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ABSTRACT

q* Artificial ionospheric disturbances evidenced as fluctuations in plasm density and geomagnetic
les field can be caused by powerful radio waves with a broad frequency band ranging from a few KH& to

several GHz. The filamentation instability of radio waves can produce both large-scale plasm
density fluctuations and large-scale geomagnetic field fluctuations simultaneously. The excitation
of this instability is examined in the VLF wave injection experiments, the envisioned HF ionospheric
heaing experiments, the H ionospheric heating experiments 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 Inhancement are expected to be the concomitant ionospheric
effects associated with the wave-induced geomagnetic field ftuain

I. INT" ODUCT ION

Manifest ionospheric disturbances may be produced by powerful radio waves such as fluctuations
in ionospheric density, plasma temperature, and the earth's magnetic field (see e.g., Fejer. 1979;
Stubbe et al., 1962). Among them. we single out for discussion the excitation of ionospheric
density irregularities and the geomagnetic field fluctuations. The interesting finding in our
theoretical analyses is that the geomagnetic field fluctuations may be excited simultaneously with
large-scale field-aligned ionospheric 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 SHY band.

Unexpectedly large perturbations in the earth's magnetic field (-10.8y) were observed in the
Tromsi HF ionospheric heating experiments (Stubbe and Kopka. 1981; Kuo and Lee, 1983). Trans-
mitters operated at frequencies close to but Ies" than the local electron gyrofrequency are ex-
pected to cause both plasm density fluctuations and geomagnetic field fluctuations in the
ionosphere if M? signals are transmitted or in the magnetosphere if VLF signals are injected, in-
stead (Lee and Kuo, L984). Microwave transmissions at the conceptualized power density (230 W/m

2 )
from the Solar Power Satellite (SPS) are also epected to perturb the earth's magnetic field sig-
nificantly in the ionosphere along the beom path. Our studies, therefore, add on 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 1. In the subsequent four sections
(i.e., Sections IU-V), we discuss the excitation of the instability in the VL? wave injection
experiments, the envisioned MY ionospheric heating experimentsthe Tromsd HF ionospheric heating
experiments, and the conceptualized Solar Power Satellite program, respectively. The conclusions
are finally drawn in Section VII with a brief discussion.

I. THEORY

For simplicity, radio waves are &ssumd to be circularly polarized propagating along the earth's
magnetic field. This is a reasonable assumption for the VLF wave injection experiments and the
Tromsd HF ionospheric heating experiments. As for the microwave propagation, the geomagnetic field
imposes a relatively immaterial effect. If the positive z axis of a rectangular coordinate system
represents the wave propagation directioa and is taken to be parallel to the geomagnetic field, the
monochromatic radio wave with frequency, -jog and wave vector, k c n be represented by E (r.t) -

U-4 A A 0 .
C i y) eup 1i(kba - :4 t)) + C.C. where the wave field amplitude, co * is assumed to he a constant;
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the - signs designate the right-hand and the left-hand circular polarizations, respectively.

Since the wave field interacts wfth the charged-particles, the plasmas experience a radiation
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 wave field is intenseenough. a sideband mode (c I) can be excited together with zero-frequency modes via 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

[k2 + k2. ) I - k 42 z - k xx + ik ( xz + zx)J. l -C 01 4ir'° , (0)
0 C 2C0

where .1 - (-11 cos kx + z lz sin kx) exp (yt) is the wave field perturbation with the growth rate.
y, and the filamentation wave vector, k - 1k; J. and J represent the induced linear and nonlinear-* -A --n
electric current densities. While J. given by -enoV results from the linear response of electrons

to the sideband field (tI ) 
J  includes two parts, -en V and -e6nVo . that are nonlinear beating

currents caused by the nonlinear coupling between the purely growing node (6n and 6B) and the in-

cident wave field (t ). The electron velocity perturbations denoted by V , V1 , and VM. have the
following expressAl: V +1

• 0 . -
where j - o. 1 represents the response of electrons to the incident wave field (c) and the side-

band field (c ) respectively;

