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ABSTRACT

New applications of high-voltage space tethers are an-
alyzed in relation to the idea of an active experiment in
the Earth’s radiation belts.
scatter the high energy particles into loss cone, providing

The tethers can effectively

a control of particle life time in Earth’s radiation belts.
The high energy particles are scattered due to the sheath
layer formed around the tethers by cold plasma existing in
ERB. The rigorous theory of the layer is developed, yield-
ing the electric current collected by the tether and a po-
tential profile which is then used for treatment of the scat-
tering and diagnostics problems. Using the experimental
data for trapped particles, the loss-fluxes of electrons and
protons for different orbits are calculated. The rates of
average losses per 1 km of the tether length at potential
¢p =1MV are 1.8 - 10*s™1 for protons and 1.4 - 10*7s7!
for electrons at altitude H=2000 km, 2.5 - 102°s~! and
1.5 - 10'%s™! respectively at altitude H=10000 km. The
above high-voltage tethered satellite system (HVTSS) can
be used for precipitation of charged particles from man-
made radiation belts and development of new active ex-
periments. In future HVTSS can be used for space weather
control.

1.INTRODUCTION

The earliest active experiments in Earth’s magneto-
sphere ARAKS and the later CRRES have been car-
ried out to study physical processes in Earth magne-
tosphere. Most recently a new class of active space
experiments has been proposed which allows not only
diagnostic but a control of space plasma parameters as
well. One of the most advanced projects HAARP (HF
Active Auroral Research Program) by Papadopoulos et
al.[1995] is based on emission of high power electromag-
netic waves from the Earth surface to the ionosphere.
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By matching the frequency to the ionospheric density
profile, the energy of the waves can be deposited selec-
tively at altitudes between 70 to 90 km (D/E Region),
between 200 to 300 km (F Region), or it can escape
into space. Due to nonlinear processes low frequency
waves can be excited in the ionosphere. Propagating
along magnetic field lines these waves can reach the
areas of Earth’s radiation belts and induce precipita-
tion of the energetic particles trapped in this region
of geospace. This process can help in controling of
the flux of energetic particles in these particular re-
gions of the ERB. In parallel with the HAARP another
new approach can be realized for particle loss-fluxes
in the ERB. It is based on idea proposed in [Danilov
and Vasilyev,1995; Danilov et al.,1996] where a high-
voltage tethered satellite system (HVTSS) is suggested
to be used as an artificial scattering center. The teth-
ered satellite system consists of the main satellite and
two small subsatellites, flying through the ERB in the
equatorial plane. Two long strings (about 10 km long
each) are tethered in opposite directions (along the or-
bit) between the satellites. A high potential difference
¢p ~1IMV is applied between tethers. This HVTSS
can effectively scatter the high-energy particles (pro-
tons and electrons) into the loss-cone, providing a con-
trol of particle lifetime in ERB. Electrodynamic aspects
of the tethers, technical requirements for power supply
and the values of loss-fluxed particles will be considered
below.

2.STRUCTURE OF THE SHEATH LAYER

The high energy particles are scattered due to a sheath
layer formed around the tethers by cold plasma (n =
102¢m =3, T = 100 V) existing in ERB. The problem
of evaluation of the potential profile is quite similar to
that studied in standard double Langmuir probe theory
(see, for example, Swift and Schwar{1968]). A specific
feature of our case is the extremely high potential of
the probe p = e¢,/kT ~ 10% and a high aspect ratio
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R = r4/r, ~ 108, Since this range of parameters is
not widely discussed in publications, potential and cur-
rent calculations are reproduced below by making use
of some rough iteration techniques.

When high voltage is applied between the conduct-
ing tethers, two oppositely charged sheaths are formed
around the tethers. The positively charged string at-
tracts electrons and, correspondingly, the area around
it is negatively charged, while the ions are attracted
by another string which is surrounded by a positively
charged layer. The total current collected by the string
at negative potential with respect to the space is as

follows:
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to the secondary i-e emission, Jphoto 18 electron current

due to photo-emission, jl([f) is electron current due to

the field emission, and j; is the ion current. For the
second string, which has a positive potential, the total
current is given by:
J+ = 35D + e,

where jgﬁéi) is ion current due to secondary e-i emis-
sion, and j. is electron current. In the stationary case
(DC) the total currents are balanced: j_ = jy = j. If
the potential of HVTSS is not too high (less than, or
on the order of 1 MV) and the material is chosen to
prevent secondary and photo-emissions from the field,
these expressions can be simplified as follows: j_ = j;,
and ji = Je.

