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ABSTRACT

»  Artificial ifonospheric disturbances evidenced as fluctuations in plasma density and geomagnetic
field can be caused by powerful radio waves with a broad frequency band ranging from a few KHz to
several GHz. The filamentation instsbility of radio waves can produce both large-scale plasaa
density fluctuations and large-scale geomagnetic field fluctuations simultaneously. The excitation
of this instability is examined in the VLF wave injection experiments, the envisioned MF fonospheric
heating experiments, the HF ionospheric heating experimeats and the conceptualized Solar Power
Satellite project. Significant geomagnetic field fluctuations with magnitudes even comparable to
those observed in magnetospheric (sub)storms can be excited in all of the cases investigated.
Particle precipitation and airglow &nhancement sre expected to be the mitant 1 pheric

effects associated with the wave-induced geomagnetic field fluctuacy

I. INTRODUCTION

Manifest ionospheric disturbances may be produced by powerful radio waves such as fluctuations
in lonospheric density, plasma temperature, and the earth's magnetic field (see e.g., Fejer, 1979;
Stubbe et al., 1982). Among them, we single out for discussion the excitation of ionospheric
density irregularities and the geomagnetic field fluctuations. The interesting finding fe our
theoretical analyses is that the geomagnetic field fluctuations may be excited simultaneously with
large-scale field-aligned fonospheric irregularities by radio heater waves. The frequencies of
radio heater waves may be as low as in the VLF band and as high as in the SHF band.

Unexpectedly large perturbations in the earth's magnetic field (~10.8y) were observed in the
Tromsé HF ionospheric heating experiments (Stubbe and Kopka, 1981; Kuo and Lee, 1983). Trans-
mitters operated at frequencies close to but less than the local electron gyrofrequency are ex-
pected to cause both plasms density fluctustions and geomagnetic field fluctuations in the
ionosphere if MF signals are transaitted or in the magnetosphere if VLF signals are injected, in-
stead (Lee and Kuo, 1984). Microwave transmissions at the conceptualized power density (230 W/m®)
from the Solar Power Satellite (SPS) are also expected to perturb the earth's magnetic field sig-
nificantly in the ionosphere along the beam path. Our studies, therefore, add an additional effect
to those that should be assessed as the possible environmental impact of the SPS program.

The formulation of the theory is first presented in Section I. In the subsequent four sections
(1.e., Sections 1II-VI), we discuss the excitation of the instability in the VLF wave injection
experiments, the envisioned MF ionospheric heating experiments,the Tromséd HF fonospheric heating
experiments, and the concaptualized Solar Power Satellite program, respectively. The conclusions
are finally drawn in Section VII with a drief discussion.

[I. THEORY

For simplicity, radio waves are assumed to be circularly polarized propagating along tha earth's
magnetic field. This is a reasonable assusption for the VLF wave injection experiments and the
Tromsd HF {onospheric heating experiments., As for the microwave propagation, the geomagnetic field
imposes a relatively immaterisl effect. If the positive z axis of a rectangular coordinate systes
represents the wave propagation direction and is taken to be parsllel to the geomagnetic field, the
monochromatic radio wvave vith frequency, Sot and wave vector, ko. can be reprasented by ! (.t) =

.:o(x 3 1y) exp u(k 2 -~ t)] + C.C. vhere the wave field amplitude, € is assumed to bc a constanat;
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the : signs designate the right-hand and the left-hand circular polarizations, respectively.

Since the wave field interacts with the charged-particles, the plasmas experience a radiatfon
pressure force (i.e., the nonlinear Lorentz force) and a thermal pressure force. The latter force
results from the collisional dissipation of wave energy in plasmas. If the vave field i{s intense
enough, a sideband mode (51) can be excited together with zero-frequency modes vis the filamentation

instability, this is similar to the self-focusing instability of a radio wave beam. This high-
frequency sideband is a quasi-mode, satisfying the Fourier transform wave equation