V- -_ x + i V 163 is the electron velocity perturbation induced by
M m (w2 .1e2) - Wo .0

0 a

the V x 63 Lorentz force, where N, S2 e, and c have their conventional eanings as the electron

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

The purely growing mode has the general form of SP - 6P (cos kx).exp (yt), that is associated
with the excitation of both the plasma density fluctuations (i.e.. 6? - Sn) and the geomagntic
field fluctuations (i.e., 6F - A 6). It is the wave-induced qulai-DC current that gives rise to
the agneostatic fluctuations. This can be seen in the Maxwell equation

WkZ+ --L a2  4w (6V _5V) -4w6J (2)"' i ~c 3k tZ - 6--" o i -a y U" -"  Y

"where 6A is the vector potential defined by Vx6A - 61 and the Coulomb gauge V-6A - o has been
chosen in (2). The wave-induced quasi-DC current. J en (iV - 8Ve)y, and a relation between

6n and 6B can be derived from Equation (2), the continuity equation and the momentum equation for
both electrons and ions. They are

en 0 F ex in)O6 J - 4 + - ( -ZT-" ) -- I T,( ) " , + kc:] Sn(3
" N k a no

6n k2c2 + .(2 63and L- - 1 + (I + ) - (4)n 0Y 20 i 0
pe

where M ,, Wpe" c, Ve and vin are, respectively, the ion mass, the ion gyrofrequency, the

electron plasma frequency, the ion acoustic velocity, the electron-ion collision frequency, and the
ion-neutral collision frequency; 6T is the electron temperature perturbation caused by the

collisional dissipation of the radio pump and the excited sideband; and Fex is the x component of
the nonlinear Lorentz force A

F "MV(V - V + V - Vf) + i-! (- ik O(V* V + VV* ) x z + * x
A A A-

0  -WO 0o .4 o Z" 121.0 0
IVs x l (V x) -V x (V tx )I)

It is seen from (3) that the wave-induced quasi-DC current is primarily caused by the F x 3
drift motion of electrons under the influence of the thermal pressure force, n(/0x)6Te, and the

nonlinear Lorentz force. novex . The electron temperature perturbation (dT ) obtained from the

2



electron energy equation is found to be

T? 2 0 o (5)

where , - 2v nlu (V* V + V" -V) is the wave energy dissipation rate in the electron gas due to
the differential Ohmic loss of the incident wave and the excited sidebands, and - y + 2ve(m/N) +
V k2 VIt/, 2. where V is the electron thermal velocity.
a to t

Equation (4) shows that the simultaneously excited an and 65B are proportional to each other. In

all cases under study. ve>-y and k
2c1r2' . Therefore, Equation (4) can be reduced to

a 1+ (e) k.G )]( )B4
n Y fa1j

-= p.

Indicating that if (ve/)(k2 2 /uo)is much greater than unity, the nagnetostatic fluctuations
(65/g o) Is much less than the plasma density fluctuations (n/no). It is thus expected that signi-ficant magnetic 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

(Cr2  (- +fIc 8ireck a{((Y2 + k% [+ (I + -L) f+ 4 -2 qe (6)

vhere f - (y; + k2c' + 2 yk2 V2 /3.; in+ ;pi and V are the ion plasma frequency and the
ion plasma frequency and the ion thermal velocity. It should be mentioned that the nonlinear
Lorentz force term (7 ) 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 an from
(1) and (6) yields the dispersion relatils

k2c'(y + ; f) + yW2 f
Wr] ec Wkc

me 21
Id_ .e) .). )2 - € 22( L)(-- '--- -C~- 1 --c +Y#

v4 (4 q - Pt qt)] 
pe

(1 + Pt - P q)

where - + v; P.t - r Pe o ) (Sa)
(w V epW , -h~c')

W a 2  00 Pe

and qt t k2cC,,a - 0) (Sb)

P+(P_) and q(q) correspond to the right - (left -) hand circularly polarized wave. The thresh-
old field (cth) of the instability Is determined from (7) by taking y - 0. namely,

kva
I' -0.75 (wo g 04)1 k1 12  ( + ) ( + P. Fq-)

m W M
2  04 - qt - Pt q) (9)

ope

These characteristics of the instability are discussed separately for different wave frequency

regime of the incident radio waves as follows.

