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~SUMMARY

During the past year our work supported by the ONR

Contract N00014-84-C-0353 achieved many significant results

concerning ionospheric generation of ELF/VLF as well as ULF

waves. A major breakthrough was our participation in an

*experiment using the Arecibo facility in which a preliminary

proof of principle of two of the relevant concepts was

produced. We highlight below some of our key results and

refer the interested reader to the appendices for details.-->

(i) A novel process for generating ELF/ULF waves by

using ionospheric heating was discovered and its

* applicability to auroral geometry was exmined. The process

relies on modulated E-region heating and does not depend on

the preence of ambient ionospheric currents._ The ELF/ULF

Wsignals are caused by oscillatory ionospheric currents

spontaneously generated in the HF heated volume by the

coupling of the hot spot temperature gradient (VT) to the

ambient ionospheric density gradient (VnxvT). The mechanism

can account for the remarkably large ULF signals observed by

the Tromso HF modifications facility. The details can be

found in a paper published in Geophysical Research Letters,

2, 279, (1985) and included as Appendix I.



(ii) A comprehensive analytic and computational study of

the ELF generation by stimulated beat excitation in a

dissipative medium was completed. The power thresholds that

lead to complete pump decay for a transmitter with 300

incidence at various ionospheric heights are given in Table

I of Appendix II along with the required pump frequency and

the resulting low frequency. The details can be found in a

paper accepted for publication in the Journal of Geophysical

Research and included here as Appendix II.

(iii) We participated in the experimental program of Dr.

Ganguly (Rice University) using the Arecibo facility. The

experiment produced signals at 3 and 5 Hz of the order of 1

imn when operated under conditions appropriate for stimulated

beat excitation. ULF waves with comparable amplitude were

also produced by using the technique mentioned in (i) above.

The interaction occurred in the F-region and therefore it

was different than the current modulation schemes. The work

will be presented as an invited paper at the APS Plasma

Physics Meeting in San Diego, November 1985. The details

can be found in a paper submitted to Phys. Rev. Lett. and

included as Appendix III.

(iv) The structure and properties of the ELF plasma

eigenmodes in the polar E-region of the ionosphere was

examined in detail. It was noted that for altitudes below

150km the ion neutral collision frequency (vi) is larger

2
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than the ion cyclotron frequency (fi ) thereby preventing the

existence of proper Alfven or magnetosonic eigenmodes. Our

work, however, indicates that the strong ion collisionality

(vi > ni) freezes the ion motion. This result shows that

the whistler mode becomes a helicon right hand polarized

mode for frequencies wLF ( vj. This is similar in nature to

the well known in solid state physics helicon mode, in which

case the lattice rather than the collisionality freezes the

ion motion. Since both the downconversion efficiency and

the coupling of the ELF signals to the earth ionosphere

waveguide favor low altitudes, it was concluded that the

nonlinear coupling should be to the helicon rather than the

Alfven or magnetosonic mode. A draft of the paper, is

included as Appendix IV.

(v) Our most recent work, left unfinished due to the

termination of the contract, focused on the possibility of

generating oscillatory magnetic moments that radiate at

ELF/VLF frequencies in the ionosphere by utilizing resonance

absorption generated magnetic fields. The field generation

by this process has been studied both theoretically

(Bezzerides et al., Phys. Rev. Lett. 38, 663, 1977) and

experimentally (DiVergilio et al., Phys. Rev. Lett. 38, 541,

1977; Obenschain and Luhmann, Jr., Phys. Rev. Lett. 42, 311,

1979) for the case of laser or microwaves interacting with

the plasma. The saturated value of the self generated field

3
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by radiowaves with frequency f = wo/2n and quiver velocity

V = eE/mwO is (Bezzerides et al., Phys. Rev. Lett. 38, 495,

1977)

2 e2E2

B 2mc e
2 22e wic m W

where We is the plasma frequency.

In practical units this gives

B = 3 .5 x10 [ 10 cm -3 2 L _ (

o T

where LT is the size of the hot spot in the resonance region

as determined by the antenna gain, and P the RF power. This

produces a magnetic moment M(t) of

M(t) BL.NLT 1.8 x 10 [ 0T10 cm- 3  f
0

x ( 4 A-m2 (3)

4
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corresponding to a power PVrF at the modulating frequency f

of

f no 3~ LN
PVLF = J 10 cm [ f0  5km

x ] kW- (4)

The magnetic field B on the ground at a radius distance r

from the modulated region will be

= 2.6x10
- 1 100km 100km f"7F--- 1 r

[ J Mj 3/2 [ I
10 fo 5km

x

10MW

5
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which is many tens of db above noise. Our preliminary

results indicate that this is an extremely important and

efficient process and should be studied in appropriate

depth, both for proof of principle experiments in Alaska as

well as for practical Navy communications.
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Appendix I

"Generation of ELF/ULF Waves in the

Ionosphere by Dynamo Processess
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Abstract. It is shown that amplitude !B + Vx C (
modulated HF heating in the ionospheric E-region, at I ( - ()
can produce substantial power in the MLF/ULF
range even in the absence of ambient ionospheric
currents. The signals are associated with a x (Vx8)
spontaneous generation of magnetic fields caused 9 c8 - - Vx (uxB) = (Vn x 7T)
by the coupling of the hot spot temperature 0 e

gradient to the ambient ionospheric density
gradient (Vn x VT). The mechanism produces In Eq. (1) n is the electron density, u is the
values for PC5 micropulsatlons consistent with plamia flow velocity, a the conductivity, and the
those observed by Stubbe and Kopka (1981). ambient magnetic field was taken as so = ezBo.

The source term on the r.h.s. of Eq. (1)
Introduction represents a dynamo current due to the presence

of a density gradient perpendicular to the
Excitation of VLF/ELF/ULF waves by the temperature gradient. It is obvious from Eq. (1)

interaction of powerful HP waves in the that in the presence of a stationary density
ionosphere has been a very active theoretical and gradient (Vn) and an oscillatory temperature T
experimental topic. Up to now the most the spontaneously generated magnetic field will
successful excitation techniques have been have a similar time dependence phase shifted by
modulation of the polar and equatorial w/2; therefore, the heated region will act as a
elctrojets. In this technique an HF wave with a radiating antenna. It is not difficult to solve
frequency of a few Mz is strongly absorbed in Eq. (1) including the diffusion as well as the
the lower ionosphere, resulting in an Hall and convection terms. It is, however,
instantaneous increase in the electron obvious that for a low p-plasm (0 defined as the
temperature T. The dominant energy loss procews, ratio of plasma pressure to magnetic pressure)
excitation of rotational N. levels, is also very the convective term can be neglected. in
fast (i.e. less than I maec), resulting in addition, since this letter addresses only the
instantaneous temperature relaxation, when the 1W feasibility of the process and not the details of
power is reduced. Transmission of an amplitude the radiation pattern, we consider the simple
modulated HP wave results in oscillation in the case where the ambient magnetic field Bo is
electron temperature followed by corresponding parallel to the density gradient Vn; this
oscillation in the conductivity tensor. If the corresponds to the experimental configuration in
HP heating occurs in ionospheric regions where the auroral zones. The azimuthal (Be) component
ambient d.c. currents flow, an a.c. current is of Eq. (1), is then given by
generated in the heated volume which radiates at
the modulation frequency (Chang et al. 1951, -K 729 e = (n)z(T)r (2)
Stubbe et al. 19913. In this letter we at o-en
demonstrate that the presence of a d.c. current
is not necessary and a substantial a.c. current where K a c2/4ra is the magnetic diffusivity in
at the modulated frequency can be spontaneously the ambient plans.
generated by a dynamo process. The efficiency of In order to provide quantitative estimates of
the process is inversely proportional to the low the amplitude 8, we assume cylindrical symmetry
frequency. It is also suggested that this about the z-direction and prescribe the source
process rather than current modulation is the term in Eq. (2) as

source of the PCS pulsations received by Stubbe
and Kopka (1901) during ionospheric heating S(rzt) • c (V() :

S~~zt)= - (7n)T(T
experiments. r

Generation of oscillatory Magnetic Field S 2.

Spontaneous generation of magnetic fields f- 
-co(t) (3a)

the interaction of electromagnetic (ea) waves where

with plasmas was demonstrated by Stamper et al.
(1971) in a laser-plasm interaction experiment. c 1
A simple equation was derived in this paper for S a c I T (3b)

0 -er-Lthe spontaneously created magnetic field 5 in the EN T
form of

= [(Vn)r/n] "' is the ambient density gradient
Copyright 1905 by the American Geophysical Union. length, /L1. is the volume averaged temperature

gradient in the HP heated plasma, and LZ
Paper Number SL643S represents the characteristic dimension of the
0094-92?6/S/0OSL-643S*03.OO heated region in the vertical direction.
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280 Papadopoulo, St al: Generation of EI.F/ULF Waves

The cylindrically symmetric version of Eq. (2) From Eq. (7), we can see that the

with the source term given by Eqs. (3) can be spontaneously generated magnetic field consists

solved as generalized diffusion equations by of two parts. A steady magnetic field buildup

using a combination of Fourier-Bessel increasing linearly with time due to zero

transforms. Following the procedure outlined in diffusivity, and an oscillatory piece due to

the appendix (Eq. AS) we find temperature modulation. The amplitude of the
oscillatory magnetic field is So/2w, and in

Selr,z~t)  - dr practical units, will be given by

e9 rzt 2w J f
0

1i (r,z,t)f = .O0- f~!i~ 1000-v s1 I
(r/LT )2 (Z/LZ) 2 

!I [T 1 [" 1

(') An important result of Eq. (8) is the scaling of
(D(T-'r)) (P(r-T")) the field amplitude as 1/f. Stubbe and Kopka

(1981) detected a B field amplitude of 10.8Y for

where r=-Wt, T'=Wt' and 10 min. and 5.4y for 5 min. period micro-
pulsations excited by heating, which is

