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Abstract

Nonlinear effects of parametric and of heating type, produced in a plasma
under the action of an electric field E = Ege™?, are considered in this work in
connection with the so called Tethered Magnetospheric Cloud (TMC) accom-
panying the Tether Satellite System (TSS). The theoretical results presented
below, particularly by some numerical calculations, show that these phenom-
ena should appear in the ionosphere at high altitudes Z > (150 — 200) km,
particularly, at Z ~ 300 km of the TSS system orbit. Therefore, it is
of a special interest to search these phenomena by such a unique experi-
ment as the forthcoming first TSS-I and by the future, perhaps modified
TSS missions. Because of the parametric decay instability, new branches
of waves may be excited both around the electron and ion Lengmuir fre-
quencies wy = 2w fo and £y = 27 Fy under the influence of high frequency
(HF), (f < 108 to few 10° Hz), strong (|E| ~ V/m to tens V/m) electric
waves. The heating of all the kinds of particles is growing up very quickly in
the ionosphere with altitude in the extra low and very low (ELF and VLI)
frequency ranges F' ~ (1 to 10*) Hz discussed below. The temperatures
(energies), for example, of the electrons accelerated by the electric field be-
come larger than the ionization potential in this frequency range already at
altitudes Z > (150 — 200) km when the amplitude of the electric field is
|Eo| ~ (1 —2) mV/m. The sources of these electric field may be in the T5S-I
mission the so called Phantom Loop (PL) - the Tethered Electrodynamic Tail
(TET), and different kind of e.m. oscillations produced by different kind of
instabilities in the TMC plasma. The growth rates of these instabilities will
become very high in the TSS surrounding magnetoplasma. However, in thc
future TSS missions special artificial sources (generators) of electric fields
should be used for these investigations.



Section I. Introduction

The nonlinear behavior of a magnetoplasma, let us say, of the ionosphere,
under the action of an outer source of an electric field E = Ege™* was studied
by many authors. This problem has a long history. It began by the papers
[1-4] (see Bonch Bruevich (1932), Tellegen (1933), Bailey and Martyn (1934),
Férsterling (1935)) and by many others in (1933-38) - after the discovery of
the crossmodulation of radiowaves of different frequencies, reflected from the
ionosphere, due to the nonlinear interaction of these waves. Shortly after, it
was clear that the mechanism of this effect is created by the increasing of the
velocities of the electrons v, and of the other constituents of the plasma under
the influence of the electric field. Namely, the velocities of all the constituent
particles of the ionosphere and the collision frequencies v between them, and
their temperatures T, ; ,, i.e. the conductivity of the plasma become functions
of the amplitude Fy and of the angular frequency w of the electric field E. l.e.
v = v(Ep,w), v = vein(Eo,w,v(Fo,w)) and T = T, ; n(Eo, v(Eo,w)), where
the indexes e, ¢, n denote, respectively, electrons, ions, and neutral parti-
cles. Thus, all the equations which determine these values and describe their
behavior in the magnetoplasma become nonlinear. To learn theoretically dif-
ferent aspects of this problem, the selfconsistent solution of the adequate
systems of equations must be solved.

It is selfevident that these heating type phenomena, occurring in a colli-
sional plasma are acting in large plasma regions. The influence of the electric
field covers regions with linear scales much larger than the mean free paths
of the particles. These effects were described in dozens of papers and in some
monographs. Many references of these works can be found in the compre-
hensive monograph in this field by Gurevich (1978, [5]). Earlier references
are cited in the Russian book by Alpert (1947, [6]).

Another kind of nonlinear phenomena are the so called parametric wave
decay effects. They were discovered about three and more decades after the
discovery of the heating effects (see Silin 1965 [7], Du Bois and Goldman 1967
[8]). These phenomena are local in space and should not play a large role
in the heating effects. The general theory of these phenomena is described
in the comprehensive monograph by Silin 1973 [9]. These phenomena were
studied just a little in connection with the ionosphere. The known theoretical



results are used below, by considering some of these effects in the Tethered
Magnetospheric Cloud [10].

However, the theory of the heating effects, known from the literature
(see, for example, [5]), is working in a limited frequency band, namely when
w? > w} + vy, (wp = 27 Fy, Fy is the lower hybrid frequency), i.e. in the
ionosphere at frequencies F > (4 — 5)10* Hz. Additionally in these studies,
the influence of the velocities of the ions and of all neutral particles, and also
the influence of the collision frequencies v;, between the ions and neutral
particles, etc. were not taken into account in detail.

In this work, results of theoretical study of the heating of a magneto-
plasma in all the frequency range are given, taking into account all kinds
of collision frequencies and also their temperature dependencies, i.e. their
dependence on the electric field E = Eoe*t. Some results of numerical cal-
culations of the temperatures T., T; and T,, of the electrons, jons and neutral
particles are presented here for the ionosphere in altitude, frequency and an-
gle © dependencies in the regions Z = (100 — 1000)km, F = (1 — 10*)H=
(© is the angle between the wave’s electric field Eg and the geomagnetic
field Ho). Some of these calculations are based on the selfconsistent solution
of two systems of equations in the hydrodynamic (microscopic) approxima-
tion. One of these systems (see below (30)) consists of three vector (nine
scalar) Lorentz equations of the derivatives of the velocities V., V;, V, of
the particles. It is supposed that the magnetoplasma consists of one kind of
neutral particles. The second system of three equations (see (31)) is of the

derivatives of the temperatures %’- , d—dT;i , %‘1.

The general formulas of the selfconsistent solution are very complicated
and bulky: they are absolutely immense. Only numerical results should be
used to learn the T, ;, and V., dependencies in this case. However, in the
v = const approrimation, i.e. When Ve; = Veio , Ven = Veno, Vin = Vin,0,
and the electric field dependence of v is not taken into account, the ana-
lytical formulas obtained are sufficiently visible. These formulas were also
used for some calculations.! It was important to evaluate the applicability of
the formulas recommended in the literature, obtained for v = const. For this

11 am very grateful to Dr. Bob Estes who did all the calculations by computer.



purpose and also for the full study of this problem, the velocities and temper-
atures are calculated, in some cases, both, with the full systems of equations
(3 and 3) of (30) and (31), and with the shortened systems of equations (3
and 2). In the last case, the neutral particles temperature T, = Tpo = const.

