to magnetic field lines, etc., where
multiple space objects are scheduled for target objects within 1km of
Swarm-E/e-POP sensors. With the existing download capability for
the satellite, 2-min conjunction data are collected up to three and five
times a day.

Mission planning, data storage, and downloading were required
to collect the electric field measurements. Two to three days prior to
data acquisition, DRDC—Ottawa Research Center and UAF compute
high precision trajectories of both active satellites and space debris to
determine when the Swarm-E satellite would pass through the ion-
acoustic Mach cone of the target objects. The data are collected for a 3
to 10-min period centered on the encounter time between Swarm-E
and the space object target. The Swarm-E satellite maintains a solar
pointing orientation during the observation periods with precise
knowledge of satellite position and antenna boom orientation. The
minimum conjunction distance will be less than one kilometer. After
data are downloaded from Swarm-E, they are stored by the University
of Calgary at e-POP Data Archive https://epop-data.phys.ucalgary.ca/.
The data are analyzed by the Geophysical Institute at the University of
Alaska at Fairbanks to determine the measured frequency spectrum

ARTICLE pubs.aip.org/aip/pop
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325 and 1250 km Altitude
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FIG. 5. The 325 x 1100 km elliptical orbit of Swarm-E passes near the trajectories
of Starlink and other space objects in low earth orbit for measurements of in situ
electric fields. Observations of orbit driven waves have been observed in the 10 Hz
to 35kHz range. This figure was produced using the Satellite Orbit Analysis
Program (SOAP) Version 15.5.3 from The Aerospace Corporation.

and time series for RRI channels A and B of the RRI electric field
boom antennae (Fig. 3).

A schematic of the data collection geometry and sampled electric
field data during four successful measurements are illustrated in Fig. 7.
The wave disturbance amplitudes for satellites and space debris are
collected with electric field sensors on the host satellite that passes less
than 50 km from a target. The minimum range to the target is shown
for each example. Measurements are made in the F-region of the iono-
sphere for targets in low earth orbit. The four insets are associated
with two Starlink satellites, one small space debris and a large Iridium
satellite. None of these objects had thruster operations during the mea-
surement periods. They all show a strong FLASH signature of the sat-
ellite amid ambient spikes and lower amplitude noise. The trajectories
of the Swarm-E/RRI host sensor and a target space object that cross
paths are shown with green and red vectors, respectively. The data
insets are time series of the electric fields recorded on the Swarm-E
spacecraft from either the A or B channel of the RRI instrument. For
the four time-series in Fig. 6, the data are processed with a bandpass
filter between 1 and 6 kHz to reduce the background interference noise
such as spikes from coherent transmissions by ground VLF transmit-
ters, lightning produced whistlers, and other natural VLF generation
processes. The FLASH label is given to each time series indicating a
long duration burst of electric fields with a waveform shape and ampli-
tude distinct from the background electric field noise.

The experimental conditions for the four RRI observations in
Fig. 6 are provided by Table II. Parameters such as target size, time,
position, solar illumination, orbit velocity relative to magnetic field By,
disturbance region size, and state of the background plasma are indi-
cated to help understand the physical process for FLASH generation.
The last three tests have FLASH signatures that occur at the predicted
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times of closest approach and have target orbit motion nearly perpen-
dicular to By. For all observations, the Alfvén speed is about 1000
times larger than the ion acoustic speed, the space objects are moving
around 7.8 km/s which is much smaller than the Alfvén velocity and
larger than the ion acoustic speed. All targets are on trajectory line dis-
tances less than 1km from the RRI, but the minimum distance

between the target and host ranges from 1 to 20 km. The largest sepa-
ration was for Test #1 and had (a) the highest error in FLASH observa-
tion time relative to predicted conjunction and (b) the longest flash
duration. The measured plasma oscillations are fast magnetohydrody-
namic (MHD) waves and finite-k, LH waves that are seen as far as
90 km from the target space object. The four satellite tests demonstrate

TABLE II. Conjunctions of target satellites and space debris with RRI hosted on Swarm-E.

Targets Starlink 2672 Starlink 2521 COSMOS 2251 DEB IRIDIUM 911
Date time GMT 4 Mar 22 00:27:15 4 Mar 22 03:48:43 27 Mar 22 08:08:00 28 Mar 22 01:37:47
Altitude (km) 551.5 551.2 76.35 754.6
Latitude (°) 302 —158 70.4 —68.5
Longitude ©) 359 —26.5 201.2 119.9
Solar illumination Dark: —37 Elev. Dark: —56 Elev. Sunlit: —13 Elev. Sunlit: 14 Elev.
Orbit inclination (°) 53.06 53.06 74.02 86.45
Time to conjunction (s) —61 0 5 10
FLASH duration (s) 25 20 20 10
Minimum distance (km) 19.6 1.17 6.3 7.22
Detection range (km) 135 170 50 150
Trajectory separation (m) 106 68 581 604
RCS (m?) 1.11 1.42 0.02 3.58
Orbit angle to B (°) 56.8 75.8 86.2 89.6
Target speed (km/s) 7.3 7.3 7.4 7.4
Debye length (cm) 1.6 1.8 6.0 4.0
Ton acoustic speed (m/s) 846 714 1216 1281
Alfven speed (Mm/s) 14 2.1 3.0 1.3
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that localized enhancements in electric field noise show the presence
of spacecraft moving though ambient plasma over ranges of 50 to
170 km.

Each of the experimental tests are examined in detail. Figure 7
shows the geometry for Test #2 along with a sample burst of enhanced
wave noise. The peak of this enhanced signal is near the point of clos-
est approach between the RRI sensor and Starlink 2521. The burst of
plasma-wave noise lasts 18s and is interpreted as spacecraft-driven
turbulence from a mixture of plasma waves. This experiment was
designed to have the host sensor pass through a trailing trajectory
cone to look for plasma turbulence in the wave of the target. Starlink
confirmed that the Krypton ion thruster on the spacecraft was not in
operation during or within 90 min of these measurements.

The time series of electric field data is converted into a spectro-
gram to identify the frequency components of the plasma wave modes.
Figure 8 is a spectrogram of the Channel A data shown in Fig. 7. The
frequency spectra indicate that primarily fast magnetosonic (compres-
sional Alfvén) waves are generated along with ion cyclotron, lower
hybrid, ion sound, and whistler waves around the spacecraft. The hori-
zontal lines between 15 and 30kHz are VLF signals from ground
transmitters. In addition to the frequency range, the electric field
polarization perpendicular to B, indicates that a compressional Alfvén
wave with a lower hybrid cutoff frequency is the dominant mode.