D(r-7'w) s 4 (T-T')+l (Sa) consistent with the 1/f dependence of Eq. (9).
2L Notice that if we take T f 10 3

X, LN = Iqr f 10 km

which corresponds to expected experimental
values, we find from Eq. (8) Be f 5y for f = .02

i.K Hz (T = 5 min.) and Be f 10y for f a .01 Hz. As
F(r-i") e - ('r-'')+1 (Sb) mentioned by Stubbe and Kopka (1981) the power

wLZ expected on the basis of current modulation for

the PC5 frequencies is by two orders of magnitude

The amplitude of the spontaneously generated smaller. In comparing the estimates of Eq. (8)
magnetic field Be will be controlled by the with the observations on the ELF-VLF range it is
values of K/WwqZ and 4V/wtZ. These parameters clear that the 1/f dependence does not hold for
correspond to the ratio of the radial and axial the range above 200 Hz and that the values

diffusion time scales tor2/K and LoZ/K to the expected from Eq. (8) are much lower than the
ELF/UIJ time scale 4/w. They represent the ones expected on the basis of current

balancing between magnetic field dissipation due modulation. For example for f = 2kHz, Eq. (9)
to the diffusion term in Eq. (2) and the magnetic predicts 

1
0-

4
y at the source which is much

field generation due to the source term. smaller than the value of 10-
3
y measured on the

Equation (4) has simple solutions in the limiting ground. On the other hand the values detected
cases of 4K/(LT, LZI) >> 1 and 4K/(LTz, LZz) near and below 10 Hz are consistent with the
<< 1. In the first case the diffusion time observed. On the basis of the above we expect
through the modified region is short coared to that the transition from current modulation to
the ELF/UL time scale (4/w) and limits the dynamo action being the dominant process occurs
amplitude to in the range between 10-200 Hz. We note that

t ninclusion of the Hall term in Eq. (1) does not0 2 2 affect the total magnetic field energy produced
ae(OO9t) = 16K [mtn(LT,Lj)l[1-co8(Wt ) ]  (6) by dynamo action; the Hall term simply

redistributes the Be generated flux to Or and Bz
Eq. (6) was found by approximating the time components. For the E-region and LT - 10km the

integration by taking the most significant long diffusion time approximation is restricted
contribution from the integrand at '--7 and to frequenices f o .01Hz. Below this frequency

multiplying by the width of the contributed part field saturation described by Eq. (6) occurs.
Emin ([Tz,LZz)] w/9K. This simply states the

physically obvious conclusion that the field Power Estimates

amplitude is So'diff, where 
T
diff is the minimum

axial or radial diffusion time through the From Eq. (7) we find that the power radiated

modified region. in the low frequency wave is

The second limit corresponds to long 2

diffusion time "diff relative to the ElIF/UL 1 2 e 1 cT 1 Z 9 I
build up time 4/w. The value of 89 found by PF = 2LT LN T -t = 2 (T

performing the time integration in the limit that e
2 

L
kiO is

S which in practical units becomes
a (0,0,t) - (wt-sin(wt)] (7)

0 2w Ii 1 2[0m
PL t.3 W 10

ULF Generation in the Lower Ionosphere L T f

In this letter we will concentrate on the Since values of T of the order of 4-5 x 10
3 K can

limit of long diffusion times, which for the easily be obtained, radiating power of the order

frequenices under consideration is applicable in of several tens of Watts can be generated in the

the lower ionosphere. The situation described by ULF and lower EI.? range. Such temperatures

Eq. (6) as well as intermediate cases will be require powers of 1-2 M [Perkins and Roble 1978;

discussed in a future publication. Chang et al. 19613. Optimization of the scheme



Our starting point for the derivation of the nonlinear

currents that couple the three modes is [Gurevich, 1977;

Perkins and Goldman, 1981) the warm collisional electron

fluid equations

v X B Vp

a= - - E + VV (8)a e e

e e e e

_V)_ T =2 (vm v - T V) v -Av(T -T ) (10)

t e e 3 eV e e e o
which together with the equation of state for the pressure

e = ne Te , form a closed sys;em of equations for ne , vet

Te; Av is the mean fraction of energy lost per collisi.on,

and T O the ambient temperature. In (10) we have neglected

heat conduction, an assumption valid for the E but not for

the F region. Other therms neglected, such as friction arid

thermal force, do not change the final results. The

nonlinear currents can be comouted by considering small

perturbations about a nondriftins equilibrium (no , T O ) so

that v e = vp n e = no+ n , T e = T 0 +T, assuming plane wave

solutions of the form exp[-i(wt-k.i)] and using the

resonance conditions

( I  = 2 + 3

k1 k 2 k 3

The computation is tedious but straightforward and is given

in the appendix. The resulting high-frequency nonlinear

9



2

C) + ) 5a
£3 2 C7 l i- 3S

C!

EXY 0 5b)
3

which allows propasation of Alfven waves as long as v 3 /w 3 <
I.

(2) For c&13 )> W c , V3

xx

E 3  = 0 (6a)3
2(A)

XY = P (6b)
3 cew3 W 3

which is the usual electron whistler.

(3) For V3 >) ec, C'3

E X x 0 (7a)
3

2
Cl)XY Pe

63 - ce ( 7 b)
3J A) 3s3 wce 3

regardless of the w 3 /wCJ 1  ratio. This is similar to the

whistler disoersion found above for w 3 ) Wci; it is the

helicon mode (Menyuk, Ko, and Papadopoulos, manuscript in

preparation, 1984). In this case. contrary to case (1)

above, the current is carried by the electrons while the

ions are viscously frozen. In this sense it is analogous to

the well-known helicon wave in solid state Physics CAiaraLn,

1961 in which the current is carried by the free electron;.

while the ion motion is frozen by the lattice. Referring to

the excitation of ELF waves below 100 Hz in the lower

ionosphere it is obvious that the relevant mode is the

helicon rather than the Alfven mode, to which we shlll

restrict our attention.

8



low-frequency wave is then [Krall and Trivelpiece, 19731

2 2
w 3  xx" k 2 C3 xy

2~ 3~ 13z 2 3
c c

=0 (2)
2 2

W 3 xy (1)3 xx 2

2 3 2 3 3
C C

xx XY
where e3 and 63 are the diasonal and the off-diasonal

elements of the cold Plasma dielectric tensor. Assumis

ce >> V >> cA3 we find

2 2
exx - e 3 exy _e1 = i _2 3 i i3 (3a)632~- v 3 wew3

C:e

2 ) 2 t)
(CA2 (CA 4- i' V 2

_xx oi 3 3 _ 01Y 'c
3 + it'3 )

2 ] 3 W3  c _ (w 3  + iv 3 )2

2For ai > Yomax (wci, V 3 ' w3). equations (3) reduce I.o

2
xx exx ixx wPi 3+iV3
e3  = 1 3 C +2 _ W 14a)3 2i- (w 3 + lv 3 ) 2 Ca 3

(4b)

2 (C =z 2 -- 1eI
ey sY=Cexy + zxy - P e 1 L- 3ce w 3  Cci

From (2) and (4) and neslecting the displacement current we

find the following resimes of weakLy attenuated Proper

e teenmodes:

(1) Forw > c ) > 3

7



compute the power and electric field threshold conditions

for ELF generation in the lower ionosphere by two HF Pumps

under steady state conditions and to discuss the antenna

requirements for a proof of principle experiment. The final

section summarizes our results, stresses their limitations,

and outlines potential improvements and extensions.

2. NONLINEAR INTERACTION OF TWO HF WAVE PACKETS
WITH AN ELF WAVE IN THE LOWER IONOSPHERE

We assume first that the two interactins hish-frequency

waves have w2i  W2 >) Wce, where £ace is the electron

cyclotron frequency. In this case the plasma behaves

isotropically, so that the dielectric tensors 6 1 , 2 of the

two waves are diagonal, i.e., L',2 I. In the fluid

approximation the dispersion relation is then

2
S,2 2(a)

1,2 2 1,2 1,2
C

2
1| 1 -- 1 1 | (1Ib)

(A) (1,2 .. 2 J

where (Joe is the pLasma frequency and vthe electron-neutral

c:ollision frequency. For the low-frequency wave we consider

W 3 < Wi, where wPi is the ion plasma frequency, so that we

can neglect its electric field parallel to the ambient

mannetic field, whose direction is taken alons the z axis

(i.e., E 3Z 0). The dispersion relation for the

6
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Gurevich, 1978] dominates over the ponderomotive force, the

downconversion efficiency is increased by a factor V/w 3

where Y is. the electron collision frequency. Furthermore

the Power threshold required for complete decay is reduced

by a comparable v/w 3 factor. Since the vali,,; of v are

larger for the lower ionosphere (i.e., E region), it is

advantageous to consider the interaction in this region.

In this paper we examine the ELF generation in the

ionospheric E region by the beating of two HF heaters. In

the next section we discuss the ELF plasma eisenmodes in the

E region where the two HF pumps will couple and derive the

equations describing the nonlinear interaction of the three

wave packets. It is noted that for altitudes below 150 km

the ion--neutral collision frequency (V3) is larger than the

ion cyclotron frequency (Wci), thereby not allowing the

existence of proper Alfven or masnetosonic eisenmodes. it

is then found that the viscous ion damping (V 3 > wc>)

freezes the ion motion and allows the whistler mode to

continue as a helicon [Aisrain, 1961] a risht-and Polarized

mode, to frequencies w 3 < V3. In Section 3, we extend the

work Performed on threshold conditions and power transfer

efficiency in collisionless three wave packet interactions

to the collisional regime. This section includes many novel

and rather profound physical issues. Section 4, uses the

mathematical and numerical conclusions of Section 3, to

5



nonlinear mechanisms for ELF seneration which are

independent of the ambient current. Paoadopoulos et al.