The dependencies of the temperatures on time, namely, the process of
their transition to the stationary state is also illustrated by some examples.
The role of the neutral particles is important in this process. The system of

equations of the temperatures (‘%ﬂ)  has not a stationary solution. Math-
e,t,n

ematically it is clear: the determinant of this system A = 0. Therefore T,, is
growing up in time. It means that the temperature of the neutral particles
becomes even a source of the heating of the electrons and ions. From the
very beginning of the action of the electric field, the source of the heating
of the neutral particles is the energy transferred to them by the collisions
with the electrons and ions. The values (T, — T5,) and (T; — T,,) are positive.
However, growing up in time, T, becomes equal to T;. From that moment,
the degree of the growth of the temperatures becomes larger and larger, and
the temperature of the electrons becomes larger than it would be without the
influence of the neutral particles. The process as a whole has not a stationary
solution. To stop the growth of the temperatures, in addition to collisions,
other sources of loss of the energy accompanying the heating of the magne-
toplasma must be taken into account. (see below Section II1.2).

Section II. Nonlinear parametric phenomena

The mechanism, called parametric decay instability in the strong pump
waves, E, cos w,t can excite in a magnetoplasma resonance branches of waves
and oscillations in the eztra low (ELF, 0 < w < Q2y), very low (VLF, Qpy <
w < wp), low (LF, wy, < w < wy), and high (HF, w > wy) frequencies. These
effects become active when the energy density of the electric field is much
larger than the pressure of the electrons, namely:

2

E
N.xT., < =Z. 1

It means that in the ionosphere, at the altitude Z ~ 300 km, where the
electron density and temperature are equal to N, ~ 1.8 - 10% ecm?, T, ~

3]



1.5 - 103K°, the electric field should be rather strong, namely E), > (60 —
70) V/m. However, it is shown below that in our case, close to the resonance
region w, ~ wp, namely when

3
0<w,—uw+0%< 5k202\/w3+95, (2)

the amplitude Eo of the electric field becomes much smaller: E, is a few
Volts/m (see Section I1.3). In (1 - 2) k = 2% is the wave number, X is the

1/2
wavelength of the parametric excited oscillations, D = (ﬁ?) / is the De-

bye length, e and m are the charge and mass of the electrons, p is the ion

Langmuir frequency, and the Boltzman’s constant & = 1.38-1071 erg-deg™.

Let us note here that when we are looking for the parametric effects in
the ionosphere or in the magnetosphere under the action of artificial sources
E, cosw,t, located on rockets or satellites, or excited in the surrounding
region of the magnetoplasma, the power of these sources should not be very
large. Let us note that the growth rates v, and ven of excitation by beams of
electrons of natural oscillations in the HF frequency band by the Cherenkov
and cyclotron resonances

2
Yeo = &(E> wocos? O,

N. \v,

VT Ny Vywisin©
H = ——a—— 3
TeH 4 N.v. wy (3)

are very large. By discussing this problem for the TSS mission, the values
of the growth rates become even comparable with wo (Alpert 1989, 1990 [10]).

In the theory of the parametric nonlinear effects, a characteristic param-
eler appears

ek, 271
mwg A

(see Silin 1973 [9]). In the ionosphere at Z =~ 300 km

(4)

Pp =

91 /2
Pp = A (—7£> E,, w,=swp, $>0 (5)

A

s2



To give a general presentation of the parametric effects by considering
them at the altitude Z = 300 km, some formulas for an isotropic plasma can
be used for simplicity, because wg > wy.

I1.1 Dispersion equations, strong electric field
E = E; coswpt, wp >» wo,wH, Z =300km.

The dispersion equation of longitudinal oscillations of a magnetoplasma,
excited under the action of a strong electric field of the angular frequency wy,
which is much larger than the electronic angular Langmuir wy and gyro wy
frequencies, not taking into account the thermal velocities of the particles of
the plasma, is the following:

o - - () 2.

w w? w

- @’sin’ Owg + ) (1 - szy) + (6)
2 2 2 2
+ W' Qgd [1 - T (o) (1 - %—Q) (wz _ Qﬂi_gs@) .,

In (6), in addition to the notations given earlier, J, is the Bessel function,
Qy is the angular ion gyrofrequency, and p, - see (4), (5).

The solution of (6), estimates, in the absence of the electric field, when
Ey =0 and JZ(p) = 1, the wellknown three resonance branches of the plasma
waves

0=0: w = Qy, Wi=uw}, Wi=wl+Q}
1+ wyl
™ w
0=T . ot = 0, uimu = () )
(1+%)
W= wh= (Wi 04ud Q). (7)
Taking into account that %g-, g‘;‘ = £ < 1 the lower and upper hybrid
0
frequencies are
Quwy
wf’=—-w2—, wlzj’_‘_' (w§+w§,) . (S)
(1+%)



In the presence of the electric field, the solution of (8) gives four resonance
branches

wgﬂg [1 - Jg(Pp)]

0=0:w = O}, w2 == ~ Q21 -J2
1 H» Wap P I+ 02 0 [ o(Pp)]
Wi o= wh, wh=wht+ QW (9)
and
T
@=-§ cwl o= 0, w)=0,
Q31— J2
1+ 2%
wi = w§p=w§+ﬂg+u§,+9§,+w1{p:w§+w§,+w%p.

In (6) - (10) Qp, wi, wy are the ion gyro, low hybrid and electron gyro fre-
quencies, ) and wo are the ion and electron Lengmuir frequencies, wy is the
hybrid frequency and in the formula of w%p, is used the inequality Q% < Q2.