2
b ‘ A ‘s

[kz+k’-—°—) l-k’ 2okt “‘og_(":*"“‘”'el oy 470 3, +3) 1)
c 2 3 ~ cz -~ ~0

where 51 = (-11 cos kx + z 1z sin kx) exp (yt) is the wave field perturbation with the growth rate,
Y, and the filamentation wave vector, 5 - Qk; i-'l. and ..!“ represent the induced linear and nonlinear

electric current densities. While 3 N given by "no!l. results from the linear response of electrons
to the sideband field (51). 3" includes two parts, --en&l'H and -‘6“30' that are nonlinear beating
currents caused by the nonlinear coupling between the purely growing mode (én and 5B) and the in-

~

cident wave field (¢ ). The electron velocity perturbations denoted by Vo. Vl. and V_, have the
following expressions: e ~

V, = -1-E " . +2 Qz) 1l 2 ]
~3 a (J;_n: T z 'T <3z % =®e

where j = 0, 1 represents the response of electrons to the incident wave field (50) and the side-
band field (el) respectively;
-

“ A
VH .- -2 2 [V xz+ 1 wL V°] §B is the electron velocity perturbation induced by
-~ mc (“; - 9:’ ~0 o *

the XO x 63 Lorentz force, where M, Qe‘ e, and ¢ have their conventional meanings as the electron

mass, the electron gyrofrequency, the electric charge, and the speed of light im vacuum, respective-
ly. Because of the large inertia, the corresponding ion responses have been ignored.

The purely growing mode has the general form of P = I (cos kx)_exp (yt), that is associated
with the excitation of both_the plam density fluctuations (i.e., &% = 53) and the geomagnetic
field fluctuations (i.e., 5P = 2 6B). It is the wave-induced quasi-DC current that gives rise to
the magnetostatic fluctuations. This can be seen in the Maxwell equation

L 2y A AT n oV, - o) = bx 83 )
€2 a2 ~ C o '~i ~e'y T VY

where SA is the vector potential defined by Vx3A = ¢B and the Coulomb gauge V- §A = 0 has been
chosen in (2). The wave-induced quasi-DC current, GJy = en (GV - GV ) y' and & relation between

én and 6B can be derived from Equation (2), the continuity cquction uul the momentum equation for
both electrons and fons. They are

en F §T \
R s 1 R b T T @
. [+]
v 2.2 L2
amd B e+ et ) B B O
o up. [\

where M, 01. wpe’ cge ve. and Vin

electron plasma frequency, the fon acoustic velocity, the electron~ion collision frequency, and the
ion-neutral collision frequency; 6'1' is the electron temperature perturbation caused by the

collisional dissipation of the udlo pump and the excited sideband; and P is the x component of
the nonlinear Lorentz force 0

F, = av(ys -y U I A1 n -k VBV 4V VA) x 24 Vs
“~0 wl 1
v x (v, xz)]-v x(Vx(V*xz)]} Yo il = ~°

are, vespectively, the ion mass, the fon gyrofrequency, the

It is seen from (3) that the wave-induced quasi-DC current is primarily caused by the F x B
drift motion of electrons under the influence of the thermal pressure force, no(alax)ﬂ'.. and the

nonlinear Lorents force, “o'ox' The electron temperature perturbation (61‘.) obtained from the
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electron energy equation is found to be

* T &n
2 Qo + Yo
T3 a3 )
oY
vhere qQ - 2v‘u°- (!:031 + !°° !{) is the wave energy dissipation race in the electron gas due to
the differential Ohmic loss of the incident wave and the excited sidebands, and Y = y + 2ve(-ll|) +

v‘k' v:/n: » where V, is the electron thermal velocity.

Equation (4) shows that the simultaneously excited &n and $B are proportional to each other. Ia
all cases under study, v >>y and k?c?>>y?. Therefore, Equation (4) can be reduced to

v 2.2 r'd
B ans b EE) g )
o wp‘

indicating that if (v./y) (k’czlw;.)ia such greater than unity, the magnetostatic fluctuations
(Gnllo) is much less than the plasma density fluctuations (Gn/no). It is thus expected that signi-
ficant magnatic field fluctuations are associated with the excitation of large-scale (i.e., small k)
modes. :