111. VIF WAVI INJICMOMU gIDUITS

The VL sigmals trasmtted from the Siple circular polarization (i.e.. histler modes) m
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their paths through the neutral atmosphere and into the ionosphere (Kintner at al.. 1983). The
whistler wves are assumed to satisfy the cold plasma dispersion relation

- - W-Io_ -k ( . 2

0

in the wave propagation regime: InI << < IQe. Since the positive z axis represents the wave

propagation direction and has been taken to be parallel to the geomagnetic field, .le (<) 0 for

the right- (left-) hand circularly polarized wave and thus
P a P aO (42 _ .2e _ .; If) / (W - I.1) (W2 -"W - k c2 ) and q+ - q - k2c2 (G2 - l) /

0 pe 0e a 0 p5 a e

W 'n ej-pe for a whistler mode.

In the upper atmosphere, the electron plasma frequency is such greater than the electron cyclo-

tron frequency, via., Wp 1 n2 > W2 . Therefore, P I - w I ( - ) + kZc) 0 andp. e 0 o p. e 0 pe

4 - - k c e - 1 a < 0. The positive Rs of (8) thus requires the factor, (1 +, -+ ).

to be negative, namely.
0o~pe k2c 2( eI + W)

1- -e <0. (10)

1-1 ( + k2c2) + k c) IneI
For the excitation of large-scale modes (i.e., w2  >> k2 c2 ), the above inequality leads to w >

pe 0

Ifal/2. In other words, the filamentation instability of whistler waves that generate both plasma

density fluctuations and geomagnetic field fluctuations can only be excited within the narrow
frequency range: la.1 )>%,lIAh/l (n1)

Since Ine.IA 1.4 MHz in the ionosphere (e.g., the F region) and IfeI" 13.65 Mhz in the magnetosphere

at L - 4.0. the condition for the instability shown in (11) leads to the following conclusions. The
frequencies of VEY signals that are injected in the active VLF wave experiments typically range from
a few Kiz to a few tens of KHz ('30 1oz). These signals are not expected to cause ionospheric dis-
turbances via the filamentation instability. But those with frequencies larger than 6.83 11z but
less than 13.65 KHz can excite the instability in the magnetosphere at L a 4.0. It is predicted
from (11) that ionospheric distrubances caused by the filamentation instability of whistler waves
are possible if the wave frequencies are less than In a1-1.4 Ma but greater than e11/2-0.7 Mhz,

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

The relevant magnetospheric parameters used in this work include In e/2w - 13.65 KHz (i.e.,

5 ~0 -pe/2w - 179 Kz, T0 - 0.. ev, and K(l+)/m - 18940. If the VLF wave frequency is 10.9

Klz, i.e., J /1.*1 a 0.8, the threshold field (Cth) calculated from (9) are e.g., 12 uV/m and

2 ,VIm 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

kzc2Vv + i f) + Y,2 f

V2c( + M V pi 2(0-11 C
k- k -.(2 -k- , 2 " ('5' +, V-

e p

This equation can be easily solved for r under the following assumptions: ve -y, k2cI >>y

and U/M > k2 V2/a2 that can be confirmed. For large-scale modes, W2 o2 k2c2 (i.e., X -- 1.7 K1),
t a pe

the growth rate is found to have the following simple expression y- (2vkVaina) (c0
1
'th ) This

growth rate turns out to be independent of the scale lengthe because as shown in (9), t th a k. Al-

though the threshold of the instability can be exceeded by the "non-ducted" whistler mode in the
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ismetosphere at L - 4.0, the growth rate is rather small (- 10 s Hz) if co/cth-1 0(1) because of the

small electron-ion collision frequency (-O.l Hz). However, the E 0/cthOf the "ducted" whistler mode

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

ducted whistler waves can be as high as (10' 3 - 10-2) Hz. namely, the instability can be excited by
the ducted mode within a few minutes.