[1982) considered the Possibility of parametric excitation

of an Alfven or masnetosonic wave in the ionosphere by

beatins two hish-freQuency waves (c1, j2 ) with w1 -w 2 equal

to the frequency of the low-frequency mode (w3 ). lhe

process envisioned was essentially a modified stimulated

forward Brillouin scatterins [Liu, 1976J with the Alfven

wave, instead of an ion acoustic wave, actins as the

low-frequency sianal. In the larsuase of parametric

instabilities the pump (w3 ) and the idler (w2 ) are HF waves,

while the sisnal (w3 ) was an Alfven or masnetosonic mode.

In the work by Papadopoulos et al. [1982) the process was

considered as collisionless so that the Ponderomotive force

was the dominant nonlinear force. The power threshold

necessary for complete decay can be found by the inverse

scatterins transform (IST) method [Zakharov and Manakov,

1975; Reiman, 1977; Kaup et al., 1.979] The aqalysis

revealed that for upper F resion ionospheric parameters the

power threshold necessary to excite Alfven waves was very

larse. In addition the maximum downconversion efficiency

was limited by the Manley--Rowe relations [Saadeev and

Galeev, 1969) to w 3/C 1, i.e., less than 1O--4  for

downconvertins 5 MHz to 100 Hz. It was subsequently noted

[Papadopoulos et al., 1983) that if the thermal nonlinearity

caused by collisional electron heatins [Berser et al., 1975;

4



Due to technical Problems with the Tromso heatins

facility it has not been possible to senerate sisnals in the

10--.Hz to 200-Hz resime. However, sisnals up to 10 y have

been senerated for Pc 5 pulsations up to 10 Hz. These

signals are much larser than expected from current

modulation, and their jhysical orisin has been a mystery.

W In a recent paper, PapadopouIos and Chans, 1985 noted that

spontaneously senerated masnetic fields with time variation

similar to the HF modulation can be generated durins

ionospheric heating experiments when Vn X VTe P 0, where V ne

is the ambient ionospheric density gradient and VTe the

electron temperature aradient in the heated resion. The

seneration of these fields is independent of the ambient

current, and its physical orisin has been demonstrated in

laser-produced Plasmas [Stamper et al., 1971). PapadopouLos

- and Chans [1985] indicate that for frequencies below 40 Hz

the spontaneous field seneration dominates over the current

modulation, thereby explaining the larse observed sisnals.

While the above mechanisms appear to be rather well

understood, they are relatively inefficient in

downconvertins 1.F Power to ELF. In addition the nonlinear

demodulation can be applied only in regions of preexisting

currents, and the maximum senerated sisnal amplitude is

strictly constrained by the local current values. The-se

limitations provoked the search for other more efficient

3
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waves amplitude modulated at the desired low frequency. The

basic physics of the technique, known as nonlinear

demodulation or, for historical reasons, ionospheric

detection. lies in the fact that the HF wave produces

modulated electron heatins, which results in modulation of

the local conductivity. Natural ionospheric currents which

Pass throush the illuminated resion are modulated by the

conductivity chanses, producing a radiatin8 dipole current

pattern [Chana et al., 1981). The earliest experiment-al

results on nonlinear demodulation were observed durin8 the

Soviet heating experiments at Gorkii [Germantsev et al.,

1973; Kapustin et al., 1977). The polar electro3et was

modulated in the VI.F ranse (1--7 kHz) with a 5.75-MHz carrier

and 15-MW effective radiative power (ERP). Sianals were

observed only between 2.5 and 4 kHz with strength in the

ir ranse 2-25 X 10- 2 sV/m. More reliable results for polar

electrojet modulation were reported by the Max Planck group

[Stubbe et al.. 1982a. b) Using the Tromso Norwaiy

ionospheric heater. The ERP in this case varied between /5

and 125 MW, and the HF frequency utilized was 2.5-8 MHz.

VLF sisnals with ampLitude 10 -3 7 were observed with maxima

for 2 kHz. Finaily Ferraro et al. [19821 reported VILF

sianals in the 500--Hz to 5-kHz ranse usLng the Arecibo FIF

heater at 3.17 MHz to modulate the eauatorial electrojet.

Asain maximum strength appeared for 2-kHz VL.F sisnals.
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1. INTROOUCTION

The interaction of hish-power radio waves with the

ionospheric plasma is strongly nonlinear. The main

nonlinearities arise throush the ponderomotive and thermal

forces. As a result of the nonlinear interactions.

electrostatic (es) and electromasnetic (em) waves with

w frequencies different than the pump frequency can be

senerated. A comprehensive review of the subject can be

found in a recent monoaraph [Gurevich, 1978). The present

paper examines the feasibility and the efficiency of

utilizing the nonlinearities of the ionospheric plasma to

downconvert HF sianals to ELF in a controlled fashion. The

-w subject matter, besides its intrinsic scientific merit, has

a broad spectrum of applications, ransins from ionospheric

and magnetospheric probing to low-frequency submarine

cormnunications. The emphasis in this work will be on the

nonlinear physics aspects of the interaction, the projected

scalings, and the heater requirements for a proof of

Principle experiment.

Ionospheric heaters have been used successfully for the

8iseneration of VLF arid ULF signals [Stubbe and Kopka 1977;

Stubbe et al., 1981; Ferraro et al., 19821. These

experiments induced local modulation of existins ionospheric

currents, such as the auroral and equatorial electrojets, by

illuminating the current--carrying resion with strons HF

-7



Generation of ELF waves by stimulated parametric couplin8

of two HF waves in the lower ionosphere is considered. In

this resion the nonlinear force is dominated by the thermal

rather than the ponderomotive nonlinearity. It is shown

that this results in lowering the Pump threshold for

complete decay by more than an order of masnitude while

achieving efficiencies in excess of those expected on the

basis of the Manley-Rowe relations. The lower-freQuency

mode excited for E resion altitudes is the helicon mode,

which continues to freQuencies below the ion cyclotron

frequency because ion-neutral collisions freeze the ion

motion. The application of these results to ELF generation

in the lower ionosphere, includins power estimates for a

Proof of principle experiment, is discussed.

-. . . . . . . . . . . . . . . . .. . . .
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papedopoulos, et al: Generation of El?/JFl Waves 281

requiree maximizing the electron temperatures (T2 %wre 3(|,k,o) t the Fourier-Bessel component
dendence) while minimizing the boated area of the initial condition 90(r,z,o) at t = 0.
(1/L1" dependence). Both can be achieved with Final solution of Eq. (AI) is then obtained by
high antenna gain and by optimizing the energy the inverse transform
deposition altitude. Detailed numrical studies 0o1 a kz
are in progress and will be reported elsewhere. B(r,z,t) = j dt I f dk Be(,k,t) Jo(Ir)e

Summry and Discussion (AS)

Note that this procedure leaves the form of
We have shown that amplitude modulated source term 8Cr,z*t) unspecified, and can be

ionospheric heating can generate spontaneous extended to include the azimuthal dependence of
magnetic fields by coupling to the density the problem by adding a B transform
gradients of the ionospheric plasmas. The time
dependence of the spontaneous magnetic fields is f d t sg.

For the source term given by Eqs. (3) and
similar to the dependence of the temperature Oe(r,z,o)O, Eq. (AS) gives

" gradient perpendicular to the ionospheric
teerature gradient, shifted by 1r/2 in phase. S
Therefore a periodic heating pulse will generate B (r,z,t)= J dr(l -cooi')
periodic magnetic pulsation. The amplitude and 2w

power of the low frequency signal scales of 1/f
Rfavoring the lower frequency signals. It is

important to note that the mechanim does not
require and is not affected by the presence of (r/tp )2 (Z/LZ)
bient ionospheric currents. The field exp .. I 11

generation t due to the presence of a source I(I- )+I
term producing fields with V x _ 9 0 and is not a 2 2

plami or parametric instability such an (A6)
* discussed by Kuo and Lee (1993). in this paper1r

we demonstrated the basic physical mechanism A -("-)+I (r7--)+I

along with approximate estimates of the expected .I
mplitude and power. It is easy to show that
short scale density fluctuations due to
pondeorotive force or density modulation will where 7 = wt, 7" = wt' and the integral relations
not affect the zero order field generation. The
role of diffusion as well as application and s 2 2/L_2
scaling of the process for situations that Tn is dr re-(r(9) 2  (Er) =- e-at angle to Bo, are presently under study and 0 2

will be reported elsewhere. -ikz _(&/L )2 (Lk/2 )2

Appendix dz e a V 4 LZe (A7)

For cylindrical .yumetry, such as expected
in the HP heating experiment, Eq. (2) reduces to were used to obtain the final result.

[ 2 l Acknowledgments. We would like to express our
!- K 2- [r -1 + !- 11 Be(rzt) = S(rz,t) thanks to Dr. A.T. Drobot for many valuable

r Or (zA2  discussions, and to Dr. C. Menyuk for his

(AI) scrutiny of much of this letter. This work was
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currents are

jIL e E 2  ev) e
1 4me w2 (1 -2 -(k 3  63 E3)

e E (12)jNL _e I - iy) e '- ( k  e

2 4n w1 W 3 3

Here and in the rest of the Paper, v, n, T, J, and E are

Fourier--transformed quantities. With the exception of the

small iv/w 1 ,2 terms, (12) is the standard result [Weiland

and Wilhelmson, 1977]. The low-frequency nonlinear current

w is siven by

____e 3 e 4v

-NL e 3_2 3  k (E - E )(I + i -) (13)
3 4vm caw 6 2 3 3 1 2 3c,3

For v=O this is asain nothins more than the standard

low--freQuency current caused by the collisionless

ponderomotive force [Papadopoulos et al., 1982). The

coefficient 4V/Ca3  is due to the nonlinear perturbation

caused by Ohmic heatins. For V/W 3 > I it becomes the

dominant term, introducins a V/W 3 enhancement factor in the

current as well as a T/2 phase shift. Several Physical

comments on the derivation of (12) and (13) can be found in

the appendix.

