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Results of active space experiment with simultaneous injection of electron and xenon ion beams
from the Interkosmos-25 (IK-25) satellite are presented. A specific feature of this experiment was that
charged particles were injected in the same direction along the magnetic field lines and the particle beams

simultaneously injected into the ionospheric plasma were therefore nested in one another. Results of the

beam-plasma interaction for this configuration were registered by the double satellite system consisting

of IK-25 station and Magion-3 subsatellite.
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1. Introduction

This paper is a continuation of work on the inves-
tigation of charged particle beams injection from the
satellite Intercosmos-25 (APEX experiment). A spe-
cific feature of the experiment carried out at the orbits
201, 202 was that the pitch-angles of electron and ion
beams injection correspond to the same propagation
directions along the equilibrium magnetic field By.
Different aspects of a beam-plasma instability (BPI)
for electron beam injection through the extended hol-
low beam of xenon ions were considered in the paper
[1] for the case of orbit 202. One of the most inter-
esting result is related to an absorption or excitation
of HF waves under the electron-cyclotron resonance
condition in dipendence of the relation of Larmor ra-
dius of the beam electrons to a lateral wave length
(with respect to Byg) [2]. This feature of BPI mecha-
nism is confirmed by the HF electric fields e, ¢ and fast
electron and ion fluxes measured at Magion-3. Main
results of the beam-plasma interaction presented in
this paper are related to the excitation of HF fields
in the remote region, and very low-frequency (VLF)
waves in the range of lower-hybrid frequency wr g, as
well as the ultra low-frequencies (ULF) w ~ wg; regis-
tered at IK-25, where w,.; = wg{)
frequency for a hydrogen plasma.

is the ion cyclotron

2. Equipment and spatial configuration
of the injections

The ion injector was a Hall-type stationary plas-
ma thruster (SPT) with a longitudinal acceleration of
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xenon ions. The injection current varied in the range
Iy; = 2.0 — 2.6A, and the output ion energy was up
to 250eV. The electron injector was a straight-channel
three-electrode electron gun (EG) operating at modu-
lation frequencies varying from 32 Hz to 250 kHz (over
a time period of 2-12s) after the first second of dc in-
jection, with 1-s intervals between the injection cy-
cles. The EG control electrode provided 100-% mod-
ulation of the electron beam current, I, ~ 100mA,
thereby forming separate injection micropulses with
a duration of 2us. Different ionospheric parameters
such as a density of unperturbed plasma ng and the
ion plasma distribution, quasi-steady electric E and
magnetic field B, and its variations, electric e;y and
magnetic b;y component of ULF-VLF waves used
in this paper are measured by the scientific instru-
ments mounted at both satellites. Spatial field compo-
nents measured in the orthogonal coordinate systems
X,Y,Z and 2,9y, 2" at the satellite and subsatellite
are reduced to the new ones for the left-handed Carte-
sian coordinate system z,y,z with z || Bo. A more
detail characteristics of the scientific payload of the
mother-douther satellite system are described, for ex-
ample, in the paper [3].

The system of an electron beam nested in an ion
beam is axially asymmetric with respect to the mag-
netic field direction due to the small velocity of xenon
ions (v;,/u ~ 3-107%), which is comparable to the
velocity of the satellite (v;,/vs ~ 1.5) moving at an
angle to the magnetic field (Fig. 1). For certain in-
jection parameters, the generated HF oscillations can
reach a saturation level (corresponding to the onset
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Fig. 1 Electron beam injection (e™) directed through the
hollow beam of xenon ions (Xe™) with the beam
density and velocity npe,v and ny;,vs, respectively.
Release of the electron flow with the density and
stream velosity me, u. for a compensation of the
ion beam charge at the output of SPT is shown by
the uparrow. Here, By and vs are the directions
of the quasi-steady magnetic field and the satellite
velocity in the X, Y, Z coordinate system.

of a nonlinear regime), after which the spectrum be-
gins to extend toward lower frequencies. In this case,
the hollow beam of heavy xenon ions injected at pitch
angles of up to Aa,; ~ 60° with a maximum flux den-
sity within the angles Aay,; < 30° will play the role
of a damping layer for waves induced by the electron
beam in the entire interaction region in the vicinity
of the satellite. In this regard, the generation of ex-
tremely low-frequency (ELF) waves and the possibility
of controlling the nonlinear interaction mechanism are
of most interest [4].