The FLASH burst spectrum for Test #1 shows similar features
such as emissions primarily extending from the local ion cyclotron fre-
quency to the local value for the lower hybrid waves (Fig. 9). In addi-
tion, there are large extensions above fiy; that are probably whistler
modes. Natural whistlers are cutoff at the lower hybrid frequency at

e-POP/RRI Traversing Starlink-2521 Wake
Y (km)
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FIG. 7. Trajectories of the Starlink 2521 (red, bottom-left) encounter with RRI sen-
sor (green, top-center) showing an electric field “FLASH” (inset) 20 dB above the
background noise level. The orange cone represents a region of either Cherenkov
radiation or ion acoustic shock boundary from an electrically charged Starlink
satellite.
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FIG. 8. Conjunction on 4 March 2022 between the Swarm-E host and the Starlink
2521 target satellites showing the FLASH burst spectrum. The bulk of the oscilla-
tions are below the lower hybrid frequency at the time of closest approach between
the spacecraft.

the limit of propagation with large wave normal angles.”” The range of
Starlink 2672 from the Swarm-E sensor is 450 km at the time of these
measurements. This may indicate that charged space objects can gen-
erate strong compressional Alfvén waves and weak whistler modes
that can be detected hundreds of km from the targets. It also may indi-
cate that the timing of the Starlink 2672 orbit predictions was in error
by one minute or that other space objects were responsible for the
FLASH in Fig. 8. A search of satellite orbits at the time of Test #1
found that a piece of COSMOS 1408 Debris and a Starlink 1582 were
at minimum ranges of 208 and 85km, respectively, from Swarm-E
during the measurement period. Finally, it is noted that the time—fre-
quency distribution of the flash spectrum for the two Starlink targets
(Figs. 8 and 9) are similar possibly because (1) both targets are at the
same altitude in similar plasmas or (2) both objects have the same
physical shape.

e-POP RRI Spectrum B, 2022/03/04
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FIG. 9. Successful measurements for the test on 4. March 2022 with Starlink and
Swarm-E Satellite detection of wave generation in satellite wakes. The 61's offset
in satellite conjunction predictions may be from orbit ephemeris error or the pres-
ence of other satellites at the same orbit altitude in the vicinity of Swarm-E.
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e-POP RRI Spectrum B, 2022/03/27
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FIG. 10. Normal (a) and unusual (b) observations of the COSMOS-2251 space debris encounter with the Swarm-E RRI electric field showing a FLASH only on the B-Channel
(outlined in red). The 20 dB electric field enhancement at the time centered on the encounter (b) is a broad spectrum below the lower hybrid frequency with a 50 s duration and
a 100 km disturbance cloud radius. This is interpreted as plasma waves driven by space debris motion across B leading to in situ radiation of strong fast magnetosonic waves

characterized by cross field polarization.

FLASH bursts can be found in only one of the two channels of
the RRI. The observations shown in Fig. 10 were made with a small
space debris (~10cm) from the collision of the Russian COSMOS
2251 with the Iridium 33 satellite. The two A and B channels of the
RRI show totally different results below the 8 kHz lower hybrid fre-
quency. The plasma waves recorded with antenna A of the RRI do
not show any enhanced plasma wave activity below the lower hybrid
frequency (Fig. 10, left). Channel B of the RRI, however, shows a
strong FLASH extending down in frequency from f;y. This is con-
sistent with electric fields that are polarized perpendicular to the
ambient magnetic field such as identified with compressional Alfvén
waves. Since there are only two (x-y) dipole antennas with the RRI,
the full three-dimensional (3D) polarization cannot be determined.
Future satellites used to detect plasma wave signatures of space
objects should have three-axis electric field sensors as well as mag-
netic field sensors.

Care must be taken that plasma wave bursts, attributed to a
designated target event, may be of natural origin. The strong
FLASH 10 s after transit of Iridium-911 (see Figs. 11 and 12) might
be coincident with the passage of the Swarm-E spacecraft across a
high latitude boundary associated with the plasmapause. The
plasma wave spectrum for this event (Fig. 12) shows waves with
extensions down from 15kHz to below the lower hybrid frequency
of 8kHz.

Using the RRI instrument on Swarm-E, 58 conjunction experi-
ments were conducted with satellites and space debris. A small fraction
(~10%) of the observations show coincident FLASH bursts ranging
from below ion cyclotron and just above lower hybrid frequencies.
Sometimes the FLASH E-field signatures are absent or are masked by
geophysical plasma wave interference from lighting driven whistlers,
solar substorm hiss and noise, and ground VLF transmitters. The util-
ity of these measurements is determined by what plasma waves are
produced by passive space objects, what are the conditions for their
production, and validation theoretical models the predict their occur-
rence. Some of these models are reviewed in Sec. I'V. More observation

and data downloading time is needed. A three-axis set of dipoles
would also improve wave detection and model identification.

The observations illustrated by Figs. 6-12 demonstrate that the
three domains of amplitude, frequency, and polarization may be used
to identify signals from passive space debris. The FLASH amplitude
envelopes in Fig. 6 have strong signatures for the Starlink 2521, 2672,
and Iridium 911 space objects. The amplitude envelope in Fig. 8 for
the smaller space debris of COSMOS 2251 has an amplitude near the
background VLF hiss. This does not mean that the COSMOS 2251
debris, with a smaller physical size, would not be detected by in situ

ePOP/RRI in Front of the IRIDIUM-911 Mach Cone
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FIG. 11. Conjunction of the Iridium-911 satellite with the RRI sensor in the e-POP
sensor suite of Swarm-E. The trajectories are timed so the host sensors pass
across the target trajectory in front of the target. Both target and host satellites are
moving northward from the southern hemisphere.
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e-POP RRI Spectrum B, 2022/03/28
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FIG. 12. Test #4 on 28 March 2022 with IRIDIUM 911 and the e-POP/RRI sensor
passing near the satellite wake. The FLASH spectrum may be produced by the
charged satellite or by passage across a low altitude projection of the plasmapause.
Here, the Swarm-E electric field sensor travels northward in the southern
hemisphere.

electric field probes but that frequency and polarization domain obser-
vations need to be included. The Starlink 2251, 2672, and COSMOS
2251 debris have frequency spectra that have an upper frequency
cutoff at the local value of the lower hybrid frequency (Figs. 8-10).
The COSMOS 2251 debris signals are polarized perpendicular to
the magnetic field with a 20-dB signal to noise ratio (Fig. 10).
Finally, the strong Iridium 911 signal starts below, but extends
above, the lower hybrid frequency with an 8-dB signal to noise ratio.
These observations indicate that unknown space debris could be
found with in situ proximity sensors. Orbiting three-axis dipole
probes could be employed to search for amplitude changes in the
time domain, frequency spectrum up to lower hybrid cutoffs, and
electric fields polarized normal to the ambient magnetic fields. In
addition, the use of three-axis magnetometers or magnetic loops
could distinguish the electromagnetic MHD waves from the electro-
static modes.