Approximate theoretical dependencies of these branches of wave on the
angle ©, between the wave vector k and the geomagnetic field Ho at the
altitude Z = 300 km are given for illustration on Fig. 1 both for Eg = 0 and
Ey # 0. The characteristic values of the frequencies used in these calculations
are

wo=T7.6-107, Qo=7.9-10°, wy =7.7-10°, Qy =4.14- 10°

(see the Table in Section IV), and p, =1, 0.1 and 5 - 10%. For excitation of
the new parametric branch of oscillations wz , = (92, — 0), the amplitude Fq
of the electric field should be about a few hundreds Volts/m when w} > w.

By increasing pp, the frequency of £, is also increasing. For example,
when p, = 1, @, >~ 0.51{ and approaches quickly the ion Langmuir fre-

quency Q. By decreasing p,, namely when p, <1, J2(pp) =~ (1 - %2-) and

1/2 64 /27
Qp = o [1 —JS(PP)] = £z = (_)"') Ey (11)



(see (5)). The frequency 2, becomes small and can reach ELF frequencies
w <, < Qg in the bound of the Alfven waves (see (5)). The amplitude of
the electric field needed for the excitation of these very low frequency waves
remains large when w, > wy. However, by approaching the resonance region
wp ~ wo (see below I1.3) the electric field becomes much smaller, namely,
Ey ~ afew Volts/m.

The new branch of oscillations w,, = (2, — 0) is of special interest.
Taking into account the thermal velocities of the charged particles v, and vy,
i.e. in the kinetic approrimation, the equation of this resonance branch is

the following:
wi, = cos? O [ - K(...) + 3k%7] (12)

where

Q2 (1 — J(pp)] (1 + #2D2)""
03 + Q3sin® O [1 — J3(p,)] (1 + k2D2)7"
27N\ vy 27

vy .
cos@ > <-/\—)-;=k;—, sm@>><T>

K(.) (13)

v

At Z = 300 km, the Debye length D, = V. /2w ~ 0.2 ¢cm and because of the
large wave length of the excited oscillations k*D? < 1 the second limitation

of (13) is fulfilled when

. i [wn Uy -

sm@>>—li—-<—)=-—w—.-—.n210 Q—ﬂ, (14)
QH C

and equation (12) becomes simpler and similar to the adequate equation in

an isotropic plasma (© ~ 0). Namely,

w? =02 [1 - J2(p,)] + 3k (15)

when
2

Q2

—2sin@ <1, sin® «52-107" (16)
Oy

In (14) and (15) the coefficient of refraction n = gf;, v; = 1.5-10° em/s and

c=3-10'° cm/s. From (15) it follows that, at the altitude Z = 300 km, the

value of ‘;’)—Qf < 5.2-1072 is very small.



Such ELF and VLF parametric oscillations were called by Aliev and Silin
(see 1965 [7]) anisotropic sound waves. In our case in the ionosphere, they
are ELF longitudinal waves propagating along the direction of the electric
field Eg. Indeed, when w,, < Qy < {y equation (15) becomes

€ Qo
(mwg> (kE0)2 _+_ 3k2v;‘) = 3]{)2(‘/;)2 + U?)) (17)
where (see (4) and (5))

Q 107

\/— mw"’ s?

is the velocity of this new parametric wave.

V,=—=

The discovering of such waves in the ionosphere will be a very nice and
an important contribution to the plasma physics. This can also be one of
the methods of diagnostic of the parameters of the plasma.The wave vector
of these waves k = 27/\ may be estimated by these experiments.

I1.2 Resonance oscillations in the frequency band
swp = wo, 025 <s<2,s=1

Let us discuss here the behavior of the low frequency branch w,, = ({2, —
0), when the frequency of the electric field is not large and crosses the first
resonance region w, = swo (s = 1). The formulas of the isotropic plasma
are used for illustration of this dependence, particularly, because wo > wp.
In this case, under the influence of the electric field the infinite spectra of
oscillation generated in the plasma are

w=w 1+ls§°ﬁ( L S 19
= %0 2 spp) 2 ( )

s=—00 (Swp + wo)

and

W= 03{ ST Fa(py) et ) } (20)

2 _ 2
i w+sw) w

where in (19), (20) s = £1, 2, .... Taking into account that in (20) w K swy,
its denominator may be changed by |sw,|? — w& and far enough from the

10



resonance regions where |swp|? ~ w2, the LF branch of waves (20) is estimated
by the approximate equation

mr

2~ 02 _ = 92
w' = Qg1 = . (pp)], @ s ﬂ,r']r(Pp)J—r(Pp)v (21)
where r = f‘: In the resonance regions
2 3
2 _ %o A2 Ay ‘
=—A%<1 1 ( ) 22
w 5 O 4|14+ A (22)

where

0213
, Ap= [32J3(Pp);'g'} VARG (23)
0

(Silin 1973 [9]).

It is selfevident from equations (20 - 23) that by crossing the resonance
regions w? = w? the frequency w? becomes negative. l.e. that w = v
g 0 sp q Yy g B
and becomes the growth rate of the increasing disturbances of the plasma.

Instabilities appear in the plasma when A; < 0, 0 < (I)_n and > 1 (see (21)).

In the resonance region A, < 1 and from (23) it follows that

i:ii_s{[(%)3/2+1}1/2iiK%)sﬂ_l]l/?} 24

By using equations (21), the dependencies of o and 5; on r = 2 sufficiently
far from the resonance region, were calculated for Z = 300 km and p, = 1.
The formulas (22) - (24) were used to calculate these dependencies around
the resonance region w, = wp, s = 1. They are given on Fig. 2. Let us note
here the following nice and important properties of this parametric branch
of oscillations.

When the frequency w, of the electric field E,o is comparable with the
electron Lengmuir frequency, then in the resonance region, close to w%, ~ 1:

11



1. The frequency 2, of the nonlinear parametric oscillations is no longer
comparable with the ion Lengmuir frequency g (see Fig. 1). It reaches
in our case the value Q, mqor = 91§ by wo = 0.927w,. Really it will be
smaller in the collisional plasma (see 11.3).

o

A narrow region of an instability appears with a maximum of the
growth rate Ymer = 440 by wp = 0.972wp. v =0 when :}“LP =1.