3. Main features of the beam-plasma in-
teraction
3.1. When a low-energy electron beam (~10 keV)

is injected into the ionospheric plasma, the develop-
ment of instabilities and the excitation of electromag-
netic fields depend substantially on the shape and den-
sity of the beam. On the other hand, in a complex
current system, the current profile depends on the en-
ergy density of the excited waves, which in turn mod-
ulate the electron beam, thereby producing a feed-
back in the beam-plasma system. In order to deter-
mine the main characteristics of wave excitation and
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charge modulation, we assume that the electrons are
injected in the presence of induced electric fields (ex-
cited over ~1s), which modulate the beam in the in-
jection region. After several gyrations of dense par-
ticle beams, electrostatic repulsion forces transform
them into hollow flows with the average density np,
(with @ = e, i), determined by the expression Ip, =
27 f:f eV, (r)npe (r)r dr, where r1 and 79 are the mini-
mum and maximum radii of charged particle gyration
at the internal and external boundaries of the beam,
r = v/x2 + y2. The averaged flow velocity was deter-
mined as u = (v.), = (1/Ad’) [, vcos(ay + @) da,
where the effective range of pitch angles is Aa’ > Aayg
(~ 2° —3° and ~ 60° for electrons and ions, respec-
tively, at z = 0). The effective range of pitch angles
for electrons,

e

Ad' ~ Aag + (6E + v6B, sin ape

ce

(1)
reflects the amplitude modulation of the beam by
quasi-steady fields in the injection region over a time
t ~1s, where e, m are the charge and mass of electron,
and we. is the electron gyrofrequency. The upper bar,
6Fyy.=Fpy,— Fx’ » denotes the empirical aver-
age over the time interval At ~ (7 + 10)Ato for the
any field measurements F', where At is the duration
of one telemetric frame at the IK-25 and v is the elec-
tron velocity at z = 0 (at the output of the EG modu-
lator). The smoothing of the quantities in semiempir-

— v By cos ape ),

ical formula (1) is of great importance for eliminating
the influence of fast fluctuations on the calculated den-
sity of the injected beam; without such a smoothing,
numerical instability can arise. The fluctuation ampli-
tudes of the longitudinal and transverse velocities of
the injected particles in an equilibrium state and the
thermal electron velocity in the flow were estimated
using the expressions dv; , < max{vi ., — (V1 )},
and vpe ~ (0v? + dv?)1/2, respectively. These al-
low one to use the effective angular divergence Ay =
cos? (ape — A’ /2) — cos®(ape + Ad//2) as a measure
of beam heating.

3.2. An inhomogeneous electron beam in the EG
chamber is produced in two stages. During short-term
interaction with the driving field of the modulator
Twm <€ 1 (1 = 2us), low-energy electrons are first
modulated over velocity; then, the beam is addition-
ally accelerated in the space between the anode and
the grid modulator. The most important parameters
of the electron-field interaction in EG modulator are
the modulation depth £, the change in the field phase
0O1, and the efficiency with which the driving field acts
on the beam electrons G = 2sin(©1/2)/0; [5]. In the
regime of modulation for the simplest case of free elec-
tron gyration in the outer space, the spectral compo-
sition of the electron current I, is determined by the
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expression

Lie(z,t) = o+ 21y »_(=1)"Ju(nXp(2))

n=1

X cos n[wpt — Op(z)

where J,(nXp(z)) is the Bessel function, and
Xp(z) = £€GOp(z)/2 is the bunching parameter over
the length z. The current [y is defined during the 1-s of
dc-injection. The amplitudes of the harmonics of the
convection current are determined by the expression
I (z,t) = 2IyJ,(nXp(z)). In the regime of modula-
tion, the plasma frequency of the beam electrons wp.
is determined for the first harmonic of the convection
current, Ible. However, the beam particles dynamics
strongly depends on the excited waves due to a plasma
electromagnetic instability (EMI) and self-fields asso-
ciated with the charge and current densities, thus the
current appreciation Ip.(z,t) in a modulation mode is
very approximate.