The coupled mode equation for the purely growing mode that can be obtained from (2) and (3) with
the aid of (5) has the expression of

v
F + e (145 A +2) €4+ ul f1 o Sreck 3 _ (6)
*
- 2.2 292 . = R
where f = (Yvu + k cg + 2 vk V./Sﬂ. Yin " Y + Yia} “pi and V' are the ion plasma frequency and the

ion plasas frequancy and the ifon thermal velocity. It should be mentioned that the nonlinear
Lorentz force term (3".) has been neglected in (6) because it is negligibly small compared to the

differential Ohmic heating force term (Q ). Substituting (4') into (6) and eliminating én from
(1) and (6) ylelds the dispersion relatiln
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P*(l’_) and q,,(q_) correspond to the right - (left =) hand circularly polarized wave. The thresh-
old field (‘:h) of the instability is determined from (7) by taking v = 0, namely,

kivl
22 (o B -
I““I'-OH(%;HQ' kvt(zn+-§,-i)(1+p: P,q,)
ac ° 2
wou” 4 - qQ - P: qt) (9)

These characteristics of the instability are discussed separately for different wave frequemcy
regimes of the incident radio waves as follows.

III. VLE WAVE INJECTION EXPERIMENTS

The VLF signale trensmitted from the Siple circular polarization (i.e., wvhistler modes) om

) '1; o -“‘N_l.aq't,&\‘e.‘e
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their paths through the neutral atmosphere and into the ionosphers (Kintner et al., 1983). The
vhistler wvaves are assumed to satisfy the cold plasma dispersion relation

w? kc?
pe -l
wolag = 18,1 u:

in the vave propagstion regime: lnil << wy < IQ.I. Since the positive z axis represents the wave
propagation direction and has been taken to be parallel to the geomagnetic field, ‘.'1e>(<) 0 for
the right- (left-) hand circularly polarized wave and thus

- - I T - 2_'2_12 - _22,2_2
P =P =0 (u] ‘e ..olﬁ.l)/(wo |n‘|) (u, e kc®) and q = q = k'c® (s7 - 20 /

] . 2
wogn‘l..” for a whistler mode.

In the upper atmosphere, the electron plasma frequency is much greater than the electron cyclo~
tron frequency, viz., "’;e >> n: > w:. Therefore, P 3 - "'o"’;e/ (Inel - ) (“’;e + k%?) <0 and

q = - ki? (\‘1: - u;)/uoln‘[u;e < 0. The positive RHS of (8) thus requires the factor, (1L + P - q),
to be negative, namely, '
w 2.2
o pe k2ci(la | + w)
- 2 2 2y g2 ez 2 > < 0. (10)
(‘nel - ) (wpei'kc) (;,pe+kc) IQe|

For the excitation of large-scale modes (i.e., w;‘ >> k%c?), the above inequality leads to wy >

|$2e|/2. In other words, the filamentation instadility of whistler waves that generate both plasma

density fluctuations and geomagnetic field fluctuations can only be excited within the narrow
frequency range:
|ae| >u°>|n.|/2 Q)

Since |‘.'ch~ 1.4 MAz in the ionosphere (e.g., the F region) and |9.|~ 13.65 Miz in the magnetosphere

at L = 4.0, the condition for the instability shown in (11) leads to the following conclusions. The
frequencies of VLF signals that are injected in the active VLF wave experiments typically range from
a few KHz to a few tens of KHz (<30 KHz). These signals are not expected to cause ionospheric dis-
turbances via the filamentation instability. But those with frequencies larger than 6.83 KHz but
less than 13.65 KHz can excite the instability in the magnetosphere at L = 4.0. It is predicted
from (11) that fonospheric distrubances caused by the filamentation instability of whistler waves
are possible if the wave frequencies are less than |Q¢|~ 1.4 MHz but greater than Iﬂ.|12~0.7 Miz,

namely, whistler waves in the MF band can cause large-scale ionospheric density irregularities and
geomagnetic field fluctuations in the fonosphere. Quantitative analyses of these two cases are
illustrated as follows.