The temporal variations of the electric field measurements with
moving host sensors and moving target objects can be produced by
either sensors passing through the steady state spatial environment
of a space object or with the influence of time-varying changes of the
waves emanating from the charged object. The steady-state environ-
ment tied to the frame of the space object is called a pinned distur-
bance. Propagating electric fields launched away from the frame of
the charged object are called a precursor disturbances. Precursor
waves can be generated with a temporal transients in the object
charging. Both steady state and transient wave sources are consid-
ered next.

IV. THEORETICAL INTERPRETATION AND MODELS
FOR THE ELECTRIC FIELD OBSERVATIONS

Based on the new observations with the in situ techniques of
Sec. 111, the type of plasma oscillations excited by orbiting space
objects can be interpreted by comparison to theory and simulations.
The electric field oscillations, E, excited by an external current, Jgy,
from the motion of a charged spacecraft is described by the following
equations:

ARTICLE pubs.aip.org/aip/pop
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which are based on Maxwell’s equations, ion and electron continuity
and momentum equations, and the equation of state.”” *****' The lin-
ear (first order) wave, where the density fluctuations waves are small
compared to the background density py, are extracted from configura-
tion space, r, and time, t, to wave number k and frequency w using the
Fourier transform kernel &™) vyielding the following
expression:”**

kik - E(k,»)] — KE(k, ») + k2K - E(k, 0) = — 0] gy (k, ®),
©)

with kg = w/c, and the plasma dielectric tensor comprises the sum of
the cold and warm components. In a cold (T.=T;=0) plasma, the
dielectric tensor with By, along the z-axis is given by

Ko Ky 0 o
K=|-Ky Ko 0|, Koe=1-)» —F
7 w —wcj
0 0 K.
4

and D D> and q; are the cyclotron frequencies, plasma frequencies,
and charge, respectively, of plasma species j. Setting the left side of (3)
to zero and using (4) yields a dispersion equation D(k,®) = 0 for
the linear waves that propagate in a cold, magnetized plasma. With
a nonzero ion and electron temperature, the warm dielectric tensor
K depends on the ion acoustic wave speed”’ ***' found from
C? = (KTE -+ 3kT1)/m,

Figure 13 provides a sample solution to illustrate typical iono-
spheric parameters including warm plasma dispersion w(k) for obli-
que propagation relative to the magnetic field vector B,. The plasma
waves lie on distinct branches with a change in mode for frequencies
below and above the ion cyclotron frequency ;. In a cold plasma, the
slow magnetosonic, ion acoustic, ion sound branches vanish.

The labels on the three curves in Fig. 13 indicate individual
modes that may propagate from a satellite as either linear waves or
nonlinear solitons and shocks. The solitons may be produced for
modes with nonlinear dispersion. The linear plasma waves propagate
with group and phase velocities, v, = Viw(k)andv, = w(k)/|k|,
respectively, which can be found from the slope and values of the dis-
persion curves. For the electrostatic solutions to (2), the electric field is
the gradient of a potential, ie., using E = —V¢. The electrostatic
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FIG. 13. Dispersion relation of waves in a warm fluid plasma with oblique propaga-
tion for representative ionospheric conditions. The waves lie on three distinct
(green, orange, and blue) branches over a wide range of frequency and wave num-
bers. Electrostatic waves are found on the horizontal portions of the curves near
the ion gyro and electron gyro frequencies. The electrostatic ion acoustic and slow
magnetosonic modes are not contained in Eq. (4), and this dispersion is for a single
ion O™ species. The ion acoustic mode makes a transition to heavily damped ion
sound mode after crossing the ion plasma frequency.”*“’

regions in Fig. 13 are the horizontal portions of the curves near the ion
and electron cyclotron frequencies and the large-wavenumber regions
of ion acoustic and magneto-acoustic waves.

Fields with large amplitudes drive the solutions to higher order
for electric fields, densities, currents, velocities, pressures, etc. Second

TABLE llI. Nonlinear equations for propagating solitary waves in a plasma.
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order solutions to (2) show the impact of group velocities on the electric
field amplitudes in a medium with nonlinear dispersion.**"* Third and
higher order solutions yield solitons*>** and vortex systems"’ from Eq.
(2) as waves propagate relative to the phase speed of linear waves. The
nonlinear forms of (2) for isotropic, ion-acoustic wave solitons (a) have
often neglected the ambient magnetic field, collisions, and Landau
damping, (b) have discarded EM effects by using an electric potential,
and (c) are only valid for frequencies above the ion cyclotron frequency.
The Alfvén and magnetosonic (both fast and slow) soliton solutions are
applicable below the ion cyclotron frequency. Table I11 is a list of plasma
wave descriptions for the Nonlinear Schrodinger (NLS),?0+5#6
Korteweg—de Vries (KdV),' > 10716:2022204298 and Pseudopotential
Well** *+*%" equations with closed form solutions. The KdV Equation
with Landau damping produces a soliton with a decay of an initial per-
turbation.'””"> The variable ¥ can represent density, velocity, electric
potential, and wave magnetic field of electromagnetic waves. The elec-
trostatic electric field is derived from the spatial derivative of the electro-
static potential.

Theoretical predictions related to spacecraft-driven waves have
focused on nonlinear waves such as ion acoustic solitons'~>>"'%!»!1>1>%0
with no magnetic field and magnetosonic solitons"'"'*'>>* with no
consideration of the ion cyclotron and lower hybrid frequency limits to
the ion acoustic, slow, and fast magnetosonic waves. The STS-127
experiment data (Fig. 2) and the Swarm-E/RRI data (Figs. 6-13) suggest
that the Fast Magnetoionic wave, the Electrostatic Lower Hybrid wave,
and, to a lesser degree, the Ion Acoustic wave may be important sources
of satellite plasma waves.

The nonlinear electric field solutions are classified as pinned or
lump if they travel with the space object and as precursors if they travel
in the orbit direction away from the source. These types of plasma
wave environments are discussed in the next two sections.