3.3. If one assume that the injection of heavy
xenon ions does not contribute to the excitation in
HF waves, then the growth rate v of quasi-longitudinal
waves with frequencies w ~ w4 () in a ”cold plasma-
cold beam” system can be obtained from the well
known dispersion relation:

2 2 i 2
Wi o, whsin®f  w? cos?d
1— —+—cos“6— —
w? w? —w? (w— kyu)?
ce z
2 2
w; sin” 0
be — 07 (3)

B (w—ku)? — w2

where k, is the longitudinal component of the wave
vector of waves propagating at an angle 6 to the mag-
netic field in the Cartesian coordinate system (z,y, z),
and wpe, wee are the electron plasma and cyclotron
frequencies, respectively. The frequencies w4 (#) cor-
respond to the higher (+) and lower (-) hybrid plasma
resonances. For a weak-beam approuch ng. < ng
and an absolute character of the instability, the so-
lution of the Eq. (3) can be obtained for the frequen-
cies w = k,u + n|wee| + € &~ wy, where € = dw + iy
(lel < |wx|,n = 0,£1,..). For moderate detun-
ings, when |e/(ws — k.u)| < 1, or |e(ws — kou)| <
[(ws — kzu)?* — w2,|, by linearizing (3) with respect to
the small parameter || = |¢/w+| < 1 and ignoring the
terms on the order of ~ n3,n*, the dispersion equation
can be reduced to the form An? + Bn + C = 0, where
A, B, C are fairly complicated functions of the param-
eters Wpe, Wee, W+, Whe, v. In this case, the normalized
growth rate v /wy = Imn of the excited waves is
equal to

+/|B2—1AC|] _,
_— < .
I , B2 < 4AC

Imn = (4)
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Fig. 2 Time evolution of the HF field amplitudes ey at
the frequencies w/2m = 0.45, 0.65 mHz is registered
by the PRS-S receiver at the Magion-3. Plots in the
middle show the magnetic component of the VLF
waves (9.6kHz), and potential of the satellite sur-
face Ps. Lower plots demonstrate the pitch angles
of xenon plasma and electron beam injections; the
dashed lines with heavy solid segments indicate the
instants of injection. The angles of 8] and 6’ bet-
ween the magnetic field and the x’-axis and the
PRS-S dipole antenna, respectively, are defined in
the z’,y’, 2’-coordinate system. Records of the in-
jection currents Ip;, Ipe, and the neutral gas (Xe)
release (in telemetric volts) are shown in bottom.
The time t is counted from the instant 1:26:59 UT,
the orbit 201 altitude is H=1450-1715km.

It is known that in a hydrodynamic approach
the transverse waves with k; = 0 do not excited
by the cold beam in which all electrons have only
stream velocity u, as in previous case. However, the
electromagnetic instabilities are very sensitive to an
anisotropic particle velocity distribution. In this case
the instability can be excited even for cosf ~ 1. If
a distribution function can be presented in the form
F =nd.6(v, —v)fiL(v}), then for the frequency range
wei K w K wee the dispersion equation relative to the
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transverse wave excitation is the following [6]

K2 wf,ewce ~ _w_ge[ w—k,v
w2 ww?—wl) Ww? lw—wee — kv
—
n k2v? /2 ] (5)
(W — wee — k,v)2]7

where ng,, and f1 (v2 +v2) are the unperturbed elec-
tron beam density (v ~ 0) and two-dimensional Max-
ell distribution function, respectively. It is evident
from Eq.(5) that the electromagnetic wave excitation
occurs in the frequency range w — wee — kv & 0 (nor-
mal Doppler effect, n = 1), i.e. for k, = —wee/v.
It is follows that in the range of wistler mode, the
backward-propagating waves are excited due to the
beam-anisotropic instability. After linearizing Eq. (5)
efw] <
1, the dispersion equation can be reduced to the

with respect to the small parameter |n| =

quadratic form the solution of which is analogous to
Eq. (4).

4. Main results

A number of effects were observed at the satel-
lite IK-25 and subsatellite Magion-3 during the elec-
tron beam injection through the flow of xenon ions.
Some of them, for example, disturbances of the HF
electric field presented at the top of Figure 2 are mea-
sured at Magion-3 subsatellite on the distance D ~
100 — 110km from IK-25 and can be excited in result
of BPI development during electron beam injection.
Pause in the ep s recordings up to ¢t = 1792s is caused
by the technical reasons at Magion-3. The magnetic
component of VLF waves (9.6kHz) is registered at the
IK-25. Figure 2 demonstrates also a strong negative
bias of the satellite potential Ps in accordance with the
periodic ion beam current modulations. The nature of
these variations is related to an SPT-chamber acceler-
ated ion characteristics rather than to the beam-into-
beam injection features. Ps-changes are more nega-
tively biased during a dc-injection of electrons (1-st
s). The behavior of the potential Py during electron
injection is similar to that of the negative dc bias of
an electrode which occurs during the injection of HF
power in the plasma. The induced electromagnetic
field, once generated, is sustained by electron beam
injection, thereby producing a nonlinear pressure on
the ambient plasma. Appearance of HF fields in the
vicinity of injector can lead to an amplification (or
suppressing) of low frequency waves.