Usins the currents jNL. as a source in the wave equation

for each of the three waves we find

10
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D • E = JN Lid a2 3
°- 

(14)

D e k 2 + k.k.j c ?

In the absence of nonlinear currents (jNL = 0) the vanishins

of the determinants, IO3I = 0. represents the linear

dispersion relations of the individual waves, that were

siven by (1) and (2). Takins without loss of senerality the

Polarizations of E1, 2 as

E,2 ,2)

and usins the isotrooic property of the tensors Ei, 2 for

W1i, 2 >> Wce, we find

DE 41 NL
2 1

c (16)

' 42 NL
D 2 E2 = 2 2C

with 01,2 siven by (1) and JA- 2  by (12). For the

Polarization siven by (15) and usins the fact that E3 z - 0

for W 3 << Cipi, the equations for the low-frequency wave are

siven by

["3 6)( - k~ j E + 2 X Ey = 3 NL (17a)2 e3 3 z 3x 2 3 y -2 3x

2 2
W- 3~ EY 3 3  k 1  

3  1?F2C&13 3 NL (1b)2C3 E3x + 2 ' k31E3y2 3y
xx xy

where E and XY are siven by Eqs. (4). Eliminatina F
from (D:), we find

Z .

. . . . . . * .." . . . . . . . . * 3 . .



-- 1

S4ww ( 2 Ci2

D E 3 3 C~ V.36 X 2 N~~J L + LJ (8
3 3y c2 3 --' 2e3 3z 3x + 3 18

whete

-2 2
0 6 XY 3 XX k 2 + - 3~ -xk2 (19)3 2 3 2 C3 3~ -2 63 3x"5c C I c

Depending on whether we are coupling to Alfven waves or

whistler-helicon waves, the values of E 3 XX , L3 X Y will be

siven by (5) or (7). In this Paper we are interested in

coupling to helicons, so that

IE3XYI / 3XX (mi/me) (v/Wce) ) 1.

Therefore, D3 becomes

k3 k 3  2 ICI k3k30' C

3=- (20)

k 2
k3

with gi ven by (7b). The case of Alfven waves can be

examined in an analosous manner. Assuming without loss of

generality that k3 y = 0 we find that k 3 . 3  E - k 3 X 63 xy

Ey, so that J 3 = J 3 y Y- From (12), (13), (16), (18). and

(20) we find the coupled system of equations,

, E 3
- = (1 -- ) _ (21a)

1, 1  () 2  (C2 C 3

E) 13
e''-' £2iv 3l£

)2. (1 - ) __L(21b)
2 W 2  1 L 1 1 C 3

12
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E3 El E
03 E3  1 1 + 3 -v - W W*2 (21c)

where

2 2
e k_ 3xWP (22)

mc ce

and we have set E 3 y = E 3. In the collisionless case the

hish-freQuency waves produce a low-freQuency ponderomotive

force, -eE P , on the electrons, which results in a nonlinear

current jNL that drives E3 . In the collisional case. jNL is

Predominantly due to a temperature perturbation T13* when the

electrons are Ohmically heated. In either case, the beatins

of the hish-freQuency velocities vLI, V1L 2 with the low-

frequency density perturbation n3L Provides the primary

couplins mechanism between E 3 and the hish-frequency fields

El , E 2. It is worth notins that for interaction with a3 <C

W 1, w3, Ik 3 1 <" Ikill.kzl, and by choosins the HF electric

field Polarization in the y direciton, we end up with all of

the nonlinear currents and the low-frequency electric field

in the y direction.

Equations (21.) describe the interaction of infinite,

homoseneous, plane waves. In practice. however, we deal

with two HF wave packets interacting with an ELF wave packet

within a svatially localized region controlled by the

antenna gain. In order to determine the efficiency of the

interaction the localized and inhomoseneous nature of the

13



waveoacket interaction should be included. For a weakly

nonlinear interaction between localized wave Packets. we

follow the. standard procedure and expand Di in a Taylor

series about the phase matchins Point where the resonance

conditions (11) are met; that is, we let

aw.4 at Wk.

operate on
E.(rt) a.a. (rot) ei(witk j 'r) (23a)

where

Ai j / .(a%/8(i" (23b)

and aj is the slowly varyins envelope of the jth wave

packet. The linear ,amping rates rj are siven by the

imasinary Parts of 0j while the partial derivatives of 0j

are evaluated for a particular mode (w ,kj). For positive

- eneray waves as is the case here, aDjl/W3 > o. Usina the

fact that. to lowest order, the waves obey the line.ir

dispersion relations Dj = 0, we obtain the equations for the

coLlisional three--wave couplins in standard foim

+ u 1  V + r1J a, = K [- -- a 2 a3  (24a)u~2
~w rVS+ U2  V + 2  a2  = -K* - jala3  (24b)

ST 2 2a22(24 1

a + u3  v + r a3,- --K 1 a a* (24c)

where

14
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80. aD.3 3
--= - (25a)

aw. ak.
3 j

are the aroup velocities of the waves and

r 80 a02 aD 1
K1 2 (25b)

is the symumetric couplins coefficient for the collisionless

interaction. BY settins 8/8t o, one finds the steady

state two-dimensional version

a + U + r a = K ( - - a~a 3  126a)
w2

w

+ + r = -- (26b)

+ u 8 + r3] a. -K 1 + a"a- (26c)
T 3 TX 3c 33  1.

where the interaction is assumed to evolve in z (ujz > 0).

The new variables are expressed as foLlows:

a. a. u. u = u / u r r. / u (27a)
3 3 JZ 3 3X JZ 3 3 JZ

and

K = K / (u u2  u (27h)

EQuations (26) with the definitions (23) and (25), the value

of 0 siven by (22), and D 1, D 2 , D3 by (1) and (20) form the

basic equations of our Problem. In the next section we wiLl

use them to determine the transfer efficiency durins the

steady 3tate interaction of the three wave packets.

15
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3. THRESHOLD CONDITIONS AND TRANSFER EFFICIENCY FOR THREE

WAVEPACKET INTERACTIONS IN DISSIPATIVE SYSTEMS

Before attemptins to solve Eqs. (26) for the situation

under study, it is worthwhile to review briefly the previous

work on the subject, which, due to its rather mathematical

nature, misht not have reached the ionospheric community.

In the collisionless case (i.e. v=O). the couplins

coefficients are symmetric and the set of Eqs. (24) has an

infinite set of invariants. This allows for the use of

inverse scatterins transform techniques (IST) (Ablowitz et

al., 1981). The one dimensional version of Eqs. (24)

(Zakharov and Manakov. 1975; Reiman, 1977; Kaup et al.,

1979) has been extensively studied in the Literature usins

IST and the results were confirmed by numerical solutions.

As noted before, the two dimensional steady state Eqs. (26)

are equivalent to the transformed one dimensional space-time

eq uations. Therefore the results of the one dimensional

soace time Problem can be directly applied to our Practical

Problem. An important result of the one dimensional

space-time collisionless analysis is the fact that the

threshold value required for Pumo depletion is equivalent to

the PumP amplitude required to achieve an absolute

instability within its width L (Reiman, 1977).

i For collisionless three wave interactions, the

16
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4eisenvalue problem which determines the conditions for

absolute instability in a rectansular Pump is well known

(i.e. the backward wave oscillator) (Bobroff and Haus 1967).

Takins the Pump inhomoseneity to be alons x, the instability

is absolute if

U2x u3x < 0 , (28a)

L> L (28b)
c

where Lc = Iu2XU3xl / 170 1 is the critical width and IoI

IK*a 1 is the uniform medium arowth rate. Eq.(28a) requires

the decay waves to be oppositely tra% .ins, while Eo.(28b)-

defines the pump threshold for the absolute instability t.o

occur within a width L. We demonstrate below that for the

stronsly collisional case (v/1 3 )) 1) similar considerations

apply. Note, however, that since the couplins coefficients

are by a factor V/J 3 laraer, the required Pump levels are

smaller by the same factor. In addition the transfer

efficiency increases by the same factor. Notice that due to

the dissipative nature of the system IST techniques are not

applicable so that one has to resort to numerical

techniques.

The linear equations for the eisenvalue problem that

determine absolute instability when one considers the

initial stase of the interaction durins which the Pump is

larse, al a 2,3, are siven by the one dimensional version

17
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of EQs. (24b) and (24c). Here only the evolution of the

decay waves is important, so that we have

(X) a * - (29a)

a U -+ 2) a2  -o

4 U + r ] a = -v(x) A (29b)

t 3x xa 2

Note that yo(x) contains the pump inhomoseneity and A is

defined by

A = I + - i (30)
3 co 3

For the threshold calculation here, we can innore the small

collisional correction on the RHS of Eq. (29a). rhe

linearly coupled system is solved by takins the conjusate of

Ea. (29a) and Laplace transformins in time as e P t . We then

make the substitution

(a a3 ) = exp - + - x (A2 , A 3 ) (31)
2 3 x 2 3

to obtain

*
a V (x)

a~ + 71J A2  0 A (32a)) oTV 1 2  ... 2x A 3 12)

[ax JA 3  ... A A2 A (32b)
u3K

where
1 [V4 r2 P *r3] ( a
S u 2x U3x (33)

EQuations (32), when sub3ect to the appropriate boundary

conditions, form the eisenvalue oroblem for the srowth rate

18



which may in seneral be complex.