Since the calculations related to ion and electron
sheaths are quite similar, we will focus attention on the
ion case only. The typical ion velocity in the sheath area
is vs = /2e¢,/m; ~ 10"m/s, transit (bounce) time is
ts = 2rs/vs ~ 107%s, Larmor’s radius is large enough
(rr, ~100 km), that we can neglect the effect of mag-
netic field on particle motion. Electrostatic potential
distribution is, therefore, axisymmetric with respect to
the tethers.

We assume an infinitely long string potential that
varies along r only, where the z axis of the cylindri-
cal reference frame (r,a,z) is chosen to be along the
strings.

The particle dynamics is governed by the integrals
of energy E = m;v?/2 + e¢(r) and angular momen-
tum M morsina.  With the help of conserva-
tion laws, the 3-D problem of particle motion is re-
duced to a 1-D problem which corresponds to the ra-
dial motion with effective potential energy U.r; =
M?/2mr? + e¢(r). The ion distribution function is de-
scribed by the Vlasov-Maxwell equation with a bound-
ary condition at r — oo, implying that particles flying
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toward the string (v, < 0) have a Maxwell distribution
function:f = fo, = no(m/20kT)3/? exp(—muv?/2kT),
and a boundary condition on the string surface (r = rp)
assuming that all particles reaching this surface become
absorbed. Then ion current density and ion density can
be evaluated by integration of the distribution function
over the relevant region in velocity space.

The critical issue in ion density calculations is the
distribution function of the locally trapped particles. If
a significant amount of these particles is accumulated
and trapped in the sheath area, the electrostatic poten-
tial turns out to be shielded in the narrow vicinity of
the string that strongly decreases scattering efficiency.
For this reason, some mechanism (such as AC current)
for removing and pumping of trapped particles has to
be provided. In further consideration we will assume
that the trapped particle distribution function equals
Zero.

With the help of some simplifications based on the
fact that the maximum of Ueys is well localized near
the sheath boundary, the following expression for n;(r)
was derived by Danilov et al. BEAMS-1996]:
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Since electrons are strongly repelled by the negatively
charged string their density is described by Boltzman
equation: n.(r) = ne exp|—pd(r)], where ¢(r) is a po-
tential normalized to ¢,.

A first approximation for ¢(r) was found using the
simplification that ion density is a constant, n;(r) =
Neo- By making use of initial condition on the string
surface, ¢(rp) = ¢, and by the varying the initial slope
at this point, the sheath radius rs has been evaluated in
the way that allows us to satisfy two other conditions:
¢(rs) = do(rs)/dr = 0. The profile obtained is then
used to calculate the corrected dependence n;(r). The
corrected function turns out to be constant (n; = ns)
everywhere except in the narrow vicinity of the string
(0 < In(r/rp) < 5), where ion density gradually de-
creases, reaching a value of n(r,) = ns/2 on the string
surface. Since this area makes small contribution in
the r.h.s. of Poisson’s equation, the second iteration
for ¢(r) proved to be closed to the first one. With
the accuracy needed for the treatment of the scattering
problem, this function can be approximated as follows:
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b(r) = { ¢p[(In(r/ry)/In R) — 1], r<Ts 2)
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The dependences of sheath radius r;, collected cur-
rent j and electric power P = j-¢, on applied potential
¢p have been evaluated (see Tab.1).

op | 0.1 0.5 1.0 | 1.5 | 2.0 | 2.5 | 3.0
rs | 010 | 0.24 | 0.31 | 0.38 | 0,46 | 0.50 | 0.54
J 0.14 | 0.32 | 0.45 | 0.55 | 0.64 | 0.72 | 0.78
P | 0014 ]| 0.16 | 0.45| 0.83 | 1.28 | 1.8 | 2.34

Table 1: The dependences of sheath radius r, collected
current j, and electric power P = j - ¢, (per 1 km of
string length) on applied potential difference ¢,. The
cold plasma density neoq = 102 cm™3, temperature
T=10% eV; [¢,] = MV, [rs] = km, [j] = 1073 A/km,
[P] = kW/km.