3. A broad region of an instability appears with a narrow maximum
Ymaz = 64§ by w, = 1.035w. Really, both the growth rates are
smaller when the collision between the electrons and ions are taken
into account (see next Section).

To search and to find these wave branches and instabilities will be an
important contribution to the T'SS mission.

I1.3 Excitation of oscillations close to the resonance region

For excitation of the parametric oscillation, in particular, of the inter-
esting for us here branches %}2 ~ %ff — 0), given on Figs. 1 and 2, the
amplitude of the electric field is much smaller than when wy, > wo,wn close
to resonance region. By the kinetic approximation it is determined by the

condition

0 < [Aw=w, -l + Qg)] < gk2Df @ + 92). (25)

Let us illustrate shortly this effect by the following.
In the frequency band (25), the characteristic parameters of this process
are described by the formulas (see [9])

2
2rrg
2
Dz

_ B p?, pr=litioe — N.«T. (26)

2 _
wo 3D Aw Eq =

rE

where g, cm is the amplitude of the oscillations of the electrons under the
influence of electric field Eget?, v.; is the collision frequency between the elec-
trons and ions and it is taken that N.xT, = N;xT;, D. = Dy, and k?D? < 1.

12



When Aw < 0, i.e. [w,, - Juwi+ Qa] < 0 and the threshold values of Aw

and Ej are determined by (26), the plasma becomes unstable and the process
of exciting the parametric oscillations of the plasma begins.

In the ionosphere, at the altitude Z ~ 300 km (see the Table in Section
I11)
Vei =3-10%, NkT ~3.7-107" erg, D?~0.2cm? (27)

and from (26) and (27) it follows that the threshold values of the character-
istics of this process are

Ve 1 Vei
Aw = -2 - Vi 15,108 57!
“ 2 (1 — 3k2D2) 2 5-10%s,

ri = 6-10°cm?, E;=383-10°°CGSE=11V/m (28)
and the maximum growth rate of these oscillation is estimated by

2
woTE . et

16D T 2

7mar =~

Section III. Nonlinear heating of a magnetoplasma

In the following parts of this section, we give the results of the theoretical
study of the heating of a magnetoplasma under the action of the electric field
Eoe™! in the microscopic (hydrodynamic) approximation. They are used
for some numerical calculations, mainly of the temperature dependencies of
the electrons at different altitudes Z of the ionosphere and different angular
frequencies w, in particular, in connection with the orbit (Z ~ 300 Am)
of the TSS-1 mission (Section 1V.1). However, by the general statement of
this problem, the microscopic theory has difficulties from the very beginning.
The appropriate system of equations has not a stationary solution.This point
becomes crucial at high altitudes of the ionosphere (Z >, > 300 km) and,
especially, in the magnetosphere and in a full ionized plasma, where the
collision frequency between the ions and neutral particles v, ~, = 0. In
this case, the theory must be improved by introducing thermal losses in the
adequate equations. Some of this effects are discussing shortly below (see
I11.4).

13



II1.1 Statement of the problem. Microscopic theory

Let us consider a magnetoplasma under the action of an alternative elec-
tric field E = Ege™?, characterized at the starting point of this process t = 0,
E; = 0 by the following.

e it is an isothermal plasma, T.o = Tio = Tro - the temperatures of all
the particles are equal,

e it is a quasineutral plasma, N = Njo - the densities of the electrons
and ions are equal, and

e it has one kind of neutral particles N,. The effective mass of these
neutral particles and of the ions is equal to M, = M; = M where
N, = TN, and N,, M, are the densities and masses of neutral partlcles

of different kind.

Then the temperatures and velocities of the electrons, ions, and neutral
particles under the influence of Eqe®™' can be calculated by the following
systems of equations:

dV. eE e
T = —E — E-C-(V X B) - Uc,(v - V; ) Ven(ve - Vn)’
dV,; eE e m
—d—t—— = ﬁ +—A7-(V B)+A_l'uei(ve_vi) —Vin(Vi—Vn)’
MNE N (V. = Vi) 4 M N (Vi = Vo), (30)
and
ddYtL = —%eVe -E — 55,‘Vei(Te - Tz) - 6enVen(Te - Tno)
d—:n’ = 26V,’ -E + 6eiVei(Te - Tz) - 6inyin(Ti - Tno)
dt 3
nd(fiz;n = Neaenucn(Te - Tno) + Niuinaiﬂ(ﬂ - Tﬂo) (31)

where 6.,., 8ei, 6in are, respectively, the energy lost by the electrons due to
their chaotic collisions with the neutral particles and ions and energy lost

14



by the ions due to their collisions with the neutral particles. In the calcu-
lation the values 6., ~ §,.; ~ 2-1073 and §;,, ~ 1 were used (see Gurevich [5]).

In addition to equations (30) and (31), the following formulas of the
collision frequencies must be used

(E
T, )3/:». | In [037%1@%]

Vei(Ep,w) = Vei,O(
In [0.37—~T;;;’ ]

Te 0

»

1/2
Ven(E07w) = Ven,O (Te(E))

1/2
1) 2

Vin(Eg,w) = Vin,O( T
1,0

where Veio, Veno and v, are the initial values of the collision frequencies
Ey = 0, and the members In[...] are the, so called, Coulomb logarithms.

Thus, the systems of equations are interconnected and a selfconsistent
solution of (30 - 32) should be used to study in sufficient completeness the
problem considered here. Namely this general statement 1s the crucial point,
both for a full and correct understanding of the process of heating of a mag-
netoplasma in the frames of the microscopic (hydrodynamic) approximation
and also for a correct quantitative estimation of the temperatures.