A. Steady state disturbances moving with charged
space objects in orbit

The pinned solitons are continuously sustained by the charged
object motion that are steady solutions in the reference frame of the
object orbit. These are steady state solutions of nonlinear electric field
equations'® and they are found close to the charged object to within a
few Debye lengths'’ or electron skin depths*® or ion inertial lengths.'

Electric field sensors passing through a region of electric fields
attached to a charged source could represent the in situ observations.
For this, the primary consideration for finding of space objects using

Equation Nonlinear form Soliton solution Waves
Nonlinear Schrodinger dyr 2 z—Ut\ ; IA, Alfven,
E+P—+ QY'Y =0 l//:gsech(T)eg Langmuir
Korteweg-de Vries dlp 1d>y dy 3U/A UA IA, Alfven fast-slow
E + 2d3 +B dz 0 W B sech’[ T(Z — Ut)] magnetosonic
Pseudopotential well 1.4y, =1, sech!¥m [z JAW,)] IA, Alfven, whistler
2 (d ) + (D(l//’ V)= fast-slow magnetosonic
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plasma waves is the scale of the electric field disturbance that extends
from the object. If the motion-induced plasma oscillations are located
near a piece of space debris, an in situ sensor would be in danger of
being struck by the debris. Estimations of the extent of the plasma
waves around a space vehicle are required to determine its observabil-
ity. The dimensions of plasma disturbances are characterized by spatial
scales associated with the ratio of a characteristic velocity to the wave
mode frequency. Table IV is a list of standard kinetic and inertial scale
lengths in a typical plasma found at altitudes of satellites in low earth
orbit. These scale lengths are listed in order of size and can be related
to both unmagnetized and magnetized plasma wave modes.

The shortest scale in Table I'V is the Debye length which is associ-
ated with both nonlinear ion acoustic waves and nonlinear electron-
plasma (Langmuir) waves.” Strong Langmuir turbulence (SLT) in the
ionosphere from a vertically directed beam of high power radio waves
has been used to explain caviton generation”"”” detected by incoherent
scatter radars.”**® Caviton collapse during SLT is related to parametric
instabilities”” and is responsible for the electron acceleration and for
the intense optical emission from the perturbed regions of the
ionosphere.” ®!

Ion acoustic density enhancements in the form of both lump or
pinned solitons have been predicted with many computer simulations
and laboratory experiments.' '® All of the analysis for electrostatic pre-
cursor solitons without Landau damping is only applicable for propa-
gation of the Slow Magnetosonic wave along magnetic field lines,””
and even these can be strongly dissipated if the ion temperature is
above the electron tempera‘cure.(’2 For propagation across magnetic
field lines, ion acoustic waves need to be simulated with a lower fre-
quency limit of the ion cyclotron frequency and with Landau damp-
ing.”” The limitation in observing pinned ion acoustic solitons from
space debris is that their spatial distance is only a few centimeters
(Debye lengths) from the target. Probably the best way of measuring
nonlinear ion acoustic waves generated by space debris is with a radar
transmission that matches the wave number (or wavelength) of the
ion acoustic wave mode. The limitation of the ion acoustic wave radar
scatter is that the space debris has a radar cross section of the same
size as the ion acoustic wave disturbance attached to the target.
Because the satellite-generated ion acoustic waves (1) are at the ion

TABLE IV. Plasma scale lengths around charged space objects in low earth orbit.
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acoustic velocity which is small around 1km/s, (2) are attenuated by
Landau damping, and (3) do not exist for frequencies below the ion
cyclotron frequency (see Fig. 13), it is apparent that there may be little
chance of observing ion acoustic wave solitons with either in situ
observations or radar scatter. This conclusion is borne out with the
observations of Sec. IV B, which has no evidence of ion acoustic waves
based on electric field polarization and frequency range.

The intermediate distances for the ion gyroradius (~5 m) were
presented earlier represent lower hybrid waves generated by diamag-
netic drifts across magnetic fields in spacecraft wakes (Fig. 5). The elec-
trostatic lower-hybrid waves may be launched simultaneously with
electromagnetic magnetosonic waves that propagate across magnetic
field lines. The electron skin depth is associated with the shear Alfvén
cross field dimension.”” ®° UHF radars have been used to
observe lower hybrid waves excited by satellite rocket burns when the
plume travels far enough from the satellite to prevent direct target
scatter.”””"

The largest scale given by Table TV is the is ion inertial length'*”"
which is applicable to both the shear®** and compression Alfvén
wave disturbances.”® In addition, of all the waves listed in Table I, the
transverse compressional Alfvén (i.e., TCA or fast magnetosonic) and
lower-hybrid (i.e., LH) waves are the most often observed by opera-
tions of spacecraft in the ionosphere.”” Electric fields from these waves
have been attributed to on-orbit rocket motor burns™ (Fig. 2), locally
excited spacecraft emissions™ (Fig. 5) and the FLASH burst observa-
tions clearly illustrated in Figs. 6-12. A common feature of the TCA
and LH modes is that they are found on the same frequency vs wave
number dispersion curve for a magnetized plasma for propagation
nearly perpendicular to B, (Fig. 14).

Objects in orbit travel much slower than the Alvén speed and the
spacecraft driven Alfvén waves must either be linear disturbances or
pinned electromagnetic solitons with limited extension along magnetic
field lines.'® The most plausible theory for generation of the linear
waves is the Cherenkov mechanism. All the observations are consis-
tent with the excitation of compressional Alfvén (fast magnetosonic)
waves with their frequency limited by the local value of lower hybrid
wave around 8 kHz in the ionosphere. Cherenkov radiation generated
by charged spacecraft can propagate along, oblique, and transverse to

Quantity Formula Typical value Speeds, frequencies
Debye length: ) okTe  Vine ~lcm N kT, o? = @
= qgi’le B Wpe the me’ P gome
Electron gyro radius: I, = ViheMe _ Vihe ~10cm . — q.B
quO e “ e
Ton gyro radius: ri:mzw ~3m VZA:@ w,:ﬁ
qiBo @ thii e i
Ton sound gyro radius: I = G _ & ~5m 2= kT, L ﬁ
qiBy W s ;0 ;
Electron skin depth: . me c ~10m Wk = @
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FIG. 14. Waves from satellite proximity conjunctions have the characteristics of trans-
verse compressional Alfvén (TCA) and finite k, lower hybrid (LH) waves with transi-
tions to ion sound waves at the shortest wavelength. Dispersion for these curves
assumes a warm plasma and that propagation at an angle 0 with B near 90°.

the ambient magnetic field. For the classic Cherenkov process, a mov-
ing charge plays the role of an antenna that excites waves whose prop-
erties are determined by a background plasma dielectric.”” Excitation
of shear Alfvén waves by this process will be computed using the
model based on Eq. (3) with only the diagonal components of the
dielectric tensor (4) for frequencies below the ion cyclotron fre-
quency.””* In space plasmas, two ion species are often found between
the O" dominated regions below 500 km and the H" plasmasphere
above 1000 km altitude. Under these conditions, the simulation of
Cherenkov excitation of shear Alfvén waves will be limited to charges
moving either along and across By. Parallel motion uses simplified 2D
cylindrical geometry.”*** For perpendicular motion, the integrated
disturbance is computed along the coordinate transverse to both the
satellite velocity x-direction and the magnetic field z-direction.