The relevant magnetospheric parameters used in this work include lQ.IIZvr = 13,65 KHz ({i.e.,
l°~ 500 v), "'pe/z" = 179 Kiz, ‘to = 0.4 ev, and H(H+)/u = 1840, 1If the VLF wave frequency is 10.9

KHz, {.e., »ol!n‘l = 0.8, the threshold field (c,,) cslculated from (9) are e.g., 12 uV/m and

2 uV/m for the excitation of modes with scale lengths of 10 Km and 100 Km, respectively. These
threshold fields can be exceeded by the injected VLF waves from the Siple station even in the"non-
ducted” whistler propagation mode. The growth rates of the instability expressed in terms of the
threshold field is obtained from (7) as

2. 2. o - L2
kc(y#"ae f)+v.91f
2g2 oM 2 V: 2 “2' 1_50 1 Co " htl) ‘s K2e? ) Ve
= KVOg+E ) I ooy el T ke vy <
e e 3 (1 th e wpc [ Y

This equation can be easily solved for ¢ under cthe following assumptions: v >>v, lr.zc: >>y Gm.
and a/M >> k? V:N: that can be confirmed. For large-scale modes, w’ >> ki¢? (f.e., ) >> 1.7 Ka),

the grovth rate i{s found to have the following simple expression vy~ (Zv.kv.lla‘l) (coleth). This

growth rate turns out to be independent of the scale langths because as shown in (9), Cen * k. Al-
though the threshold of the instability can be exceeded by the "non-ducted” whistler mode in the
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magnetosphere at L = 4.0, the growth rate is rather small (~10"° Hz) if ¢ /e ~ 0(1) because of the
small electron-ion collisjon frequency (~0.1 Hz). However, the :olethof :Iu "ducud" vhistler mode

may be increased by two to three orders of magnitude though only 20% of the injected VLF waves are
fourd to propagate in the "ducted" whistler mode (Carpenter and Miller, 1976). The growth rate of

ducted whistler waves can be as high as (10’ - 107%) Hz, namely, the instability can be excited by
the ducted mode within a few minutes.

For modes with scale lengths >10 Km, (Sn/no)z(illlo) from (4'). Presumably, a few percents of

magnetospheric density fluctuations are able to be generated. Then, a few percents of geomagnetic
field fluctions in the magnetosphere at L = 4.0 is of the order of 10 y(c.f. the background magnetic
field~ 500 v), that may significantly affect the orbits of charged particles. The scintillations of
the Siple signals received at Roberval, Canada (Inan et al., 1977), may be attributable to the
excitation of large-scale plasma density fluctuations in the magnetosphere by the injected VLF waves
vis the filamentation instability.

IV. ENVISIONED MF IONOSPHERIC HEATING EXPERIMENTS

The ifonospheric heating facilities located at, for example, Arecibg (Puerto Rico), Boulder
(Colorado), and Tromsé (Norway) are currently operated at lowest frequencies on the order of 3 MHz.
The transmission of signals at frequencies close to the electron gyrofrequency (¢ 1.4 Miz) would
require a major antenna and transmitter change. In our "envisioned" MF ionospheric heatl.ng experi-
ments, we adopt the typical ionospheric parameters: {n [/27 = 1.4 MHz (L.e., B=5x 10* v), “ /21-

6 MHz, and M(O+)/m = 16 x 1840. The threshold fields of the instability excited by the incldent HP
wave at 1.12 MHz (1.e., w /|2 | = 0.8) are found from (9) to be 6 mV/m and 0.4 nV/m for the excita-
tion of modes with scale iengfhs of 100 m and 1 Km, respectively. If we assume that € - 0.3 V/m,

the grovth rate of the instability for large-scale modes (i.e., u;. >> k%¢? or A > 50 m) is about

1 Hz. Under the illumination of powerful MF radio waves, large-scale ionospheric disturbances can
be produced in seconds.

It is obtained from (4') that (Snlno) 2.3 (63/!0) (e.g., » = 1 Km) for modes with X >> 50 m.

The excitation of a few percents of fonospheric density fluctuations are accompanied by the con-
comitant excitation of geomagnetic field fluctuations of the order of 500 y, that i{s comparable to
the perturbation in a severe magnetospheric (sub)storm.