IT1.2 Velocities V¢ ; . Approximation v = const

By solution of the system of equations (34), the formulas of the velocities
of the particles are visible when the dependence of the collision frequencies on
the electric field is not taken into account - it is the approzimation v = Const.
The components of the electron velocities are the following:

[1 - 1;:211 - Q%{ + pf/ei(ﬁci - Den)] - i(ﬂi;ei + f/in)
V;x )

|
&

k)

2
(0= i = 0) + 5| = @B(1 + iBin)?

15



z'{(l + ibin) [(1 — Dellin) + 10

[(1 D — @) 4 iv.| = OB(1 + iD)?

V., = —‘—eEz-{( i“.“f"’}"").~}.

1 = Delin) + 10

The components of the ion velocity are

(R
|
=
o IN
————q
—
+
TN
A
®
3
|
S
Xt
3
ir
S
N
e
Rf__/

2
Vie = Ey 4 2
" {(1 — Vellin — @) + iz?e] — &% (1 + 102
V _ ﬁl_ 1|1 + 1 (I/e'n, NVen w+1nu‘")] [(1 — l;eV"l> + Zl/e] @ ( )
YU o omw Y 3 '

wHitnvin

i, [1 +i (ihn - nD,n—‘i“‘-—)]

(b,() = 2 ’
[(1 — Dollin — @}) + w] — & (1 +i0in)?
e ? [1 +1 (fen - n’;en"—m_w:;num)}
Vi, = E, - — — ,
mw (1 = Dellin) + 10

and the velocity of the neutral particles V,, estimated by the velocities of
the electrons and ions V., V;, is equal to

V. + BV,
V"=(1(+__.m____ ,') (35)

UVen npen )

The equations (33 - 35) are calculated in the coordinate system (z,y, z)
where the magnetic field Hy = Ho(0,0, H.) , i.e. it is parallel to the axis z,
and the electric field Eq lies in the plane (yz) i.e. Eq = Eo(0, Ey, E.),

(0, Eosin ©, Eg cos ©). Additionally, in (4) - (6) dimensionless collision fre-
quencies
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~ Vei . _ Ven . . Vin . _ Vei + Ven . . _ VeVin

Vei, = —= Ven = yWVin = s Ve = y Velin = 7
W w W

~ Qg wWH WL

Qp = —, bpg=—, @ =— (36)
w w w

are used where Qy, wy ~ (QHwH)1/2 and wpy are, respectively, the angular
: : ) - m _N. _ N
ion, lower-hybrid and electron gyrofrequencies, u = §; and n = 5= = g*.

II1.3 Temperatures Teo(E) and T;(E) of the electrons and ions

By calculating the temperatures, it is convenient and physically more
acceptable to use the dimensionless values w/v instead of v/w because v, =
Vei; + Ven 1s never equal to zero. Then, for example, the components of the
velocities V, , and V; , (they are the same as in an isotropic plasma) are equal
to

6, (1) (1= + i)

v v
‘/e — ‘/ez — _ . in - 2el’tn - Yin ,
mv. (1-22) +%
VeVin vi
. 2 .
— Ven 1= " &L
V -V _ eEz Ven (1 winyiy zum) (1 Veltsn + zu.n) 37
=V = a2 2 .(37)
Mv, v, (1 __w? ) n w?
Velin 7.2:

and their real parts are

—ekE, . vew? — vip(w? — vevin)

RE(‘/C) =

m (W? — Vevin)? + v2w?
—eEy  vew? — ven(w? — velin)

R(V)) = : : (38)

M (W? — vevin)? + viw?

Let us note here that by the approximation used in the earlier studies
(see [5]), the following equations of the velocity V. of electrons

€ Cth . w;.l(EoHo) LUH(EOHO
— . o —iw) + —iEolo) gy wnBotho
v mwd + (ve — w)? {EO(V w) + H3(ve — iw) H,
(39)
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and of R.(V.), when Hg = 0,

R(Vy)=—Eo. e (40)

m  w?4 vl

were used. By comparison of (39) and (40) with (33) and (38), it follows
that the equations of V. and certainly also of the temperatures, used in
these studies, are effective only when

W Vi, W2 Ve, , and w? > w% + v vy, . (41)

Visible, but rather complicated formulas of the temperatures of the elec-
trons and ions T,(FEo,w) and T;(Ep,w) can be obtained only by the approzi-
mation v = Const from the selfconsistent solution of the system of equations
(30) and the shortened system of equation (31). Namely, when in the third
equation of (35) %ﬂ = 0. These formulas are as the following

T. e’E?
=1 4—2 .
TnO 3m661/3Tn0

o(...), (42)
where

8(..) = {Ai(v)[cos’ OR.(V..) + sin® OR.(Vey)| } +
+ {Az(v)[cos2wtF, 1(v,w) + sin 2wt F, (v, w)]} . (43)

In formula (43), the members proportional to & - (Re{Vey, 2}), and
o In{V..} are omitted and the following notations are used:

ve + 42 (1442)

Ay(v) = . L
ver + 42 (14 42)
Ay(v) = {(vm + —511) + 41/;] , (44)
F (l/ ) A3lel - 2(.JB2 A3'gBl - 2(.032
w) = -
eI A2, + 4w? A2, +4w?
A3 IBZ + 2UJB1 A3 ng + 2(1)B1
Fc ’ = ' ’ b 45
2(1w) AT, va? T AL+ 4 (43)
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Bi(v) = 6w (1 + EVT) [cos? OR{V,.} +sin? ORAV,, )] +
+ 2w [c052 OI,{V.,} + sin? O]m{Vey}] ,
By(v) = beve (1 + 5 ) [cos2 Ol {V..} + sin? @Im{Vey}] -
eVei

- 2w [cos2 OR.{V..} + sin? @Re{Vey}} , (46)

Vin

In addition, the values R.{V.,} , Re{V..} , Im{V.y} and I, {V..} are the real
and imaginary parts of the terms in braces of the appropriate components of
the velocity V. (see (33)).