In the case of a rectansular Pump of width L.

r-L/2 4 x 4 L/2
'Y (X)

1 otherwise

one may combine (32) inside the Pump resion to find

+ 4 A 3  = 0 (34)

which describes a harmonic oscillator in the normalized

coordinate C = x/1 C with a potential

ia 2 2
q = e 71--

where

8 = tan-' [4 Lj
3 

The new critical width is siven by

A= / IAI (35)c C

Equation (34) readily admits solutions in terms of

trisonometric functions to which we apply the boundary

conditions that A2 be zero at -L/2 and A 3 be zero at L/2 for

U2X > 0, U3 X ( 0. This leads to the dispersion relation

Q cot (Q % L/ ) + 7?1 = 0 , (36)C c
for the normalized growth rate n1tc. We have evaluated (36)

numerically in the limit v/wj3 )> 1 which sets 8 = v/2 and

IAI - v/(w3 . Complex eigenvalues are found, which indicates

that absolute instability indeed occurs in the collisional

regime. The real and imasinary Parts of n7ic for the first

19
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four 8rowins modes are shown in Fisures la and lb as a

function of the normalized width L/Ic. For comparison, the

results for the collisionless resime (Y = 0; 0 = 0, A = 1,

ic + Lc ) are also plotted; in this case, the 8rowth rates

are purely real. From Figure la, one finds the threshold

condition in the collisional resime to be

L > 1.8 1 (37)c

For a given width L, it is clear that the Pump value a,

required to achieve absolute instability for the collisional

interaction, is smaller by the factor ic/Lc = IAI- . Thus

a reduction in the required Pump power P1  la1 12  by the

factor w 3 /v is achieved; in the lower ionosphere, this can

be more than two orders of masnitude. The specific Ptpm

requirements for a steady state interaction relevant to ELF

seneration will be discussed in a later section.

As noted earlier, a key result due to Reiman (1977) for

collisionless interactions is that if the threshold

conditions (28) are satisfied, the linear stage of the

absolute instability will be followed by Pump depletion in

the nonlinear stase. It has been shown that an absolute

instability can also be established in the collisional

regime. Furthermore, the pump threshold is much lower than

in the collisionless case. This threshold reduction is of

great practical interest, especially for applications to ELF

20



generation. However, an equally important issue is whether

the absolute instability would lead to PumD depletion and

if so, what values of downconversion efficiency can be

obtained. We demonstrate below that nonlinear saturation of

absolute instabilities by Pump depletion indeed occurs for

collisional interactions and that downconversion

efficiencies hisher than those predicted by the Manley-Rowe

relations can be reached.

The feature that distinsuishes the collisional from

the collisionless interaction is the Presence of dissipative

terms in the couDlins coefficients so that the system's

ac:tion and energy are no lonser time invariant. To see

this, we obtain from (24) the followins relations for the

one dimensional space--time evolution

c - dx r-la12 la2124 4v IKIRe(a* a 2 aIa (38a)
H c 1  2 3

a O ~ 2 2_ Bv

f d a r la 1 r cI 3
= 7 dx R(aa12 + (38b)

and
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T Z = dx W la.i 2 (39b)
j=1 I

Notice that the value of f dxlal2 is nothing more than the

wave action (i.e., number of quanta). In the collisionless

limit, the sums c 1 2 and c 1 3 of the actions and the total

energy T are time invariant. Equations (38) with zero on

the right hand side are commonly referred to as the

Manley-Rowe relations. A direct consequence of these

relations is the limitation in the downconversion efficiency

from the Pump (Wi) to the signal (W3 ) to a value smaller or

equal to C 3/w1 . Extensions of these results to the case of

weakly dissipative systems with Ponderomotive nonlinearity

(i.e., ri/wi << 1) rely on the approximate conservation of

c 1 2, c1 3 , and 7 for them to be solvable by IST. The IST

results have been compared with numerical solutions of Eqs.

(24) with v = 0 and found to agree. They give the same

W3/ci downconversion efficiency (Liu, 1976). In order to

examine the effect of the thermal nonlinearity we solve

numerically the system of (24) with v 0 0 but rj = 0.

For the sake of simplhcity, we limit ourselves to a

model problem in one dimensional soace-time (x.t). As a

comparison. the results for the coLlisionless interaction

with symmetric coupling coefficients are also presented.

The frequencies of the waves are chosen according to (1L);

22
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for numerical convenience, we Pick in arbitrary units: oI =

10. 1 W2 = 10.0, v = 1.2 and w 3 = 0.1. The initial wave

envelopes are rectansular and the decay waves have small

amplitudes; specifically, we let 1a 2 1/1aL=O.O1, la 3 l=O.0.

Because we have in mind an absolute instability, we also Let

the decay waves to have opposite velocities U3x = -U2X,

thus satisfyins (28a). The Problem is solved in the pump

reference frame so that utx = 0. The pump threshold

condition, (28b) or (37), is met by settins lal = 1.0 in

the collisionless case; whereas, in the collisional case,

lajl=IAI- =(4v/3 (a)-' = 0.25. With these values, the

respective normalized widths are the same, i.e., L/L c = L/t c

= 3.2, so that from Fisure la, one expects a arowins mode in

both interactions.

Usins the above initial conditions, the coupled system

of eouations (24) is numerically intesrated forward in time.

Figure 2 shows the time--asymptotic behavior at t = 25.0. We

observe that Pump depletion occurs in both interactions.

In the collisonless case, the decay waves emerse as

symnetric pulses. They are identified as solitons as

Predicted by the ISr solutions (Kaup et a]., 1979). They

are consistent with the Manley Rowe relations which predict

an asymptotic state with la2 1/1a 3 1 - 1 for Pump depletion.

On the other hand, the collisional interaction exhibits

nonsymmetric Pulses with a 3 )) a 2 , which summests a rather
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By choosins the Pump and sideband field Polarizations as

E. 2 -= E 1 , 2 9, we see from the left hand side of (A.2) J

(A.3) the associated linear density and temperature

Perturbations vanish (in the (x,z) geometry),

i e.,

L L
n L T = 0 (A5)

1.2 1,2

since the high-frequency waves are electromagnetic. For the

low- frequency wave, the magnetized, cold, linear response

as given by the left hand sides of (Al) - (A.3) is

e

V L- 363E3
3 4wen(0

nk L
n - o 33 (A7)

3 W3

T k V LTL _2 ok3"3
T- o3 (A8)
3 3 (ci +iAY)

where (e3 is the electron contribution to the cold plasma

dielectric tensor.

At the next order, we evaluate the thermal and

nonlinear terms on the right hand sides of (AI)-(A.3). using

the lowest-order solutions. (A.4)-(A.8). It can easily be

seen that there is no nonlinear modification to the density

at all three frequencies (i.e. right hand sides of (A2)

varaishes)
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APPENDIX

The plane wave perturbations in a resonant three wave

interaction satifsy the fluid equations (8)-(10) as follows

1 e v + B 0 k T 0
XB + + +A

((+w) t. v +) a n

rc W X V) T - n
e e w,k

n cn.v
n0 iCYnvJ wk (A2)

2 T L VT ( v - TV) v] (A3)
3 (c+iAv) (W+iAV) 2 3 a I ( e ,k

The subscripts w, k for the square brackets indicate that -

the appropriate convolution product of the other two waves

is taken to meet the matchins conditions of (11). Equations

(A.1)-(A.3) can be solved Perturbatively.

Our main interest concerns the decay of a hish-

frequency electromasnetic Pump-wave (w1 , k1 ) into a hish-

frequency sideband (W2 , k 2 ) and a low frequency mode (() 3,.

k3 ) in the collisional resime. If we assume that the LImD

wave and its sideband have freauencies W1,2 )> Wce, the

electrons are unmasnetized, and the left hand side of (A)

yields, to lowest order. their driven velocities in the

linear, cold limit

-meii 12 I r

L - 1 1- (A4)
v1,2  m mW 1.2 W1.2
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electron heating will be required to support proper

experimental effort. Meanwhile the paper should be used as

a guide to the physics expected during the interaction and

the approximate desian of ionospheric heaters required for a

proof of principle experiment.

Before closing we should note that S. Gansuly and W.

Gordon (1984) reported preliminary evidence for beat wave

generation for freQuencies between 10 and 40 Hz, usin8 the

Arecibo HF facility. Their results were consistent with

Power threshold scaling increasing linearly with f3 . The

preliminary nature of Lhe experimental results and the fact

that the interaction resion was in the F rather than the E

resion, where heat conditions, neslected in our analysis,

dominate the energy transport, does not allow for a

quantitative comparison of our theory with the experiment.
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5. SUMMARY AND CONCLUSIONS

We have examined stimulated excitation of ELF waves in

the lower ionosphere by the use of two HF Pumps. Previous

work [Papadopoulos et al., 1982, 1983] addressed the

excitation of Alfven and masnetosonic modes by similar

techniques. However, since for ionospheric conditions V 3 L

wci up to 150 km, excitation of these modes is Possible only

above that heiht. The thermal Ponderomotive force drivins

the interaction is Proportional to the electron-neutral

collision frequency v which is by more than two orders of

mannitude smaller above 150 km than near 100 km. The

discovery that the helicon mode [Menyuk and Papadopoulos,

1984) is a Proper eisenmode of the system even for

freauencies with W 3 ( V3 allowed us to reduce the threshold

for excitation of ELF waves below 100 Hz by more than two

orders of masnitude, by coupling to the helicon mode in the

vicinity of 100 km altitude. In addition to focusing on the

helicon mode, a more detailed descriotion was Presented of

the Parametric decay Processes in dissipative media

discussed Previously in a letter [Papadopoulos et al..