It is obvious that the disturbances ey are caused
by the electron beam injection, but to obtain a more
detailed characteristics of the beam-plasma interac-
tion in the remote region of ionospheric plasma, the
hybrid computational algorithm was carried out at
the second stage of complex data processing. The
measured and calculated parameters during injection
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Fig. 3 Normalized growth rates of the electromagnetic in-
stability 7" /w (for the w &~ wee /6, n =1, 6 ~ 0.04)
and beam-plasma instability 77 /w_ (w =~
n = 0, # ~ 0.36) at the top panels; measured am-
plitudes of the magnetic and electric component of
ULF-VLF waves by, e;7 (in the middle), and elec-
tric HF-fields ens (bottom) are shown versus the
parameter p = |wm —wse|/wra. Dashed line on the
bottom panel (Bezier spline, egf) indicates a trend
of HF fluctuations behavior.

W—,

on, h; and s; respectively, were transformed (with al-
lowance for simulations of active space experiment)
into a new sequence, h;(t),s;(t),p(t) = h;(p),s;(p),
in ascending order of the parameter p. Evaluations of
the growth rate of BPI and EMI processes are pre-
sented on the top of Fig. 3 as a function of the param-
eter p = |wm — wee|/wrm, where wyp /27 ~ 9-12kHz
is the lower hybrid frequency (0 = 7/2). Although it
is not clear which type of waves excited in the outer
plasma is associated with the modulation frequency
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/2w, Hz

Fig. 4 Spectra of the electric and magnetic component of
ELF-ULF waves, e;f, by, respectively, are mea-
sured at IK-25 in the frequency range 8-969 Hz for
different parameter values p (see Fig. 3.).

wm, we see in the Fig. 3 a resonable relationship be-
tween three waves with frequencies wpe, Wi, and wr .
This is confirmed by a number of frequency character-
istics for VLF waves and HF fluctuations registered
at IK-25 and Magion-3. First of all, these are the
ULF-VLF waves excitation and normalized growth
rate maximum 7" /w (w =~ we./6) observed near the
parameter range p ~ 1. The low-frequency limit for
instability development is, in accordance with Eq. (5),
W > wei, where we; /21 ~ 300 — 380Hz. Thus the am-
plification effects for ULF waves are not caused by
the hydrodynamic type instability. However, in the
case of the electron plasma temperature anisotropy
the kinetic instability limit (v* ~ 0) approaches lower
fequencies w < we;. It is worth to note that in many
cases observed in APEX experiment the spectra of
ULF beam-induced waves are similar to the spectrum
presented at Fig. 4 with the exception of ELF waves
for w < wgf(e), where wgf{e) is the xenon ion cyclotron
frequency range ~14-18Hz. In this frequency range
the abrupt amplitude changes are observed as far as
the triplet frequency relationship for wy,,, wpe, WLy
corresponds to the values p 2 1.

Another effects confirming the presence of three-
wave coupling are observed in the remote region at
Magion-3 subsatellite. HF' electric field disturbances
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excited due to BPI development are shown at Fig. 3
for the frequency w ~ w_ as a function of the param-
eter p. Generally, in classical treatment the growth
rate of longitudinal waves as a function of the beam
density np. in a ”cold plasma-cold beam” system
(w=ku+n, kyu <w_)is~y ~ \/Npe/no. For a small
detuning near the w ~ w_, the growth rate is propor-
tional to ~ {¢/npe/ng. To obtain a normalized growth
rates presented at Fig. 3, the equation (4) was solved
for a small detuning by means of 500 x 500 iterations
over w and k near their resonant values at every time
step. Thus the solution of Egs.(3) and (5) are very sen-
sitive to small variations of the ionospheric parameters
the data of which are supplied in real-time mode to
the input of the numerical algorithm to calculate the
parameters of instabilities. To describe the instability
development, the different beam-plasma models have
been compared in [1]. The most satisfactory results
with experimental data are obtained for the model
”cold plasma-oscillator flow” in which beam particles
have the finite Larmor radius and large velocity spread
along the magnetic field. Despite the ey, s-disturbances
recorded on the subsatellite may be caused by compli-
cated plasma instabilities, the dependence of eps on
ionospheric parameters due to the BPI development
is evident.