It is seen from equations (42, 43) that the temperature T, has two mem-
bers. One of them estimates the stationary (¢t — oo) temperature, not de-
pending on time. The establishment of the stationary temperature is illus-
trated below by some results of calculations. The second member of (43)
describes the harmonic periodical variation of the temperature; it is chang-
ing in time by the double frequency 27 f of the electric field E ~ 2™/, In
the following, we discuss only the stationary temperature.

It is useful to introduce a characteristic field £, (see [5]), which can be, in
its own way, a measure of the intensity E} of the field needed for a remarkable
heating of the magnetoplasma. When © = 0, i.e. in an isotropic plasma,
from equations (42) and (43) it follows that

3mbev T _ A(v,w)

2 —_
Ei e? Ai(v)

(47)
and the stationary temperature of the electrons is determined by

Tc(Eo,w)) E?
—_— =14 —==. 48
( TnO stat E]?l ( )

The stationary (¢ — oo) temperature of the ions is determined by the
following equation

T’i(E09w) _ E02 [ 1 Vin ( Ven)]_l
T =l e (U , (49)
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where A;(v) is given by (44) and

2 \2 2
1-72) o
A(V,LU) = ( = m) ;n = [VeRe{‘/ez}]_l . (50)

-2+ e

Let us note here that by comparison of (42) and (49) we can see that the
temperature T;( Eo,w) of the ions is smaller than the temperature T.(Eg,w)
of the electrons. However, really in the ionosphere this is remarkable only at

the altitudes Z < (100 — 200) km. At Z > 200 km, T Fo,w) ~ Te(Eo,w).

The time-dependent part of the ion temperature is determined by the
same formulas as for the electrons (see (42, 43)), by replacing in the func-
tions F(...) an B(...) (see (45) and (46)) the values Ve, , Ve. of the velocity
components of electrons by the values V;, and V., of the ions. The formulas
(33) - (35) given above were used by some numerical calculations of the tem-
peratures with the v = const approzimation (see Section IV). Because of the
diverse character of the problem studied here, let us briefly emphasize again
some of its aspects.

I11.4 Some peculiarities of the problem.

It is obvious that in the frame of the microscopic (hydrodynamic) approx-
imation used in this study, the magnetoplasma should be a collisional media.
However, if it would be, for example, a full ionized magnetoplasma, i.e. if it
is characterized only by the constituent particles N = N; (N, = 0) - by one
kind of collisions v,; between the electrons and ions - then the used equations
of the temperature would not have a stationary solution. The temperatures
of the electrons would grow up continuously all the time of action of the
electric field. Tt is because the loss of the energy of the electrons accelerated
by the electric field is equal to the energy transmitted by them to the ions.
Mathematically it means that the determinant A, of the first two equations
of the system (2) becomes equal to zero. But this namely should happen,
for example, when we consider these processes in the magnetoplasma at far
distances from the Earth where ve, — 0.
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Within the limits of this study, the problem of the absence of a station-
ary solution of the three equations of (31) exists from the very beginning if
the equation of the derivative of the temperature ‘%’- of the neutral particles
are taken into account. Mathematically it is because the determinant of the
system (35) Az = 0. The temperature T, of the neutral particles is grow-
ing up continuously under the action of the electric field, and can become
even a source of heating of the electrons and ions. The crucial region of the
ionosphere, where this process becomes highly noticeable is at the altitudes
Z > 300 km (see below). The values T, and T, become larger in this region
than they would be by the solution of the shortened system of equations (35).

Thus it was important to learn in this study the applicability of the mi-
croscopic approximation used in many studies and here by considering the
behavior of all the temperatures Te, T;, and T, by the two approximations:
v = const and v(E). Especially it was important to search the role of the
neutral particles. Let us note shortly here how the continuous growth of the
temperatures of the plasma can be stopped.

The heating of the magnetoplasma is accompanied and regulated, in ad-
dition to the collisions ve;, v., and v;,, by many other processes. Their role
should be of different degree. However, for a complete solution of this prob-
lem, they should be taken into account. Then the general solution of this
task will become stationary. One of these most important processes is the
lonization of the neutral particles by the accelerated electrons under the ac-
tion of the electric field Eqe't.

The velocity of the electrons becomes in the ionosphere, depending on
the frequency w and altitude Z, larger than the ionization potential E; of
the neutral particles, namely, the thermal, chaotic velocity v.(E) plays the
prime role by this process. It is considerably larger than the directed velocity
Ve(E). For instance, in an isotropic plasma

- ~ 20R.{V.(E) (51)

2,d;(120,w))1’2 _RAV.(B))
Vs

(see (34) and (38)). The ionization potential of the atomic hydrogen H, par-
ticles (they are the main constituent at the high altitudes of the ionosphere)

wl® = (
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is equal to E; = 13.54 eV. Therefore, the process of the ionization begins
when vg(E) = vey 2 2.2 - 108 em/s. It becomes sufficiently remarkable, i.e.
that the additional density of the electrons N.(E) can become even consid-
erably larger than the regular density of the plasma N, when the amplitude
of the electric field is rather small, even when Ep = (1 — 2) mV/m. This is
seen from the following.

The dependence of the cross-section o.(E;) of ionization of the atomic
hydrogen on the energy of the electrons is given in Fig. 3 (Massy at al. 1969
[12]). The value of o, increases rapidly with E; up to a sharp maximum
Cemaz = (7 —8)10717 cm? and then it is smoothly decreasing up to o stae
2.107!7 em?. Le. that at the altitude Z = 300 km, where the density of the
atomic hydrogen N, =~ 3-10°, the production of the electrons

I.=0.- N, -v(E) > (10 to 50) s (52)
and the additional ionization is described by the recombination equation

(2—]:/ =I,N—a,N* (53)
It follows from (53), that growing up in time the electron concentration
reaches a maximum by % = 0 equal to N = 10°, even if the coefficient of re-
combination a, ~ 1078, ¢m?®.s~!. However, in this region of the jonosphere,
ae < ,< 107°. Thus, under the action of the electric field, the surrounding
plasma can become full ionized i.e. N, ~10° em™>. As a result, the collision
frequency between the electrons and ions ve;(E) o N.(e)/T.(E)*? becomes
very large (see (3), and the T, (E) dependencies given in IV.1). The growth of
T. is stopped very quickly because the electron concentration is very quickly
increasing. Indeed, in the point of inflection of the time dependence of the

N(E,t), where ‘—i;tzﬂ =0, N = 5’;- Thus, at that point & = 4—{% is very
large and the tangential of N(E,t) is almost vertical. Other losses of energy
which can stop the growth of the temperature of the magnetoplasma are, for

example, the following.