Alfven Waves for Object Motion Along B
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The Cherenkov process Is considered for magnetohydrodynamic
(MHD) turbulence generated by time-varying currents in a magne-
tized plasma. Excitation of shear Alfvén waves is in the inertial limit,
where the Alfvén speed, vy, is much larger than the electron thermal
speed of the plasma. These linear wave simulations have debris motion
along orbit in one direction but, unlike one-dimensional nonlinear sol-
iton models," '® they provide description of the resulting disturbance
in both longitudinal and transverse directions. Figure 15(a) shows sim-
ulation results in the cylindrical geometry for the inverse Fourier
transform of Eq. (3). The simulation parameters represent localized
charged space debris moving through a background plasma along the
magnetic field with the spatial-temporal evolution of the current den-
sity with a Gaussian cross section is described by the following
equation:

Qi Qi / r/Z /
Jepxt = VSathbm(3 —(Z - VSatt) €xXp —E <,

Va
where
eB cQ; 2N;
Qi:—07 VA:_17 wzizg7 (5)
m; Wpi Eom;

where Ny, is the number of electric charges q, V,, is the velocity, 7' is
the direction along the trajectory, ' is the radial dimension across the
orbit, d, is the size of the object, ; is the ion gyro radius around a
magnetic field line By, and V is the Alfvén speed. The simulation
parameters are d; =1 m, Vgu = 7.0km/s, J,max = NpqVsap Va = cC/
wp=538km/s, V.= (kT/m.)"*=213km/s, .= c/wp=19m,
Lig= VA/Q;=29km, p,=c/Q;= 6.7 m, and the species is O" ions.
The spacecraft current source for Cherenkov calculations is J gy given
by Eq. (5) with z' =z the magnetic field direction. The actual source
current depends on spacecraft charging processes which vary with the
object of interest. The charging processes were not included so all
computed currents are normalized to J,ax-

Alfven Waves Excited By Transverse Motion
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FIG. 15. Numerically Simulated Cherenkov radiation for currents associated with shear Alfvén waves from the space debris in orbit (a) along and (b) across magnetic field
lines. The charged space debris is at the point of maximum current along the orbit in both cases. Note the change in spatial scales between parts (a) and (b). The satellite is

shifted in position to (a) z=10km and (b) z=0km.
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The vertical scale of Fig. 15(a) is expanded relative to the coordi-
nates of the motion along B showing waves that can be found in a nar-
row channel behind the space debris out to ranges of 25km or more.
This distance, associated with the ion inertial scale, is much larger
than that predicted by three-dimensional simulations of pinned ion
acoustic solitons” but is consistent with results from one-dimensional
simulations of pinned Alfvén MHD solitons.'® For the shear Alfvén
waves in Fig. 15(a), the cross-B scale is the electron skin depth defined
in Table I'V and is also much larger than the Debye length scale associ-
ated with ion acoustic waves.

When the charged space object travels perpendicular to the mag-
netic field, the range of the disturbances are extended to even larger
distances [Fig. 15(b)]. For this calculation, the spacecraft current
source cross section given by the Inverse Transform of a Lorentzian

function as
Q; Q ’}/|+‘Z/‘ ,
a1 ‘Vsaft)}e"P(‘T .
(6)

where 7' is the dimension along the magnetic field and X is the direc-
tion along the trajectory and across B. The simulation is made in the
orbit-field (x, z) plane with the y-dimension eliminated with a spatial
integral along the y-direction by setting k,=0. The large charge
induced current at the spacecraft excites Alfvén Waves that extend
many kilometers along the magnetic field lines and trail behind for a
few hundred meters. The out-of-plane (y-axis) disturbance also
expands to a few hundred meters. Such an expanse of shear Alfvén
waves is much easier to detect with an in situ probe than are the waves
produced by orbital motion along B-field lines.

Space plasmas have multiple ions. In low earth orbit between
about 200 to 600 km altitude, the ionosphere is typically dominated by
atomic oxygen (O") ions and the single ion theory illustrated in

IxExt = VSathb
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Fig. 16 is appropriate. At higher altitudes up to 2000 km, the plasma-
sphere is usually composed of both atomic oxygen and hydrogen (H")
ions. The Cherenkov radiation of shear Alfvén waves in a plasma has
been simulated”* with a multiple-ion implementation of Eq. (3). With
the addition of a second ion, the Alfvénic wake of charged spacecraft
will yield an additional frequency range involving the ion-ion hybrid
frequency and the cyclotron frequency of the lighter species, but the
disturbance is expected to be launched for tens of km from the space
debris.

It is clear that a three-dimensional Cherenkov model for charged
space objects should be used with a source current representation (6)
directed along the x-axis perpendicular to B,. Unlike the shear Alfvén
wave, however, the compressional Alfvén wave in a cold plasma is iso-
tropic and, for Cherenkov radiation, the speed of the charge particle
needs to be larger than the phase velocity of the wave in the media.””
Therefore, for a moving charge to excite, this mode the velocity must
be larger than the Alfvén speed, which is not the case for satellites.