Since m, < m;, the potential of the negative string
¢_ relative the space is very close to the total poten-
tial difference ¢,. Correspondingly, the potential of the
positively charged string is much less ¢ ~ (m./m;)¢p.
Thus, only the negative string can effectively scatter en-
ergetic particles. In the case of AC voltage both tethers
will scatter particles with more or less equal efficiency.

3.SCATTERING OF HIGH ENERGY PARTICLES

Because the scattering angle of high energy particles
caused by their collisions with the sheath layer is small,
Fokker-Planck equation can be used for the treatment
of particle losses from ERB. In the reference frame
(z,y, ), the z axis is supposed to be along the magnetic
field while the string is oriented along y axis. During
scattering, the absolute value of perpendicular velocity,
T = VUz€g + v.€; , and the value of v, are conserved.
Then the increment of o7 is | AvT |= 2v, sin(a/2),
where « is the scattering angle in zz plane. With the
help of (1) « is found to be the the following function
of impact parameter p:

2 1
a= e'ﬁ”'ﬁarctan\/@/ﬁ—l (3)
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In order to find the rate of diffusion into the loss
cone, the 6 component of the velocity increment Avg =
2sin(a/2) cos ¢ is analyzed, where 0 is the pitch angle,
and ¢ is the azimuthal angle in a spherical reference
frame. To evaluate average moment which defines the

rate of losses, we take into account many microcolli-
sions of test particle with the sheath, resulting from
its bounce motion along field lines and slow revolution
of satellite in equatorial plane. Then averaging can be
done by means of integration over p(—rs < p < r4),
while v, 0 and sinp = x/ry, are fixed, where z is a co-
ordinate of guiding center, and r;, = mvsinf/eB is a

Larmor’s radius.
Lrgv 2e 2
< O > 8, (4)
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here 0 o
= 1—(2%/r])
(1 — (22/r2)sin®0)3/2”
[ is the length of the magnetic field line, and Ry is the
radius of satellite orbit.

Making use of the Fokker-Planck equation, the rate of
particle losses from ERB has been evaluated. The fluxes
are averaged over the time interval which is much longer
than the period of satellite revolution over the Earth.
They are also integrated over the area, thus, giving the
total rate of particles falling down into the ionosphere.
Using the approximation of experimental data obtained
through the measurements of the fluxes of trapped elec-
trons and protons in radiation belts (see Tab.2,3), the
loss rates of particles scattered by tethers have been ob-
tained in Danilov, Mirnov and Ucer[1998](see Tab.4).

H, km | A(sec™!) | Eo(MeV) | qrotar(sec™1)
2000 3.6 x 10% 64.2 3.6 x 10%
6000 1.1 x 10° 17.7 1.1 x 10°
10000 | 3.8 x 107 1.0 1.2 x 1011
20000 | 8.2 x 107 0.25 5.5 x 107

Table 2: Fluxes of trapped electrons in ERB at differ-
ent altitudes from the Earth. Approximation of exper-
imental date is ¢(> F) = Aexp(—E/Ey), (¢g(> E) =

A(E/Ey)~35, H = 10000km.
H, km | A(sec™) | Eo(MeV) | qiotar(sec™)
2000 4.0 x 107 0.28 2.8 x 107
6000 2.0 x 107 0.22 1.3 x 107
10000 | 1.0 x 107 0.30 7.2 x 108
20000 | 2.0 x 107 0.57 1.7 x 107

Table 3: Fluxes of trapped protons in ERB at different
altitudes from the Earth. Approximation of experimen-
tal date is ¢(> F) = Aexp(—E/Ey).
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protons electrons
H, km | qotar(sec tkm™Y) | qrotar(sec™tkm™1)
2000 1.8 x 10 1.4 x 107
6000 3.1x 10" 3.7 x 10
10000 2.5 x 10%° 1.5 x 106
20000 8.0 x 106 2.5 x 1016

Table 4: The rates of average losses of energetic par-
ticles for the different altitudes of the HVTSS orbits
accounted per 1 km of the tether length (¢,= 1 MV).