For modes with scale lengths >10 Ka, (Sn/n)0 )u(g/Bo ) from (4'). Presumably. a few percents of

msagnetospheric 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 -), 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 nagnetosphere by the injected VLF waves
via the filamentation instability.

IV. DNVISIONED MF IONOSPHERIC HEATING EXPERIMENTS

The ionospheric heating facilities located at. for example. Arecibq. (Puerto Rico). Boulder
(Colorado), and Tromad (Norway) are currently operated at lowest frequencies on the order of 3 MHz.
The transmission of signals at frequencies close to the electron gyrofrequency (Q< 1.4 }0z) would
require a major antenna and transmitter change. In our "envisioned" MF ionospheric heating experi-
ments, we adopt the typical ionospheric parameters: I =l/2w - 1.4 M z (i.e., to- 5 x 104 Y). wpe/2- =

6 4Mz, and (O+)/m = 16 x 1840. The threshold fields of the instability excited by the incident MF
wave at 1.12 MHz (i.e.. w IQ I - 0.8) are found from (9) to be 6 mV/u and 0.4 mV/m for the excita-
tion of modes with scale lengths of 100 m and I Km, respectively. If we assume that c 0 - 0.3 V/n,
the growth rate of the instability for large-scale modes (i.e.. w2 >- klcz or A > 50 a) is about

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

It is obtained from (4') that (n/n o ) v 2.3 (63/ 0) (e.g., A - I Ks) for modes with A > 50 a.

The excitation of a few percents of ionospheric density fluctuations are accompanied by the con-
comitant excitation of geomagnetic field fluctuations of the order of 500 y, that is 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 (12 >> Q ) but less than FOF2 in the ionosphere.0 e
Ordinary (0) or extraordinary (X) modes have been employed. At the Troms facilities, these modes
can he 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 0 modes correspond
to a left-hand and a right-hand circularly polarized wave. respectively, and satisfy the dispersion
relations: W k2c2

P a (12)

0

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

;,ear the reflection heights of these pump waves (i.e., k . 0), it is from (12) that 2

J (W ; Inl1). In this case, P. given by (8a) approximately vanish and q_22(% l)1,,21 a from

(8b). Expression (9 ) then reduces to

I th 2 - 0.75 4o $ . k 
2 2 1) k0t (13

me 2,,) t 2 13

where qI (q_) is for the right- (left-) hand circularly polarized wave. While the factor, (4-q ).

is positive, a positive (4 - q_) requires that qc 4. viz., ' (ir o ) [4,o+ In el)/IIe)] (14)

that can thus ensure the positive RHS of (13). If we take 1g*I/2w - 1.4 MHz, t - 1.3 x 105 m/sec,

(O+)/a - 16 x 1840, w /2w a 4.04 MHz, the scale lengths of the modes that are excited by the X mode

cannot be les than 70 voters according to (14). By contrast no minimum scale length is found in
the case of 0 mode heating.
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* The threshold fields of kilometer-scale instability excited by either X or 0 mode are a few
mV/n calculated from (13) that are quite small compared with the incident power densities (-1 V/u) of

* the Troms4 signals. Although the growth rate of the instability Is generally a function of scale
lengths, it has an asymptotic value found to be

.2.5 x 10"0 a02 ~ 3.4 x 10 Hz for x - mode heating
a e

-w3.0 x 10- 2 Hz for 0 - 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 v - 500 lz,

- 3.4 x lO-2 Hz. . = 1 Km. .pe/2- - 3.4 Ma1 and 3° - 5 x 104 Y Into (4w), we have 6B * 4.4 x 102 (

6n/n0 ) - (4.4 - 44) Y for (6n/n o) = (1 - 10)2 also in agreement with the Stubbe and Kopka's experi-

ments.