1983]. As noted, a more comprehensive analysis includins

the effects of oblique Propasation of the Pump from the

around to the ionosphere, the inhomoseneous structure of the

pump in the interaction resion, the inhomoseneous structure

of the ionosphere, and a self-consistent description of the

33
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from (50), by taking k 2 x/k 3x - .5p Te i03 K, and ci/coe

* 2. The value of wi/Woe - 2 implies a 300 incidence angle

of the transmitter, which is sufficient to achieve long

propagation Paths (Ginzbure, 1970). Using these values (50)

becomes

P THR = 62 n2 N 100) (OHzJ MW (51)
0

Table 1 shows the power required to excite 100-Hz and 50-Hz

waves as a function of height as computed by (51). The last

column shows the required pump frequency versus height based

on 30* incidence. Daytime conditions were assumed in

compiling Table I (Gurevich, 1978). Notice that the optimum

interaction heisht is 100-km, and relatively modest power is

required. We would like to stress that the values in Table

I are indicative rather than exact. We feel that the

assumption of T e - 103 *K is very conservative and Te - 3-4

x 103 =K is more realistic. This will reduce the Power

requirement by factors of 3 - 4. On the other hand a

variety of propagation losses have been neglected. These

will be considered in the future. It is interesting to note

that PTHR - (1/no) (1/N). Therefore further reduction in

P-FIR can be achieved if we could increase the local

ionization by lons pulse radiation previous to the beat

excitation.
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we note that the ion neutral collision frequency v 3 > Wci

220 s- 1 for altitudes below 130 km. which is the resion of

interest in the present work. Therefore to excite

low-frequency waves below 100 Hz, we must couple nonlinearly

to the newly discovered helicon branch siven by Eqs. (7).

As discuseed in Section 2, this branch occupies the ranse W3

< v3 and extends to very low frequencies. It is important

to notice that contrary to the conventional situation, where

the currents associated with the low-frequency waves are

carried by the ions, in the helicon branch the currents are

carried by the electrons. The ion dynamics is viscously

frozen due to the hish collisionality (V 3 > wcji). Under

these circumstances the Alfven and magnetosonic modes are

not proper eienmodes.

Figure 5 is a schematic of the seometry in which two HF

waves (0 1, k1 ), (W 2 0 k 2 ) interact nonlinearly in the

ionosphere to drive a helicon with w 3 < V 3 . The HF pump is

incident at a small ansle to 8o with a beam width equal to

or smaller than the local density scalelenath Ln. For wt,

'2 )) w3 the resonance conditions (I) yield a k 3 that

prooaeates almost directly downward. Such an interaction

confisuration can be achieved by grazing incidence of the HF

beams at the desired ionospheric height (Fisure 6).

Approximate values of the reouired power can be found
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.. t- -1 - ,- .'. - -' . -.. -

1 3 KI o 1 MW (50)

T- -100 HzJ

The threshold Power scales linearly with frequency, so that

it is smaller for the lowest frequencies for which the

analysis is applicable. The optimum interaction resion

heiaht can be found by maximizing the product noN. This is

due to the weak dependence of the terms (wi/&pe) and

(k 2 x/k 3 ,) on the exact Plasma parameters. We will further

elaborate on these later on.

We proceed next to use the above equations in the

desian of a proof of Principle ionospheric heatins

experiment. For convenience our estimates refer to the case

where the magnetic field is perpendicular to the density

gradient (Figure 5). This might not be the optimal case.

Determination of the optimal geometry requires

generalization of our calculation to include the effects of

pump propagation between the around and the interaction

region, and the inhomoseneous structure of the pump near the

reflection surface. These issues are currently under study

and will be reported elsewhere. Before comparine the

threshold conditions for the nonlinear interaction we

examine the type of low-freQuency waves of interest for our

particular application. The dispersion relation for the

low-frequency ionospheric modes was discussed in Section 2.

Referring to typical ionospheric conditions (Gurevich, 1978)
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and substituting for 2 explicitly, we obtain

I = 4 2 C i c k 2 xI rjIE (z0O)I- ic II (46)
e 12 k3 xI TAI'(L

p. C

The requirement for absolute instability leadin8 to complete

decay is given by (42b). Therefore the threshold electric

field found from (46) by taking L/Ic - 2 is

w

IE (z0O)I 4 x 10 2 rl0km] icel k2x1  I V (47)
1 THR LL I 2- Ik 3x IAI~ rSn

Pe

For ionospheric conditions calce = 7.5 X 106 -1 and v = 2.5

wx l0- L  N Te -i based on ion neutral collisions; N is in

cm-3 and Te in =K. Using these values (47) can be written

in practical units as

IE (z=~l 22 J'J lk~J [10 km]
1 THR 22

.w 1Ocm"3  [ cm3~ (0 3"K Im (48)n N T 100 Hz m

The Dower required to achieve this can be found from (47) by

assuming that the HF illluminated re0ion is a square wit.h

side L. Then

PTHR = 0 c IE lZ=0) 2 (49)

7 1('Z 1 ITHR

Notice that the resulting equation is independent of L.

From (48) and (49) we find that in Practical unit.s

64 [e [k [11012 c 3
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case apply to the steady state interaction as well. Rather

than enersy, here one looks at the downconversion of HF

power into the ELF/VLF signal. In analogy with (41), we can

write the power downconversion efficiency out to a distance

z as

7 r ~ 2 2dx la (0)1 la z)
P 3 (Z) _CJ3 J i

-Q , (43a)
1. 1 2

where

P 2
P. =.(A. (43b)3 3 3

Z

0(z) J dz Re (a* a2 a3 ) (43c)

0

Therefore, in the collisional limit, the amount of ELF power

one can generate may exceed the collisionless maximum W3 /W1

set by the Manley-Rowe relations, even when total pump

depletion does not take Place.

Of ereat Practical interest to the ELF meneration is

the Pump requirement for absolute instability. From the

definition of 1c, we can solve for the incident Pump fi.eld

1E (z=) =1 2 aD3 (44)V CLBI Wk 2x Tk3X II

where we have used (25) and (27) for 3, 3 a k, and in

(42c). Reconitzine
[' 8D.

- -2k (45)
ak
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IV STEADY-STATE INTERACTION-ELF GENERATION

Relevant to the ELF 8eneration scheme is the steady

state interaction siven by (26). With the time variable

replaced by z, the initial value problem we hitherto

considered turns into a boundary value problem. The

absolute instability found Previously, which corresponds to

an oscillator in time, now describes an amplifier in space

for the low-frequency wave. In the nonlinear saturation

4 stase, the pump depletes as it propasates. Due to the fact

that (24) and (26) are equivalent systems, it is straisht-

forward to see that the conditions for absolute instability

*in the steady state case are

u~u3 <) (42a)

and

L > 1.8 1 (42b)
C

where

S! 12 U 3 (42c)
C

1K a1 (z=0)IIAI4

Since U 2z, U 3z > 00 (42a) coincides with (28a) while (41b)

can be shown to be identical to (37), i.e. 1c ic, if one

replaces the initial condition a, (t=O) in tc by the

boundary condition ai (z=O). It follows that the

conclusions of the nonlinear analysis on the time dependent
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dx la (O)12_la (t)12 +3 (t) _3_- 1 -t)I

30 - 1 T I I (41)
1 dx laI(O)1 2

It is easy to see that in the collisionless limit, the

maximum downconversion efficiency one can achieve is w 3/1

if the Pump is completely depleted, i.e., ai(t) = 0. In the

example we consider, aL(t) d 0 so that the downconversion

efficiency is less than W 3/w1 . The collisionless maximum

W 3 /J1, a consequence of the Manley-Rowe relations, can be

exceeded in the collisional interaction when the collisional

heatina term dominates the pump depletion term, la1 (t)1
2 .

Due to the larae factor v/w 3, this may occur when the three

waves overlap even over a short duration. As Fisure 4

shows, the downconversion efficiency indeed exceeds W3 /Wj

without total depletion of the Pump. Therefore, we have the

W
new interestins result that in a collisional interaction.

the Manley-Rowe relations no lonser set the limit for the

downconversion efficiency. The determinine factor in this

case is the cumulative collisional heatine over time. rhe

effect is most sisnificant when the convection of the decay

waves out of the oump is slow so that a has the larest

intearated value possible. Under such conditions. the

downconversion efficiency exceeds the .... lisionless maximLm

W 3 1WIL
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*the Manley-Rowe relations Predict, the collisionless

interaction Yields a value equal to the frequency ratio

C3C2= 0.01.

The Present numerical results can be shown to be

consistent with the action relations we Previously derived.

Subtractins (38a) from (38b) and intearatine in time# we

obtain (ri = 0)

'dx (1a (t) 2 -_ a (t)I 2 = dx a (40a)1I 3 2 J34

where
8 r~t

y I K I Jdt Re (a1 a2 a) (41b)
0

For the collisionless interaction (v 0). (40a) simply

states that the transfer of action to a2  and a3  are

* identical; hence the appearance of symmnetric Pulses in

Fisure 2. It then follows directly that the eneray ratio in

Fisure 4 should be equal to Cw3/W2, which it is. In the

collisional case# (40a) implies a net sain in action-

transfer to a3. and we observe numerical evidence to this in

the emersence of nonsywinetric Pulses as well as in the

-increase in 3 (t)/ 2 (t). An expression for the down--

conversion efficiency may be obtained from (38b) by an

intearation in time (ri 0)
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different action transfer picture than that described by the

Manley-Rowe relations. We have plotted in Fi8ure 3, the

Percentane chanse of c 1 2 and c1 3 with time. While there is

a moderate decrease in c 1 2, the increase in c1 3 is dramatic.

The preferential transfer of action to a 3 is understandable

in view of the larse factor V/w 3 in the low frequency

wequation as compared to the small correction v/w 1 in the

equation for a 2. Physically, the enhancement is due to

additional W 3 photons that are beins senerated at a larse

rate via the temperature perturbation as a result of

electron heatins by the hish-frequency waves. This is

achieved at the expense of the total enersy T which suffers

wa net loss to the medium as evident by the lons-time

decrease shown in Fisure 3. In comparison, the

correspondins collisionless interaction displays no

noticeable chanse in any of the three quantities considered.