V. HF IONOSPHERIC HEATING EXPERIMENTS

The HF radio waves transmitted in ionospheric heating (or modification) experiments have fre-
quencies greater than the electron gyrofrequency (.) > Q ) but less than FOF2 in the ionosphere.

Ordinary (0) or extraordinary (X) modes have been employed. At the Tromsé facilities, these modes
can be represented by two circularly polarized waves propagating along the geomagnetic field. Since
the wave propagation direction is antiparallel to the geomagnetic field, the X and O modes correspond
to a left-hand and a right-hand circularly polarized wave, respectively, and satisfy the dispersion
relations: 2 2.2

w! ke

- ‘p. -
“o("'o ¥ men w: .

where the 3 signs denote the left-and right-hand circularly polarized waves, respectively.

Q12)

Near the reflection heights of these pump waves (i.e., k + 0), it is from (12) that W2

sl ¥ IQ.I) In this case, P, given by (8a) approximately vanish and q;-rkzcz(m tln I)/m ) T from
(8b). Expussion ) then reduces to 2
V
l. th' = 0.75 S 3 l l,) kzvz (2 k €t LISt (13)

m(k—q) ...

where 9, (q_) 1is for the right- (left-) hand circularly polarized wave. While the factor, (A-q*).
is positive, a positive (4 - q_) requires that q_< &, viz., 2 > (vC/u)) [(u + ln I)Ilﬂ l] %)
that can thus ensure the positive RHS of (13). If we take In.llh - l 4 m:. e ® 1. 3 x 10° a/sec,
H(O’)Il = 16 x 1840, u°/2w = 4,04 MHz, the scale lengths of the modes that are excited by the X mode

cannot be less than 70 meters according to (14). By contrast no minimum acale length is found in
the case of 0 mode hesting.

- - - . -
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The threshold fields of kilometer-scale instability excited by either X or 0 mode are & few
aV/m calculated from (13) that are quite small compared with the incident power densities (~1 V/m) of
the Tromsé signals. Although the growth rate of the instability {s gemerally a function of scale
lengths, it has an asymptotic value found to be

v ..-: |€°'2

~2.5 x 10%° %—_T_K." 3.4 x 10 Hz for x - mode heating '

feleg = iTe.)

~3.0 x 1072 Hz for O - mode heating

when the scale lengths exceed a few hundreds of meters. It thus takes a few minutes for the in-
stability to be excited in agreement with the observations that HF wave-induced geomagnetic field
fluctuations needs a few minutes for development (Stubbe and Kopka, 1981). Substituting Ve * 500 Hz,

Y = 3.4 x 10 %Hz, ) = 1 Km, /2" = 3.4 Mz and B_ = 5 x 10° v into (4), ve have SB = 4.4 x 10% (
Gn/no) = (4.4 - 44) y for (Gn/no) = (1 -~ 10)X also in agreement with the Stubbe and Kopka's experi~

ments.
V1. CONCEPTUALIZED SOLAR POWER SATELLITE (SPS) PROJECT

The conversion of solar energy into microwaves is the basic ides behind the conceptualized
Solar Power Satellite (SPS) project. The microwave enmergy would be transmitted from the satellite to
the surface of the earth at a frequency of 2.45 GHz, that is much greater than the electron gyro-
frequency (|Qe|). The cross section of the microwave beam has been estimated to have a linear

dimension of 10 Km in the ionosphere, and the incident power density at the center of the beam would
be as high as 230 W/m? (i.e., the wave field intensity is about 640 V/m).

The formulation outlined above for the excitation of both plasma density fluctuations snd geo-
magnetic field fluctuations can be also applied to the case of SPS project after some modifications.
First of all, the microwave beam does not necessarily propagate along the geomagnetic field. Ther-
fore, the positive z axis taken as the wave propagation directionis generally not in the direction
of the geomagnetic field in this case. The polarization of the microwave {s assumed to be within
a meridian plane (i.e., the assumption of an ordinary mode) for efficiently exciting the field-align-
ed modes. Hence, the geomagnetic field perturbations (¢B) are still in the direction of the back-
ground earth's magnetic field. .