In summary, the appropriate source for waves generated by
charged space debris in space plasmas is probably not the ion acoustic
or magnetosonic solitons but could be Cherenkov-like radiation”**
applied to the dispersion branch of compressional Alfvén and lower
hybrid waves (Fig. 15) from cross field motion. The lower hybrid
waves can also be excited by the Lower Hybrid Drift Instability. Space
object motion across magnetic field lines is required to excite the
observed electromagnetic waves. Only linear waves are considered
because magnetosonic soliton generation is not possible with a spacecraft
velocity (~7 km/s) that is well below the Alfvén speed (~400km/s) in a
space plasma. Fortunately, the Cherenkov model is valid for charged
object speeds less than the Alfvén speed.””** The upper frequency limit
for compressional Alfvén waves is the ambient lower hybrid frequency
as shown by the dispersion curves for these waves in Fig. 15. The ambi-
ent plasma dielectric with this LH wave limitation will be added to the
existing Cherenkov model by changing the plasma wave dispersion

Forced Solitons with Negative Charge
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FIG. 16. Simulations of the electric potential on an orbiting object that is (a) positively or (b) negatively charged starting at time = = 0. Space objects will be negatively charged

in the ionosphere and the response of (a) is much more representative than that of (b).
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function currently in the simulation code. This enhanced linear wave
theory may explain the RRI wave measurements shown in the experi-
ment section of this paper.

B. Transient disturbances launched from moving
charged space objects

Next consider a space object with charges that change in time.
Temporal changes of electric charge on a spacecraft or space debris
can drive both linear and nonlinear plasma waves to radiate in the ref-
erence frame of the object. Precursor solitons can be generated by an
initial condition, a transient event, or a temporal fluctuations at the
space object. These transient and temporal events could be a sudden
change in electric charge, current, pressure, or neutral velocity.

To illustrate this temporal nature, the ion acoustic soliton model
of Sen et al.” is employed with considerations of the full range of non-
linear dynamics solutions to the Korteweg-de Vries equation,

O(&,1) = N(¢&, 1) = U(¢,1), Upp =1

OD(¢&, 1) ID(¢, 1) 19°D(E,T)
P L e R T )
_ 1086+ (1 = Va)1]
) ¢ '

where ambient electron density, Debye length, ion acoustic speed, and
electron thermal plasma potential,

P eokT, _ JkT, _[éng
Ny, D — 2, s = y  Wpi = )
e“no m; Eom;

(®)

are used to normalize distance, time, electric potential, ion velocity,
and disturbed plasma density by

X=X, T=%i—wu opT) =250
b D o,
(x.0) (x.0) ©
Ux,T) =22 N, T) =5
Cs N

and spatial coordinate is stretched by the ion acoustic phase speed
with & = X — Up T and t = wpt = T.

The charge forcing function is the external object current in (1)
divided by the object speed in the form a Gaussian function,

1 \rdﬁ]z

Sale+ (1= Vi)t] = e ] (10)

where G is the spatial size dimension and A is the negative charge.
The forced KdV equation has been used by a number of authors, The
important factors for these solutions are the magnitude and sign of
the object charge A, the initial conditions for the charge source and
the field disturbance at the start of the simulation, the size G of the
charged object, and the spatial boundary conditions. Previous work
has displayed the results of simulations to show precursor ion acoustic
solitons and trailing wake disturbances ™' for charge objects. Those
results are duplicated here with the additional emphasis of wake field
transients and pinned oscillations for both positively and negatively
charged spacecratt.

ARTICLE pubs.aip.org/aip/pop

The normalized KdV equation (7) is solved numerically with
Gaussian forcing (10) for periodic and absorption boundary condi-
tions. The results are displayed in Fig. 16 in distance vs time coordi-
nates to show (1) transient trailing fields triggered at the time of initial
charging, (2) localized limit cycles near the object inside the source
charged region, (3) cavitons trailing behind the object, and (4) precur-
sor ion acoustic solitons launched at the forward boundary of the
charged object by the limit cycle oscillations. Figure 16 shows the
potentials for both negatively and positively charged space objects in a
spatial-temporal format. At the time of charging, transient solitons are
launched in the wake of the object. Also in the wake is a region of neg-
ative potential expanding from the object which is either (a) uniform
or (b) structured with cavitons depending on the charge sign. Near the
object in the charged region, limit cycle oscillations are found with
time periods that decrease with increasing charge. Precursor solitons
are launched in the ram direction from the limit cycle oscillations.

It is well known that spacecraft charging in the ionosphere is
nearly always negative unless an electron gun is used to remove elec-
trons from the object.”””* Figure 16 shows that assuming positive
charge for a negatively charged object will produce large errors in the
orbit driven waves especially for the growth and detachment of precur-
sor solitons. Previous theoretical work that use positively charged
spacecraft should be examined for validity. This contrast of ion acous-
tic soliton generation the sudden introduction of both positive and
negative charges is presented here for the first time. The most impor-
tant step for future research is self-consistent modeling of both object
surface ionization to yield the correct excitation of electromagnetic
plasma waves.

Detailed modeling is required for accurate spacecraft charg-
ing.””"*” The charge state of an object depends on photo emission of
electrons by sunlight or electron collection by attachment of ambient
electrons. Thus, precursor soliton production could be change during
the motion of the space object from darkness to sunlight across the
Earth’s terminator boundary or could be excited by a change in charge
if the space object passes through an irregular electron structure in the
ambient plasma. Rapid change between low-level and high-level nega-
tive charging that results from modest changes in the spacecraft charg-
ing conditions is essential to the generation of precursor solitons but is
beyond the scope of this paper.

The example in Fig. 16 is representative of models for plasma
waves are derived from an initial boundary value problem solution to
non-linear equations derived from plasma fluid equations'’ or parti-
cle-in-cell (PIC) simulations.*® For precursor ion acoustic solitons, the
nonlinear equation is derived from continuity, momentum, and
Poisson’s equation, where magnetic fields have been neglected.
Nonlinear models’ *'”"” that start with zero initial amplitude and
have a sudden introduction of charge at t=0 produce the precursor
solitons that propagate away from the space debris. It is not surprising
that if, at t=0, the charge on the object suddenly changes, it can
launch a trailing disturbance. This, however, will occur only once at a
transition time for the space object and will not be repeated unless
some other transient space event occurs.

For PIC simulations of slow and fast magnetosonic waves, the
startup scenario is a high-velocity ion beam instantly appearing at
time t =0 in the plasma.*® In both the ion acoustic and magnetosonic
simulations, the precursor solitons are generated by the instantaneous
appearance of the charged space object. In reality, spacecraft charging
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time is dependent on the charging process and is not instantaneous.
Also, for precursor solitons to be useful, they must be sporadically
regenerated as transient events in space. In steady state, charged space
debris do not generate precursor solitons.

The Korteweg-de Vries equation, such as given by (7), applies to
any nonlinear wave balanced by dispersion terms and has a general
representation of

. ob b ob b
KdV Equation : E—i—aa-l—Nba-&-ﬁ%—O, (11)

a=V,, N = Nonlinearity, f = Dispersion.