At the bottom panel of Fig. 3, the spline of ej¢-
pulsations (Bezier curve) is presented for the frequ-
ency 0.35mHz (w ~ w_). Trend 62f may be inter-
preted as VLF modulation of the HF electric field
fluctuations registered by the dipole antenna at the
subsatellite Magion-3. It is easy to see the periodic
changes of the amplitude €9 s in accordance with the
three-wave resonance conditions. This effect seems
But after that the
HF spectra were obtained for different parameter val-

to have an occasional character.

ues p (similar to that presented for ULF spectra at
Fig. 4), the nonlinear wave coupling is more realizable
mechanism during beams injection in the ionospheric
plasma. Figures 5 and 6 present the HF spectra in
the frequency range 0.01-4mHz for different values p.
Spectra (a) (Fig. 5) and (c) (Fig. 5) correspond to the
maximum of wave spectra energy in a resonance fre-
quency region while the plots presented at (b) (Fig. 5)
and (d) (Fig. 5) demonstrate more suppressed HF
spectra. The plots sequence (a,b,c,d) is approximately
in accordance with the e% f—behavior as a function of
the parameter p. Of course, these results have to be
confirmed for another ionospheric conditions and de-
mand more complete experimental data. In spite of
these effects are obtained in result of the computa-
tional experiment the input data of which consist of
the active experiment measurements and simulation,
the data at Figures 3-6 can be considered as an evi-
dence of the nonlinear beating waves existance during
the beam-into-beam injection.
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Fig. 5

HF spectra of the received signal at the Magion-3
in the frequency range 0.1-4.0mHz for different val-
ues of the parameter p. Heavy solid segments indi-
cate the hybrid (0 ~ 0.64), electron cyclotron, and
plasma frequencies f+, fee, and fpe, respectively,
(here f = w/2m).

5. Summary

Some of these experimental results allow to as-
sume that the excitation of lower hybrid waves leads
to some electromagnetic structure which is capable to
cause the beam electron oscillations and, thereby, to
modulate the HF spectra at resonance frequncies. The
question which effects can be observed if the satel-
lite velocity is aligned with the magnetic field lies out
of the scope of this paper. Briefly, the main results
obtained during the oblique electron beam injection
through the xenon ion beam can be expressed by the
following.

Temporal behavior of the magnetic component
amplification of VLF waves (~ 9 — 10kHz), and a
satellite body potential are governed by the xenon
ion beam injected into outer space simultaneously
with electron beam. No beam-plasma discharges dur-
ing electron beam injection from the main satellite
were observed. During experiment at Interkosmos-25,
strong negative pulses of the potential body was ob-
served during dc-injection of the electron beam.

Current modulation in the electron gun cham-
ber generates the beam waves with the modulation
frequency w,,. Nonlinear coupling of the waves as-
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60

Fig. 6 HF spectra recorded at the Magion-3 for different
values of the parameter p.

sociated with the modulation frequency and slow
space-charge beam waves leads to the resonant ef-
fect at the lower-hybrid frequency wrg. Most inten-
sive ELF-ULF wave excitation was observed when the
triplet wave frequencies correspond to the relationship
— Wpe|/wra ~ 1.

For the electron beam injection through an ion

|wm

beam in the regime of modulation, the beating wave
mode arises due to three-wave coupling at the frequen-
cies multiple to a lower-hybrid frequency wrpy. Low-
frequency component of the HF electric field fluctua-
tions is registered at Magion-3 subsatellite. HF spec-
tra are also varied in accordance with the three-wave
frequency relationship of wy,, Wpe, Wi .

The authors would like to thank Prof. Z. Klos,
Dr. M. Ciobanu, and Dr. K. Kudela for their usefull
discussions and support during preparing of this work.

[1] N. V. Baranets, Ya. P. Sobolev, M. Ciobanu, et.al.
Plasma Phys. Rep. 33, 995 (2007).

[2] A. B. Kitsenko, and K. N. Stepanov. Ukr. Fiz. Zh. 6,
297, (1961).

[3] V. N. Oraevskiy, Ya. P. Sobolev, L. N. Zhuzgov, et.al.
Plasma Phys. Rep. 17, 699 (2001).

[4] M. M. Shoucri, G. J. Morales, and J. E. Maggs. Phys.
Fluids. 25, 1824 (1982).

[5] Radiophysical Electronics. Ed. by N. A. Kaptsov (Mir,

Moscow, 1978) [In Russian].
Theory of plasma instabilities. V.1. Ed. by A. B. Mi-
khailovskiy (Atomizdat, 1975) [In Russian].