Of particular interest to the ELF/VLF seneration is the

efficiency with which one can downconvert the pump Power

into the low-frequency wave CJ3 . Toward this end, we have

calculated the downconversion efficiency 3 (t)/ 1(0) for

- both the collisional and collisionless interaction. Fisure

4 shows an order-of-masnitude (-20) enhancement of the

former over the latter. Also shown is the enersy ratio

3 (t)/ 2 (t). Asain we find that the collisonal interaction

assumes a much larser value (-0.8) at Pump depletion. As
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n. = 0 j = 1,2,3 (A9)3
whereas the nonlinear temperature Perturbation is due only

to Ohmic heatina,

TNL  .2 e 2(A1)
3 3( av) e w.,k. jA

Since the thermal Pressure does not affect the electron

w velocities at hish frequencies (TL 1 ,2 = 0) we find usins

(Al) the nonlinearly perturbed velocities

M _ - te E N g ,
M.. 12 (All)

1,2 me(w1 92 +iv)

where

ik TNL 1
ENL 12 1.2 + e+ v X B

e e c 1 2,kl, 2

E T, 2  + . (A12)

I 1,2.

To arrive at (A.ll), we have combined the terms on the risht

hand side of (A.l) with the electric field term on the left

hand side and defined the nonlinear fields ENL 1 ,2 which

contain, in addition to the Ohmic heatins ET ,2, the

Ponderomotive contributions within the square brackets.

EPI,2 -. In a similar fashon, the nonlinearly Perturbed

velocity at low frequency is siven by

e a NL e. 3)
NL 33E3 (A13)

v3 4wen
0

where
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iL 3 N
E3L 3 + 3 ,k 3  e ET + Ep (A14)

Here, the Ponderomotive field is entirely due to the E X B

drift of electrons. For our Parameters of interest, the

linear thermal pressure nLT2 turns out to be nealisible and

has been isnored.

The nonlinear current densities that drive the hish

frequency waves w l , w2 are due to the nonlinearly perturbed

velocities *-L,2 and to the beating of the linear velocitios

*L1, 2 with the low-requency density perturbation Nr,

NL= -e NL + nLvL]
1 -e32

(A5)
jNL [ e NL + nL* vL]
2 - [novl2  3 1

where the asterisk superscript denotes the complex

conjusate. We keep only the second of the two contributions

to jNL1 ,2 since it can be shown that its effect is areater

by the ratio of hish-frequency to low-frequency phase

velocities. Expressins nL 3 , #L 1 ,2 explicitly in terms of

the electric fields via equations (A.4), (A.6) and (A.7),

(A.15) become

jNL -e E2  [i( ie e
I 4vm e(2(1 Z2 3

(Al6)

3NL e E 1 [ k
2 4 I3
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The low-frequency nonlinear current density, however,

is caused solely by the nonlinearly Perturbed velocity, i.e.

SNL -nvNL A7
3 o

because all hish frequency density Perturbations vanish.

The two nonlinear fields that drive *NL3 are evaluated

separately. SUbstitutins (A.10) for VM 3 0 we have for the

thermal field

T 4 k3 L (A18
E E3 = 5Vme -j v1 I* AS

3
where Av has been nealected when compared to W3. If one

replaces *L, by (A.4), aPlies the frequency matchins

condition and assumes (w1 - wJ2 , ET may be further reduced to

E T 4 e 1, 2 k !.(A19)

3 3 me W1 2 3 Cw3
-~Similar treatment on the Ponderomotive field

E B v B (A20)3 c

Yields

P ze 1E 2 )
E -1W (k +-'- k) (A21)

-where we have related 8 1 . 2 to EL, 2 via Faraday's law and

have made simplifications usins vector identities. Droppins

the contribution Proportional to k, because it is smaller

compared to k3 ' we finally obtain
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vo NL. W 3 *, k [EE*f + 4v (A22)
3 4m W 2.1 2 N U3

*It is clear from (A.22) that the thermal nonlinear~iy

dominates when V/W3  It 1 introducins an equivalent

enhancement factor as well as a V/2 Phase difference.
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Fie. la.- Real Part of Vic (iiLc) versus L/Ic (L/Lc) for

the collisional (collisionless) interaction. The dotted

lines refer to the collisionless case.

Fig. lb. Imansinary Part of Vic (7lLc) versus L/Ic (L/Lc)

for the collisional (collisionless) interaction. The dotted

-lip line at zero is for the collisionless case.

Fig. 2. Waves Profiles at t=25.0 for the collisional

(solid lines) abnd collisionless (dotted lines) inter-

actions. -

Fig. 3. Percentage change in the sums of the actions

C12 ' C13 and the total energy T versus time. The dotted

line indicates zero change for the collisionless inter-

- action.

Fig. 4. The enerse ratio E3 (t)/6 2 (t) and the down--

conversion efficiency C3 (t)/Cl(Q) versus time for the colli-

sional (solid lines) and collisionless (dotted lines) inter-

act ions.

Fig. 5. Geometry of three-.wave interaction in the lower

ionosphere.
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Fin. 6. -Schematic of Practical ELF seneration scheme by

"razin8 incidence of two HF heaters in the ionosphere.
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TABLE I

P THRMW P THRMW

Heisht 100 Hz 50 Hz 25 Hz f Ilz

90 15 7.5 3.75 2.5

100 8 4 2 - 5

110 26 13 6.5 6

120 60 30 15 6.4

Threshold Power for Excitation of 100. 50, and 25-Hz Wavr-s

versus ionosoheric Heishts. The last column sives the

required Pump frequency (based on equation (51).

S" -



dominance of the EW magnetic component. First, the absence

of a vertical f ield component implies that the nonlinear

current flows horizontally in the ionosphere in a rather

thin sheet. From Ref. 4 we note that jNL 3 - 30 k3 where

03 is the low frequency dielectric tensor. Since the

dominant element of C3 is the off diagonal (63 XY) the

current flows on a plane perpendicular to k3 and for

wavepacket interactions in the horizontal direction will

produce no vertical field. The predominance of the EW

component over the NS is consistent with the interaction

occurring predominantly in NS direction which is the

direction of the magnetic meridian plane. Notice that in

the F-region, where the field aligned Pederson conductivity

is dominant, most of the currents are forced to flow in the

N-S direction. If the interactions would have occurred in

the E-region, where the Hall conductivity prevails, we would

have expected a different polarization for the ULF signal.

Finally, the unsteady nature of the signals could be either

due to: (i) We were operating very near threshold, which was

attained only for certain ionospheric conditions or (ii)

Nonlinear self modulation or dissipation effects forced the

system to behave like a quenched oscillator. Which is the

case will require further experimentation and better

diagnostics.

The concept tested on the second set of experiments was

similar to the spontaneous magnetic field generation in

7



B- 320 [150km (2)

where R is the beam radius in the F region and n is given by

W

3 (3a)

in the collisionless region (v <W w3 ) and

W3 3

in the semicollisional regime (V > w3 ). For our parameters

71c = 10-6 and vs = 3xlO-S. Eq. (2) with Vc = 10-6 gives .32

nw which is smaller than the observed. For i1s = 3x10-S, we

find B3 - 1.7 mN. On the basis of the above admittedly

crude estimates, we can conclude that the signals produced

exceed the upper maximum expected from Manley Rowe relations

and are in line with the predictions of the dissipative

three way coupling2 , 3.

The absence of informations concerning the precise

coupling geometry and the direction of the density

gradients, makes difficult any quantitative comparison with

observations relying on the flow pattern of the nonlinear

currents. We can only comment on the implications of the

6



where we , ne are the plasma and cyclotron frequency, L is

the pump width and A = 1 + i 4/3 v/w3 where v is the

dominant electron collision frequency. For w 3 << v, and

k2x/k3x - .5 we find

HR 'km I -! I 'n e  f3 V(b

For the case under consideration the interaction occurs in

the F-region rather than the E-region considered in Refs.

2,3. Therefore, v corresponds to the electron-ion collision

frequency, which we take as 103, ne/we - 1/3 and L - 60km

of the order of the density gradient. We also take the

ratio wi/we - 1/sinG - 2 by using an upper limit of 9 - 300,

the HF beam cone. With these values we find ETHR - 2-3 V/m.

For the Arecibo transmitter with 400 kw power and 22-25 db

antenna gain the field in the F-peak region will be of the

order of EF = .3 a V/m where a is the upswelling factor in

the vicinity of the reflection area which is of the order

5-10. Therefore the Arecibo transmitter fields in the

F-peak are of the order required for stimulated beat wave

excitation for f 3 < 5-10 Hz. On the basis of achieving

maximum theoretical efficiency 4 the low frequency magnetic

field will be given by

5
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four transmitters were turned on/off at equivalent ULF rates

of 5.0 and 6.25 Hz. There was good coincidence of the

transmitter operation and ULF detection. An example of such

generation for 5.0Hz signal is shown in Fig. 3. The

duration of this experiment was too short to compile any

meaningful statistics.

The limited number of experimental results as well as

the absence of diagnostics of the modifications occurring in

the ionosphere preclude at present anything but the most

crude comparison of the results with the theoretical

predictions. For the beat excitation the theoretical

analysis considered the geometry shown in Fig. 4. Two HF

pumps ((i0, k0, (w2, ! 3 ) were interacting to generate a low

frequency wave (w3, h 3 ) satisfying the conditions W 1 -w 2 =

3 . The analysis performed on the basis of wave-packet

interactions predicts stimulated beat wave ecitation leading

to pump depletion for HF threshold electric field in the

interaction region given by 3

10km (dIne k 2x 1 V

T H = Ll 1  m

e

(- -)

4



and the Schumann resonance near 8 Hz. F ig. 1 shows an

example of the data for HF operation at 5.1 Mz and (5.1 14Hz

+ 5 or 3 Hz). The HF transmitters were operating at a

difference of 5 Hz during 16.30-17.30 AST. The f requency

difference was changed to 3 Hz at 1.7.30 AST and then back to

5 HZ at 18. 00 AST. These data are shown as power spectra

over the frequency 0-10 Hz in Fig. 1. The peaks correspond

to absolute values of 150-350 uv/VHz and a signal to noise

ratio of about one. It is worth noting that there were no

communications on Mona and the operators identified the 3

and 5 Hz signals without any prior knowledge except for the

prearranged schedule that changes will be made every hour or

half hour and the beat frequency will be between 0-10 Hz.