VI. CONCEPTUALIZED SOLAR POWER SATELLITE (SPS) PROJECT

The conversion of solar energy into microwaves is the basic idea behind the conceptualized
Solar Power Satellite (SPS) project. The microwave energy would be transmitted from the satellite to
the surface of the earth at a frequency of 2.45 GHs, that is much greater than the electron gyro-
frequency (IQe1). 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/M2 (i.e., the wave field intensity is about 640 V/m).

The formulation outlined above for the excitation of both plasma density fluctuations and 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 is 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 (63) are still in the direction of the back-
ground earth's magnetic field.

Since w 0 - we then have P. L I from ($a) and q1I-aefrom (Sb) by taking Inel-0 (i.e..

equivalent to an unmagnetized plasma case). The threshold field given by (9)then reduces to,ecI 2 W2v2t--l-,= 0.38 0 k 2V 2 (2 1 + k 2 _ ). (15)

mc ,z t H ~ 2
pe •

Using uo/2, - 2.45 Gz, pe2w a 6 Iz, Vt - 1.3 x lOs a/ec, I 1/2* a 1.4 Mai, and m/N(0+)-3.4x1O "S

in (15), we obtain sth 0 2.89xlO3/A. For instance, 2.89 V/u ( 2.89 VIm) for the excitation of the

modes with a scale length of 100 a (1 Km). The growth rate derived from (7) has the approximate form

y- 2v( C 2(16)

Ci Cth

In spite that the power density of the microwave beam is not uniform, we assume a constant value of
20 W/M2 (.-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, y.'5 Hz for theexcitation of one

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

The percentage of the geomagnetic field fluctuations Is estimated from (4') as (81/B) s 0.4

- (6n/n ) that has a comparable magnitude to that of ionospheric density fluctuations. For the 12 of

(6n/no), the geomagnetic field fluctuations (65) can be as large as 200 y. Such large geomagnetic

field fluctuations are expected to significantly perturb the orbits of charged particles and, con-
sequently, to cause particle precipitation and airglow effects. These ionospheric effects intro-
duced by the powerful microwave beam should be taken into account in the' evaluation of environ-
mental ipacts of the conceptualized Solar Power Satellite program.

VII. CONCLUSION AND DISCUSSION



, Ionospheric and magnstospheric disturbances evidenced as fluctuations in plasma density and
geomagnetic field can be generated by powerful radio waves with frequencies as low as a few K~x and

* as high as several GMR. Depending on the incident power density of radio waves, ionospheric (or
magnetospheric) plasma density fluctuations and geomagnotic field fluctuations can be excited simul-
taneously by the filamentation instability of radio waves within a few seconds or minutes. This
instability typically has kilometric scale lengthe 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
greater than half the local electron gyrofrequency. This criterion for the instability leads to
the conclusions that the injected VL signals can produce magnetospheric rather than ionospheric
disturbances. It is, however. predicted that ionospheric disturbances can be induced by MF signals
whose frequencies are less than 1.4 Hfs but larger than 0.7 Mfz.

In the HF ionospheric heating experiments (W 3- 02), both the ordinary and the extraordinary
modes have been used. The scale lengths of the Instability are found to have a cut-off in the case of
extraordinary wave heating. The microwave beams that are transmitted from the conceptualized Solar
Power Satellite to the surface of the earth are also expected to cause large ionospheric disturbances
in their ordinary mode propagation. The omagoetic field fluctuations caused by the filamentation
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) that the threshold field of the instability is inversely
proportional to the electron plasma frequency. Therefore, ionospheric disturbances excited by
radio waves should be moset noticeable in the F region. Finally. it should be pointed out that the
nonlinearity for the mode coupling is dominantly provided by the thermal pressure force due to the
collisional dissipation of the pump wave field and the excited high-frequency sideband field in the
electron gas. To emphasize this outitanding feature, the instability may be adequately termed the
thermal filantation instability of radio waves.
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