4. CONCLUSION

The use of high-voltage tethered satellite system as a
controlled scattering center inside the Earth’s radiation
belts will provide the enhanced loss-fluxes of energetic
particles from ERB to the ionosphere. The loss rate
dN (E)/dt depends on the distribution functions of the
trapped particles and the applied potential difference.
The time evolution of the high-energy particles distri-
bution function in ERB has been derived and solved by
making use of a small scattering angle approximation.
Solving the Fokker-Plank equation yields the values of
loss-fluxes. After averaging over the time, which is
much longer than the particle bounce time and the time
of satellite revolution along the orbit, the rates of en-
ergetic particle losses falling down into ionosphere due
to the scattering into the loss cone have been obtained.
Using the experimental data available for trapped parti-
cles, the loss-fluxes of electrons and protons for different
orbits were calculated. The rates of average losses per
1 km of the tether length at the potential ¢, =1MV
are 1.8 - 1015~ for protons and 1.4 - 10'7s~! for elec-
trons at the altitude H=2000 km, and 2.5-10%°s~! and
1.5 - 1065~ respectively at the altitude H=10000 km.
The calculations show that the use of a high-voltage
tethered satellite system as a controlled scattering cen-
ter inside the ERB will provide the above loss-fluxes
of energetic particles from ERB to the ionosphere at a
moderate level of satellite power supply (near 0.5 kW
per 1 km of the tether length at the potential difference
1 MV).

The HVTSS project represents new and unique op-
portunities for both fundamental research and applica-
tions:

e basic study of solar-magnetosphere-ionosphere in-
terrelations

e physics of ERB steady state and dynamics

e wave generation and particle-wave interaction

Some applied program can be realized as well:
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e precipitation of the particles from man-made radi-
ation belts, which can result from accidents with
the nuclear or isotopic satellite power supplies

e affecting the ozone layer depletion by means of the
use of HVTSS as a long emitter of high energy
electrons

e space weather control

The HVTSS fits well in the HAARP program and
many new possibilities could appear from their joint
realization.

REFERENCES

Papadopoulos D., Bernhardt P. et al., HAARP Re-
search and Applications, A Joint Program of Phillips
Laboratory and the Office of Naval Research, June
1995.

Danilov V.V. and Vasilyev Yu.V., Active experiment
in space: man-made control of particle precipitation
from the Earth’s radiation belts using high—voltage

string system, Dokl. RAN, 8/2 1995 5 | 672-
674.

Danilov V.V., Mirnov V.V. and Uger D., High-
voltage Space Tether for Diagnostics and En-

hanced Particle Scattering in the Earth’s Radiation
Belts, IEFEE ICOPS-96, June 3-5, 1996, Boston,
USA.

Swift J.D. and Schwar M.J., Electrical Probes for
Plasma Diagnostics, New York: American Company,
1968

Danilov V.V., Mirnov V.V. and Ucer D., High-

Voltage Space Tether for Particle Scattering in
Earth’s Radiation Belts,Int. Conf. Beams-96,
June 10-14, 1996, Prague, Czech Rep., 2, 1027-
1030

Danilov V.V. Mirnov V.V. and Uger D, High-Voltage
Space Tether for Enhanced Particle Scattering In Van
Allen Belts, Int. Conf. on Open Magnetic Systems
for Plasma Confinement, Novosibirsk, Russia. 1998;
J. Transaction of Fusion Technology, 35 N 1, 312-314,
1999