Since u  >> |Fe|. we then have P, = 1 from (8a) and q» e from (8b) by taking |Qe|¢0 (i.e.,
equivalent to an unmagnetizeczl plasma case). '!'hg threshold field given by (9)then reduces to

ec .12 w v
th 9 12y2 o 2 _t
|—tb]" = 0.38 K e -0 (15)
w2y 2 .

Using “o/27 = 2,45 GHz, W j2w e 6MHz, V, = 1.3x 10° m/sec, Iﬂellh = 1.4 Wiz, and n/M(0+)=3.4x10 °
in (15), we obtain Sen = 2.89x10%/A. For instance, 2.89 V/m ( 2.89 V/m) for the excitation of the
modes with a scale length of 100 m (1 Km). The growth rate derived from (7) has the approximate form

n o . 3 3
Y~ 2v GGe o ° ) (16)
€2, Feh

In spite that the power density of the microwave beam is not uniform, we assume a constant value of
20 W/m? (~ 60 V/m), that is about one tenth of the maximum intensity at the beam center, for the”
calculation of the growth rate. Then,if Ve is taken to be 500 Hz, v~ 5 Hz for theexcitation of one

kilometer scale modes, namely, it takes a few seconds for the filamentation instability of micro-
waves to be excited.

The percentage of the geomsgnetic field fluctuations is estimated from (4') as (Glllo) z 0.4
(6n/n°). that has a comparable magnitude to that of ionospheric density fluctuations. For the 1% of
(énlno). the geomagnetic field fluctuations (¢B) can be as large as 200 y. Such large geomagnetic

tield fluctuations are expected to significantly perturd the orbits of charged particles and, con-
sequently, to cause particle precipitation and airglow effects. These ionospheric effects intro-
duced by the powerful microvave baams should be taken into account in the evaluation of environ-
mental impacts of the conceptualized Solar Power Satellite program.

r

VII. CONCLUSION AND DISCUSSION
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i - Ionospheric and magnetospheric disturbances evidenced as fluctuations in plasma density and
geomagnetic field can be generated by powerful radio waves with frequencies as lov as a few KHz and

'y . as high as geveral GHz. Depending on ths incident power density of radio waves, tfonospheric (or

‘“ magnetospheric) plasaa density fluctuations and geomagnetic field fluctuations can be excited siaul-

i * taneously by the filamentation instability of radio vaves within a few seconds or minutes. This

instability typically has kilometric scale lergths in the ionosphere and tens of kilometric scale
lengths in the magnetosphere.

Radio waves with frequencies less than the electron gyrofrequency may propagate in a whistler
mode. The excitation of the filamentation instability is only possible for those with frequencies
"i*“; greater than half the local electron gyrofrequency. This criterion for the instability leads to
4 the conclusions that the injected VLF signals can produce magnetospheric rather than ionospheric
disturbances. It is, however, predicted that icnospheric disturbances can be induced by MF signals
b, whose frequencies are less than 1.4 Mz but larger than 0.7 Mz,

h;‘;,‘ In the HF lonospheric heating experiments (ui >> 9?), both the ordinary and the extraordinary
’ wodes have been used. The scale lengths of the mtabﬁ!.ty are found to have s cut-off in the case of
extraordinary wave heating. The microwave beams that are transaitted from the conceptualized Solar

NG Power Satellite to the surface of the earth are also expected to cause large {onospheric disturbances

;;»3-'1 in their ordinary mode propagation. The geomagnetic field fluctuations caused by the filamentatiom

o instability of radio waves are very significant in all of the cases discussed in this paper. Their

‘£ magnitudes may even become comparable to those seen in the magnetospheric (sub)storms.

"“ It is interesting to note from (9) th.at the threshold field of the instability is inversely

. proportional to the electron plasms frequency. Therefore, ionospheric disturbances excited by

}:{ radio waves should be most noticeable in the F region. Finally, it should be pointed out that the

J’;: nonlinearity for the mode coupling is dominantly provided by the thermsl pressure force due to the

1:‘\ collisional dissipation of the pump wave field and the excited high-frequency sideband field in the

?-’; electron gas. To emphasize this outqtanding feature, the instability may be adequately termed the

:SE: thermal filamentation instability of radio waves.
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