In addition to ion acoustic waves, the KdV equation can be applied to
nonlinear Alfvén waves which propagate near the Alfvén speed at low
frequency and long wavelength, and begin to show dispersion near the
ion cyclotron frequency””"® as shear Alfvén wave solitons. The KdV
equation also applies to fast and slow magnetosonic waves.

A transient event example for a precursor soliton mode may have
been observed as the compressional Alfvén wave in Fig. 2. For this
event, Space Shuttle OMS engines were operated for 10s to establish
steady state and they were instantly turned off to provide a transient
change in the plasma forcing pressure and neutral velocity.”” This
change in local neutral velocity couples to the plasma through the neu-
tral collision frequency v, in (2). This MHD pulse required a large
amplitude temporal change in the nozzle pressure and velocity of large
OMS rocket motors in low earth orbit. The resulting pulse, traveling at
the speed of the fast magnetosonic wave near 400 km/s, was a precur-
sor to the arrival of the supersonic exhaust cloud traveling at about
6 km/s. This is similar to the transient excitation of magnetosonic soli-
tons in plasma in the presence of an external magnetic field by a short
laser pulse normal to an over dense plasma target.”” All precursor soli-
tons from space objects require transient changes in object charge den-
sity or, in the case of satellites, an ignition of an ion or chemical
thruster to produce a transient in the ion velocity. Modeling of precur-
sor solitons with a charged object initial condition in a quiescent
plasma is equivalent to introducing a step function change in electric
charge during a time-dependent simulation. The precursor soliton is
launched by the time derivative of the charge state not the charge state
itself.

The analytic solution to the KdV equation (11) given by

b(x,t) = %sech2 [ch;{jz (x —at — ct)] is shown in Fig. 17. No such

Plasma Wave Soliton
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FIG. 17. KdV equation solution for a solitary wave for that resembles the compres-
sional Alfvén wave measured during the STS-127 mission with C/NOFS shown in
Fig. 2.
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FIG. 18. Computation showing that all satellite orbits cross magnetic field lines at
90°. The near normal orbits excite fast magnetosonic and lower hybrid waves that
can be used to observe waves from space debris.

solitons were observed during the observations with Swarm-E but,
with selected parameters, can produce a close resemblance to Fig. 2 for
the sudden termination of a rocket motor in a plasma. All the electric-
field data recorded for passes near other spacecraft can be attributed to
linear waves.

Both theory and particle simulations indicate that the threshold
for generation of electrostatic solitons requires that the wave source
moves with a speed (V,) greater than the linear group velocity of each
type of plasma wave mode. For space objects in low earth orbit near
7 km/s, this is easily accomplished for the isotropic ion acoustic and
slow magnetosonic modes around 1 km/s is apparently not impossible
for excitation of Shear and Compressional Alfvén waves with phase
and group velocities around 100 to 500 km/s.

Electromagnetic precursor and pinned solitons are generated
even when Vj, is less than the Alfvén speed V¢ but they are consider-
ably weaker than the Vi, > V case.” For pinned solitons, numerical
investigations'® show that Alfvén solitons in a cold plasma only exist
for Vi, < V4 and a warm plasma is required to have soliton solutions
for Vi, > V. Pinned soliton simulations show disturbances within a
few ion inertial distances of the space object.'® Sub-Alfvénic generation
of low frequency, ion-inertial waves for objects moving nearly perpen-
dicularly to B have been simulated by Sen et al.'® These waves may be
detected in situ with a sensitive magnetometer such as e-POP
Magnetic Field Instrument (MGF).

V. MEASUREMENT GEOMETRY FOR REMOTE
EXCITATION OF ORBIT DRIVEN PLASMA WAVES

The plasma wave generation by charged space objects seems to
require motion across magnetic field lines. The angle between Vs, and
B, depends on the inclination of the orbit, the structure of the Earth’s
magnetic field and, to a lesser degree, the altitude of the orbit.
Figure 18 is a model simulation for the distribution of magnetic field
incidence angles for satellites at 500 km altitude and 0°, 30°, 60°, and
90° inclinations. This model uses a tilted dipole for the ambient mag-
netic field.”*”> Cross field motion occurs at the highest latitude points
in any orbit. The lower inclination orbits that spend a longer fraction
of time traversing magnetic field lines at high angles should be easier
to detect using motion-driven compressional-Alfvén (CA) waves.
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The bulk of satellites and space debris is found with mid to high incli-
nation orbits (Fig. 19).

The observations of plasma waves generated by charged space-
craft can be made with either (a) in situ probes or (b) scattering of
electromagnetic waves. First, at close proximity, waves from a space
object could be sensed with an electric field sensor on a small satellite
that penetrates the Spreading Trail of MHD waves similar to that
shown in Fig. 15(b). This would require that one or more host satellite
pass within 100 to 25000 m of the target object radiating MHD waves
with known magnetic field geometry. Space debris with a plasma wave
envelope of compressional Alfvén waves can be observed with in situ
electric and magnetic field sensors with dipole probes such as found
on the Swarm-E satellite. The Swarm-E satellite typically collects elec-
tric field data for up to ten minutes when it is predicted to fly close to
other known satellites and space debris. The planning of such conjunc-
tions should also consider if the target object is crossing magnetic field
lines at nearly normal incidence to favor excitation of the compres-
sional Alfvén branch of plasma waves.

Second, the charged space object that is emitting plasma waves
could pass through a region of the ionosphere illuminated by high
power electromagnetic waves, which are scattered to the ground. This
is similar to optical measurements of small space debris with scatter by
1-W laser beam in a disk that is about 100 m of less in radius.”” This
approach to space debris observations is to scatter electromagnetic
waves from the plasma oscillations that accompanies the target object.
The stimulated scatter technique could use a ground HF transmitter,
such HAARP in Alaska’” or EISCAT in Norway,”* to illuminate the
bottomside F-region with high power electromagnetic radiation that
could mix with satellite generated waves and scatter an electromag-
netic wave back to a ground receiver. This process is related to stimu-
lated electromagnetic emissions (SEE) including stimulated Brillouin
scatter of magnetized ion acoustic and ion cyclotron waves”*”” and of
injected probe waves.” In this application of Brillouin scatter, the sat-
ellite would provide the injected wave that yields a frequency shift in
the scattered signal. Data from an array of ground-based receiver
antennas could provide an image of a charged space object passing
through the HF beam (Fig. 20).