	Navigation
	Table of Contents
	Preface
	Acknowledgements
	Previous Conferences
	List of Attendees
	Plasma Effects on Spacecraft Then and Now
	The Impacts of the Space Environment on Space Systems
	Ultraviolet-imagery and Spectra of the Fluxus - 1 and 2 Artificial Plasma Jets
	The Fluxus-1 and -2 Active Experiments
	In Flight Results of Spacecraft Charging Investigation for Russian High Altitude Satellites
	Spacecraft Potential Control Using Indium Ion Sources
	Simulation of an Auroral Charging Anomaly on the DMSP Satellite
	ESD Triggered Solar Array Failure Mechanism
	In-flight and Laboratory Evidences of ESD Triggered Anomalies and Secondary Arcs
	A Critical Overview on Spacecraft Charging Control Methods
	Surface Charging in the Auroral Zone on the DMSP Spacecraft in LEO
	Ion Sheath Structure and Material Degradation due to Ion Bombardment
	Evolution of Secondary Electron Emission Characteristics of Spacecraft Surfaces
	Meteostat Anomalies and Time Varying Plasma Conditions
	Utah State University Ground-based Test Facility for the Study of Electronic Properties of Spacecraft Materials
	Secondary and Backscatter Electron Emission Measurement
	Vehicle Charging Results from the EXCEDE III Experiment
	A Correction to Whipple's Law for Ion-Trap Current
	Lavochkin Association
	TDRS MA Antenna ESD Qualification Program
	Research of Electrostatic Discharge (ESD) Pulse Injection System
	Computer Experiments on Radio Blackout of a Reentry Vehicle
	Anodized Aluminum as Used for Exterior Spacecraft Dielectrics
	Forty Years of Deep Dielectric Charging
	Scattering of Electrons in Grazing Incidence Mirror Telescopes
	An Engineering Tool for the Prediction of Internal Dielectric Charging
	NASA's Technical Handbook for Avoiding On-Orbit ESD Anomalies Due to Internal Charging Effects
	Analysis of Conduction Current in E-beam Irradiated PMMA Based on Simultaneous Measurement
	Analysis of Active Space Experiments Using Artifical Relavistic Electron Beams
	Research of a Large Dielectric Plate Antenna Charging in Low-Altitude Polar Orbit Environment
	Electrodynamic Tethers as Propulsion Systems
	Current Collection by Rapidly Moving Chargied Bodies in the Ionosphere
	New Results on Bare-Tether Current
	Probe Current in a Magnetized Collisional Plasma Revisited
	High-Voltage Satellite Tethers for Active Experiments in Space
	Effect of the Magnetic Field on Current Balance between two Conductors in Space
	Electromagnetic Wave Scattering Experiments in Hall Thruster Plasma Plumes
	RF Charging on Topside Sounder Spacecraft
	Pulse Propagation along Electrodynamic Tethers in the Ionosphere
	Charge Production due to Leonid Meteor Shower Impact on Spacecraft
	Computation of Current to a Moving Bare Tether
	Theoretical Studying and Numerical Simulation of an Electrical Discharge in a Vaccum
	Materials of Low Secondary Electron Emission to Prevent Multipactor Effect in High-Power RF Devices in Space
	Spacecraft Charging Interactive Handbook
	3D Computer Simulation of Spacecraft Charging Effects 
	Comparison of Spacecraft Charging Environments at the Earth Jupiter and Saturn
	Environmental On-Orbit Anomaly Correlation Efforts at Hughes
	The Use of Environmental Data to Predict and Analyse Spacecraft Anomalies
	SCATHA Retrospective Satellite Frame Charging and Discharging in the Near-Geosynchronous Environment
	A Summary of the Engineering Results from the Aerospace Corporation Experiments on the SCATHA Spacecraft
	Toward a More Robust Spacecraft Charging Alogrithm
	Numerical Simulation of High Voltage Spacecraft Charging at High Altitudes
	Debye Shielding in a Spatially Non-Uniform Plasma
	Application of Secondary Electron Energy- and Angular-Distributions to Spacecraft Charging
	The Effects of Spacecraft - Plasma Interaction on Plasma and Electrostatic Probe Measurements
	Measuring Spacecraft Potential with and Electron Spectrometer
	Monitoring of the Spacecraft Potential in the Magnetosphere with a Double Probe Instrument
	New Spacecraft Charging Solar Array Failure Mechanism
	Spacecraft Charging Analysis of the Hughes 702 Satellite
	A Test Program to Evaluate the Immunity of HS702 Solar Array to Sustained Discharges
	Charging Mitigation Experiments on Sounding Rockets
	Effect of Conductive Surface Coating on GEO Spacecraft Charging
	High Voltage Frame and Differential Charging Observed on a Geosynchronous Spacecraft
	Computation of an ESD induced E field Environment 
	The Effects of Neutral Gas Release on Vehicle Charging
	Space Applications of Spindt Cathode Field Emission Arrays