The thermal emission of the constituent particles of the plasma i.e. the
volume Stefan- Boltzman emission of the plasma can play a remarkable role.
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The density of this emission is approximately equal to

2
I(w) = g_swca g (w)n?(w), erg - s-em™> (54)

In (54) n(w) is a coefficient of refraction of the plasma and ny, = n + w42 is
the, so called, group velocity coefficient of refraction.

The heating kinetic losses of the plasma should be considered and, in
some cases, they can also be remarkable. L.e. the electron-electron and ion-
ton collisions v.. and v;; and possibly other kind of kinetic thermal losses
which, in a sense, are similar to the Landau damping of e.m. waves in a
plasma, should also be taken into account.

To a certain extent, as it is seen below, we can omit in this work the
discussion in detail of the noted above points and some other processes, ac-
companying the heating of the magnetoplasma by an electric field. They are
beyond the frame of this study. They are also not of the decisive importance
at the altitudes of the ionosphere of the TSS Mission.

Section IV. Numerical results. Conclusions
Z = (102 to 10%) km, F = (1 to 10*) Hz

In the following section, we give results of numerical calculations mainly
of the temperature of the electrons and, for comparison, a few examples of the
temperatures of the ions and neutral particles. The following model of the
ionosphere (see Table) and the amplitude of the electric field Ey = 1 mV/m
are used in this calculations. The altitude dependencies of the electron and
ion densities and of the Lengmuir frequencies fo = wo/27 and Fp = o/27 ,
given in the Table, correspond to the day-time conditions of the ionosphere.
The altitude, frequency and angle © dependencies of the temperatures are
presented in plots (Figs. 4 to 11). The frequencies F = w/27 = 1 and 10° H=
and the angle between the magnetic and electric field © = 0 and the altitude
Z = 300 km are selected by the calculations, because the orbit of the coming
in the future TSS Satellite should pass at this altitude.
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It is seen below, that the growth of the temperature with altitude in the
frequency range F ~ (1 to 100) Hz is very large. It becomes about 10 to 10°
and more times larger than the initial temperature of the plasma already at
Z ~ (200 —300) km. Therefore, the frequency F'=1 Hz is used to illustrate
more dramatically the region where it is necessary to stop the temperature
growth by including in the theory additional losses of energy (see above 111.4).
The zone of ionization of the plasma by the accelerated electrons is therefore
marked on the plots by a thin line and vertical arrows. The frequency band
F = (1 to 10%) Hz, that we have used, is much smaller, but also becomes
somewhat larger than the gyrofrequency Fy = %f- of the ions in the altitude
range discussed. It is also smaller and much smaller than the low hybrid fre-
quency Fr, = 4t In addition, the value v.v;, = (Ve; + Vin )Vin is much larger
than this frequencies at low altitudes and becomes comparable and also much
larger than at high altitudes. Therefore, the formulas used in the literature
are ineligible for these calculations (see page 18 and (41)). The used angle
© = 0 corresponds to the isotropic plasma and characterize the behavior of
the maximum values of the temperature. However, the evaluation of these
dependencies on different values of © are also given and the influence of the
magnetic field Hp is shown by these data.

The results of the numerical calculations mainly correspond to the ap-
proximation v = const, i.e. that the shorted system of (31) is used and it
is assumed that % =0, T, = T,o. However, results of the selfconsistent
solution of the full systems of (30) to (32) are also given by some examples
and the role of the neutral particles is discussed.

Let us now describe in more detail the numerical results by the plots,
presented here .
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IV.1 Altitude dependencies of temperatures.

dT daT
a.mnzo, b—dtﬂ¢0

a.-d—g—‘tn = 0. First of all let us consider the altitude dependencies of the
ratio of the temperatures T.(Fo,w) and T;(Eo,w) to the initial temperature
of the plasma Tpo, shown on Fig. 4 for F = (1 and 10° Hz, calculated by the
shorted system of equations (31) and by the two approximations: v = const
and v = v(T) = v(Ey,w). How the collision frequencies v(E,t) reaches their
stationary values at the altitude Z = 10° km and F =1 Hz, is also shown

for sake of illustration, on Fig. 5.

The following is seen by examination of this figure.

1. The temperatures of the electrons and ions are growing up quickly
on both frequencies. They become equal in the altitude region Z ~

(200 — 250) km.

&

The temperatures, when F' = 10% Hz, have a maximum at Z ~ 200 km
by the approximation v = v(Ep,w). The same happens by approxima-
tion v = const when F =1 Hz.

3. At Z > 300 km the temperatures are smaller by the approximation
v = v(Eg,w) than by the approximation v = const.

4. The process of ionization by the accelerated electrons is acting almost
in all the altitude region when F = 1 Hz and does not play a role,
when F = 10% Hz, especially at Z > 300 km. Thus, the process of the
jonization should be stopped when F = 1 Hz already at the altitude
Z = (120 — 150) km.

The properties noted above of the nonlinear heating process of the iono-
sphere are typical. Namely, the behavior of T, and T; for F = 1 Hz is
typical for the frequency band F = (1 to 10?) Hz and at frequencies a lit-
tle higher. The behavior for F' = 10*> Hz is typical for the frequency band
F > (102 =10%) Hz up to the value F = 10* Hz used here. This is seen from
the following dependencies of Te(Eg,w)/Tho on Z:

e in Figure 6, by the curves calculated by the approximation v = const
for F = (1, 10%, 10° and10*) Hz,
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¢ in Figure 7, by the curves for the angles © = (0, 30, 60, 75, 83, and 90)
degrees also calculated by the approximation v = const,

e in Figure 8, by the curves, calculated for F = 10° Hz and the angles
© = (0 and 75) degrees by the v = v(Ey,w) approximation.