Satellites in Low Earth Orbit
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FIG. 19. Distribution of satellite inclinations for LEO orbits. The bulk of space
objects are clustered near 52° for midlatitude applications and 98° for sun synchro-
nous applications. Most space debris are found with inclinations between 80° and
100°.
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FIG. 20. Space debris passing through HF driven plasma for wave diagnostics of
stimulated electromagnetic scatter (SES). The received frequency spectrum would
provide the time that the target object passes though the HF inaction region. Both
stimulated scatter and field aligned irregulariies can play a role in wave
measurements.

The field aligned irregularities associated with high power HF
waves’’ could affect the charging of the satellite. As discussed in
Sec. IV, these temporal variations in object charge can launch both lin-
ear and nonlinear waves in the reference frame of the orbit to be mea-
sured by other spacecraft and scatter from incident electromagnetic
waves.

The stimulated electromagnetic scatter could provide a signal
from a small (ie, 1cm) object because the plasma wave Spreading
Trail traveling with the object could be much larger (ie., 50km) in
size. The Rayleigh scatter of an HF (i.e., 5 MHz) wave is not detectable
because radar cross section vanishes for radio wavelength (i.e., 60 m)
much larger than the object. The stimulated electromagnetic scatter
(SES) process, represented by Eq. (1), can be highly efficient if the sat-
ellite waves seed a parametric decay process that amplifies the seed
waves. A diagram of this process is given by Fig. 21.

Stimulated electromagnetic emissions (SEE) are a proxy for stim-
ulated EM scatter (SES) from the plasma wave environments around
spacecraft. The scatter process of Eq. (1) occurs spontaneously for SEE
and is driven by the satellite wave environment for SES. Figure 22
shows the wide variety of sidebands produced when electrostatic and
electromagnetic waves interact with a high-power HF pump waves.
The concept of SES is that additional sidebands will appear in the
backscatter EM spectrum as a satellite passes through the HF interac-
tion volume.

The stimulated scatter process is only proposed for determination
of plasma waves produced by the space object not for detection of new
space objects. There are 34 satellites available with high inclination
and low altitude to pass through the HAARP modification region over
Gakona, Alaska. Swarm-E is one of these satellites. The satellite gener-
ated downshifted sidebands would appear for only the 10 or less sec-
onds that the satellite passes through the HAARP HF beam and thus
could be distinguished from those naturally generated parametric
decay process. This concept of ground observations of satellite gener-
ated plasma waves will be the subject of a future paper with both theo-
retical simulations and experimental validation.
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VI. CONCLUSIONS

The observational results of this paper have provided tests and
partial validation for theories of plasma wave generation by space
objects. It has been proposed by other authors that solitary structures
from either isotropic, ion-acoustic waves above the ion gyro frequency
or anisotropic, slow-magnetosonic waves below the ion gyro frequency

could be generated by electrically charged space objects for potential
detection and tracking. Plasma simulations have been tested with labo-
ratory experiments showing that both shear and compressional Alfvén
wave solitons require a space object velocity compatible to or greater
than the Alfvén speed in the plasma. Before the presentation of the
results in this paper, no other efforts in space has been made to
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FIG. 22. Six examples of stimulated electromagnetic emissions from high power HF waves that generate parametric decay products such as slow magnetosonic waves (a) at
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measure what waves are actually produced by inert space objects mov-
ing through the ionosphere. The theory that space objects produce
detectable ion acoustic solitons was not borne out by the observations
but an alternative theory is proposed that the waves are compressional
Alfvén waves produced by the Cherenkov process.

Extending this type of Cherenkov simulation to a 3D Cartesian
geometry with compressional Alfvén waves and whistlers will be
explored in future work. A detailed Cherenkov model is currently
under development to determine if the compressional Alfvén waves,
which are not constrained to magnetic field lines, will propagate a dis-
turbance in all directions to account for 25km or more observation
ranges. The Cherenkov-like model can be extended to plasmas with
multiple ion species, each species with a different mass.”* which is
essential for satellite motion in the plasmasphere composed of both
O, HY, He™ ions. The results for the Cherenkov-like model will be
tested to match the in situ observations of plasma waves measured
with the Swarm-E electric field instrument as described earlier. Future
research on models of plasma wave generation by orbital objects will
consider (a) the effects of solar EUV ionizing radiation and (b) precipi-
tating auroral electrons on low-altitude charging.

In this paper, theoretical concepts have been compared with the
observations of (1) long range (200 to 400 km) soliton-like observa-
tions of transient driven, compressional-Alfvén waves from Space
Shuttle OMS engine burns (Fig. 2) (2) local (self-observations) of
spacecraft driven lower-hybrid or ion-acoustic waves recorded with
the Swarm-E RRI sensor (Fig. 4), and (3) near field (1 to 50 km) obser-
vations of compressional Alfvén waves of target objects by the host
RRI sensor (Figs. 7-13). Based on these experimental measurements,
new theories have been proposed and are needed for generation of lin-
ear compressional-Alfvén waves which propagate nearly perpendicu-
lar to the ambient magnetic field and have a frequency range from
below the ion cyclotron frequency and cutoff near the local lower
hybrid frequency. Using the in situ observation technique, Swarm-E
and other spacecraft hosting both electric and magnetic field sensors
will continue provide data to both motivate and validate theory, simu-
lations, laboratory, and future space systems designed for observation
of space objects using plasma waves. Future models of MHD waves
from space debris will be formulated with validation by the observa-
tions and predictions from space debris.

Finally, the spacecraft charging process must be considered for
generation of plasma waves from objects in low earth orbit. It should be
emphasized that all passive satellites are charged negative when orbiting
at low earth orbit in the ionosphere. The models of nonlinear wave pro-
duction by satellites incorrectly have used a positively charged space
object need to be reexamined. With a steady state electric charge in orbit
through a uniform background plasma, the pinned fluctuations, trailing
potential reductions, transient wave disturbances and ram solitons will
be produced as shown in Fig. 16 depend on the spatial and temporal
distribution of source charges. The Gaussian and Lorentzian charge
functions for the external currents in (5) and (6) were only chosen for
ease of analytic computations. Actual charge distributions on a space
object will depend on the object shape and orientation. Temporal fluctu-
ations in the charge state of a space object, which are influenced by the
charging environment,” * could launch wake disturbances. The mea-
surements of plasma waves from known spacecraft should be correlated
with measurements in ionizing radiation and auroral precipitation”*"’
that can influence spacecraft charging.
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