The characteristics of these altitude dependencies of the temperature are
in agreement with the noted above points 1 to 4.

b.%ﬂ # 0. Some results of the selfconsistent solution of the full systems
of equations (30)- (32) are presented in Figure 9. Not to overload this figure,
only the 7, and T, dependencies are given in it. The main new important
characteristics of these dependencies in addition to the given above in a. of
this section are the following

1. The temperature T, of the neutral particles is growing up very quickly
at altitudes Z > 200 km. It approaches the temperature T, of the
electrons at Z > (400 — 500) km and becomes close to T, similarly to
the temperature of ions, T;.

2. At the altitudes Z > 400 km, the temperatures T, are larger on both
the frequencies by the approximation %‘1 # 0 than by the approxima-

tion ‘%’* = .

3. At least at Z > 300 km, the heating of the neutral particles becomes
a source of the heating of the electrons and ions. The growth of 7,
should be stopped, similarly to the case d—thn = 0 at these altitudes (see
I11.4).

4. In general, the heating of the neutral particles is an important part in
many cases of the process of heating of the plasma.

How the temperature T,(FEy,t) reaches the stationary temperature at the
altitude Z = 200 km is shown on Fig. 10 for F =1 Hz and © = 0. It is
seen how slow this process is going on when ‘%ﬂ # 0, in comparing with the
case -‘%“ =0.



IV.2 Frequency dependencies of the temperature. Z = 300 km.

For the interested to us altitude Z ~ 300 km, the frequency dependencies
of T, are given on Fig. 11. They were calculated for the both approximations
and E; = 1 mV/m. In a sense, this is a a transition region. The influence
of the heating of the neutral particles is still not too large in this region (see

Fig. 9).

The behavior of the frequency dependencies of T, is presented on Fig. 11,
for different angles O, are in agreement with the given above conclusions in
the sections I'V.1.a and IV.1.b. The heating of all kind of particles is very
high in this region. Even by amplitudes of the field By ~ (1072 —107") V/m,
the temperatures of the electrons and ions can reach rapidly, at least, values
T.(Eg,w) > (10 — 10%)Tyo in a broad range of angles © between the electric
field E and the Earth’s magnetic field Hy. Temperatures Te( Eo,w) > 10%T o
should, at least, be stopped by the ionization and recombination and other
processes, accompanying the heating of the plasma by the electric field E =
Ege'“t. This does not mean that the temperatures of the electrons and ions
can not become larger than the critical temperature T, ;) of ionization, let us
say, of the atomic hydrogenH,, which is equal to

T, =13.5€eV = 1.16 - 10* - 13.5 = 1.57- 10°, K°. (55)

However, to answer this question, theoretical calculation must be done taking
into account losses of energy, in particular, noted in Section III.4.

Summary

Some nonlinear parametric and heating effects in a magnetoplasma were
considered in this work, particularly, in connection with the forthcoming
Tethered Satellite Mission (TSM). For this aim, the theory of nonlinear heat-
ing of a collisional magnetoplasma, was extended, taking into account the
heating of all the kinds of particles and all the kind of collisions between
them and also the interconnection of these processes. It seems to the author,
that at first the generating of parametric branches of oscillations due to the
decay instabilities are discussed first in this work in connection with iono-
sphere. This was done on the basis of the known theories.
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The numerical results describe in detail the altitude, frequency etc. tem-
perature dependencies. Conclusions, as they follow by describing of different
aspects of the discussed problems, are given.

These phenomena can play a great role in the plasma surrounding the
TSS System. It will be an important contribution both to plasma physics
field and for diagnostic of many properties of the plasma to search and to
investigate them in this unique experiment. By the theoretical treatment of
the related experimental data, the wave numbers and other local parame-
ters of different branches of waves can be estimated. The processes of the
growth of generation of different branches of e.m. oscillations and waves and
of the artificial ionization of the plasma, and many other phenomena can be
learned as they are developing in the course of this experiment. Despite of
the fact, that the TS System will not have special artificial sources of alter-
nating electric fields, the electromagnetic oscillations, generated in the T'M
Cloud by other kinds of instabilities can become such sources. Possibly, they
will produce heating and parametric effects.

The great importance, for many reasons, to search for these effects in
the 1onosphere and magnetosphere, makes it advisable, that generators of

alternating electric fields in the ELF, VLF and HF bands should be added
to the TSS System in the future TSS Missions.
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Figure 1. Resonance branches of a collisionless magnetoplasma
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Figure 8. The same as on Fig. 4 for F =10° Hz.

Approximation ¥ = const : 1p — O=0:20—>20=75

Approximation ¥ = Y(Eg,w) : 1E — O=0;2g— 0 =77°
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Figure 9. Altitude dependencies of the ratios of the temperatures,
Approximation ¥ = V(Ey,w) , O = 0.
T, (Eow 4T, dT,
—-—Tﬁl:FZIHz,l. —>—d-;“dT=0,lT—->-#df0
F=100H: 2. 5% =0,27 - Zu #£0

Th(Egw) . - . daTy aT,
Lfos) . P=1Hz, 8. - 42 =0,37 - 4= #0
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Figure 10. The establishment of the temperature T.(Ey.w) i time,
F=1Hz,0=0,Z =200 km. Approximation ¥ = V(Ly..).

a.a%=0.b.—>%‘¢0.
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Figure 11. Frequency dependencies of the ratios E%ﬂ . Z =300 km.
Approximation ¥ =const : 3. -0 =0;2 —- 0 =75.3, — O = 85°
Approximation ¥ = V(Ep,w) : I > © =0:2g > O =75°:3g — 6 =35°