All three components of the field were monitored during

these experiments. Significantly though, the signals were

received only in the coil aligned in the East/West

direction, while there was no detectable signal in either

the North/South or vertical component of the magnetic field.,

The coherent nature of the signal can be used to improve the

S/N ratio by using narrower filter. A significant finding

was that the signal had considerable fading. The fading

determined the narrowest filtering. Using a 5mH filter the

SIN ratio increased in occasional bursts as much as 50 with

signal 'strength of the order of 1 mv//Hz. This is shown in

Fig. 2 for the 3 and 5 Hz component.

In the second type of experiment (Feb. 12, 1985), all

3



The experiments were performed during the period Jan.

31-Feb. 15, 1985, using the Arecibo Observatory facilities.

The HF transmitters were operated at 5.1 MG~z and 3.1 MO~z at

a power of 4x100 kw which was fed into an antenna of 22-25

dB gain. The receiving system was built around sensors

borrowed from the Engineering Geoscience Group, Dept. of

Material Sciences, University of California, Berkeley. The

low noise induction coils used6 had a flat response for

magnetic field in the frequency band .001-500 Hz. The coils

were portable and had a sensitivity with the built in

amplifier of about 500 mV/Y. Early attempts to detect the

UL.F waves at Arecibo and at Los Canos (7km away from the

heater) did not produce any signals. These sites had large

background noise levels due to household and industrial

circuits. This prompted us to move the portable detectors

to the uninhabited island of Mona, about 150 km west of the

heater. The background noise at Mona was 6-10 db below the

Puerto Rico stations. We report below the results of the

experiments recorded at Mona.

Two types of experiments were performed. In the first

one, the four HF transmitters were split in two pairs and

the desired UJLF frequency difference was introduced between

each pair. The UJLF frequencies generated were 3,5 and 6.25

Hz. This UJLF frequency range was selected by the fact that

they are nestled in a relatively low background region

between the sub ULF geomagnetic fluctuations below 1-2 Hz

2



Nonlinear excitation of low frequency waves by the

interaction of two high frequency (HF) waves or an amplitude

modulated HF wave has, in addition to its intrinsic

scientific interest, many practical applications. It has

been suggested recently'- s  that extremely efficient

downconversion from HF to ULF can be achieved in the so

called semicollisional regime, defined as the region where

the frequency W3 of the ULF wave is smaller than the

electron-ion or electron neutral frequency v (i.e. v " W3).

Two techniques were proposed in achieving this. The first

relies on nonlinear coupling of two HF waves (wj,k),

(w2 ,k2 ), satisfying the phase matching conditions

1 2 3
(i.)

k - k = k

where k% is the wavenumber of the ULF wave. The process has

a power threshold decreasing 2,3 with W3 and for w 3 <V v

results in efficiency exceeding that expected on the basis

of the Manley-Rowe relations. The second relies on the

spontaneous magnetic field generation4 ,S by coupling the

modulated hot spot temperature gradient (VT) created by the

HF heater to the ambient ionospheric density gradient (Vn).

We report in this letter the first experimental verification

of these nonlinear processes.

1



ABSTRACT

We report the first experimental evidence for

stimulated beat excitation of ULF waves by two HF pumps in

the ionosphere, with conversion efficiency exceeding the one

- predicted by Manley Rowe relations. Both the low threshold

for stimulated excitation and the high efficiency are

consistent with theoretical predictions for helicon

generation in the semicollisional regime, i.e. when the ion

collision frequency is higher than the ULF frequency.

Generation of ULF waves due to spontaneous generation of

magnetic fields caused by the coupling of the heater induced

temperature gradient to ionospheric gradient (VnxVT) is also

reported.
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"ALive Nonlinear ULF Generation in'the Ionospehre"

S. Ganguly, W. Gordon and K. Papadopoulos
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laser produced plasmas4 . Namely the coupling of a density

gradient Vn with a hot plasma region produces a battery term

proportional to vnxvT, where T is the temperature of the hot

region. This acts as a dynamo producing a magnetic field

according to 4,S

- c (VnxvT) (4)
at en

As discussed in Ref. 5 the magnitude of the low frequency

magnetic field produced by an oscillator temperature

gradient is
w

3 = i00 [000k LN L m

where T is the oscillatory electron temperature due to the

on-off HF heater operation, LN is the ionospheric density

gradient and LT is the horizontal size of the hot spot. For

our case LN - 50-60km, LT - 50km f3 = 5Hz so that

8



3 M1'
B= .8 JO0O m

Namely mY fields can be achieved for oscillatory electron

heating of the order of T - 10000k. Such heating is not

inconsistent with the one expected from the available HF

power. Notice that Gordon and Carlson' observed F region

electron temperature to increase by about 200°k when the HF

power was about 4 to 5 times less than the present

situation. As noted in Ref. S we believe that this process

is the cause of the micropulsations at .01 and .02 Hz with

amplitude of 5-10W observed during on-off heating

experiments by Stubbe and Kopka8 . Before presenting our

concluding remarks we should emphasize that both types of

ULF generation presented here are different from the low

frequency wave excitation by modulation of the polar or

equatorial electrojet 6- 0 . The latter is basically a linear

process which requires the presence of ambient ionospheric

currents. The modulated electron heating modulates the

local ionospheric conductivity tensor. In the presence of

d.c. currents, an a.c. current is generated by conductivity

modulation which radiates at the modulation frequency.

In this letter we have presented: (i) The first

experimental evidence for generation of ULF fields by

stimulated beat excitation processes. The threshold power

is consistent with the thresholds expected in the

9



semicollisional regime. An important finding for nonlinear

physics is the verification of the prediction2 ,3 that in

this regime frequency downconversion efficiencies exceeding

those predicted by Manley-Rowe can be achieved. (ii)

Experimental verification for generation of ULF waves by

spontaneous magnetic field generation due to the coupling of

hot spot oscillatory temperature gradients with ambient

ionospheric density gradients (VnxvT). Further studies

including scaling as well as more precise measurements are

planned for the near future and will be reported elsewhere.
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* FIGURE CAPTIONS

Fig. 1 Spectra of the received signal in the 0-10 Hz band.

(February 14, 1985). Receiver was located at Mona

0 Island. Data cover the period 1630 - 1830 AST. The

HF transmitters were operating at 5.1 MHz and with a

difference frequency Af of 5Hz during 1630-1730 AST,

which was changed to 3Hz during 1730-1800 AST and

changed back to 5.0 Hz during 1800-1830 AST. The

magnitude of the 5.0Hz signals is about 160 ArHz-

C and that of the 3.0Hz signal is about 340 VHz-".

Fig. 2 Spectra for February 14, 198"5, during 1737-1740 AST

and 1821-1824 AST. The spectral bandwidth is 5 mHz.

Note the large S/N ratios for both the 3 and 5 Hz

signals.

Fig. 3 ULF signal generated when the HF was turned on/off

at 100 m.s. rate. The receiver was located at Los

Canos.

Fig. 4 Geometry of three-wave interaction in the

ionosphere.
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Appendix IV

"Helicons in the Lower Ionosphere"

C.R. Menyuk and K. Papadopoulos



HELICONS IN THE LMER IONOSPHERE

by C.R. Menyuk and K. Papadopoulos

Helicons, waves which obey the dispersion relation

nee2 k 2  
(1)

e

where ne is the electron cyclotron frequency and we is the

electron plasma frequency, have long been known to appear in

solid-state plasmas for wLni, all the way down to w-01

This wave appears rather than the more familiar Alfv6n wave

because in solids the ions are frozen into place in the

lattice, an a consequence of which, the plasma current is

carried primarily by electrons, instead of by ions as is the

case with the usual Alfvbn wave.

In the D and lower E region of the ionosphere where z

110 km, one f inds that vi 1% nl, i.e. the ion-neutral

collision frequency is much groater than the ion cyclotron

frequency.2  ft follows that the ions are viscously frozen

and only electrons respond to the wave even when wtn i , so

that helicons propagate in this region of the ionosphere,

not Alfv6n waves.

1.



We begin by recalling the electron and ion equations

of motion,

+ +  6 / -0,e E.,4iv 0) L. . .01

(2)

is + v x B / 0.Yi lc,*+i i t ) 1 01

Here, a and K are the electron and ion masses and e is the

ion charge. (The ions, primarily NO+ and O in the lower

ionosphere, are all singly-charged). The quantities v e and

vi are the electron-neutral and ion-neutral collision

frequencies. From this equation, we find

ie (W+ive) • ne

* ___T_4iu 2' n 2[Jo_(ue) [n-(witve) 2 ]

V ES-eE

• n0 i e (W' iv e0)[- (w+iv ) [nZ-( iv
_ e is e

(3)

-is (w.ivi) n_ L

6T22 2

E
- ________ ise (W ivi)

(fl,-(wD4.i) (n - 4.iPi)
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Oritinn J noe(v-ve), where no is the ion density, and

substttuting into the field equation

k2 - i- W2 , (4)

where we are assuming for simplicity that the wave is

propagating along the magnetic field lines, we now find

k27. [j2 A 1 I1 (S)

where

A~L + 0 e V 5^- (n -.+i (,.+i.ve) nZ-(W+Ji'

22

Equatton (5) learls to: the dipersion relation2 2

Ce Ii

k2 - + L

(f) i-(+iv 2)JE 2l- (W+iv 2

e 1 (6

EquattoI (5 ed oe iperIionreato

2 2



We now reduce Eq.(6) using approximations appropriate

for the region of the ionosphere which we are considering.

To begin with,

W2 - n 2  A IWt 12 . 2 2 (7)
• • ni , v,

from which we conclude

k2 w w2(iv (
)/W

k 22 -nW71 a

c nli(nitwliv i )

where we have used the relation w 2 / n. w Dropping

the displacement current contribution since we are

interested in low frequency waves and using the relation

vi -xx nl w , (9)

we conclude through first order in w/vi and n/v ,

2
2 - I )

nic v j

which leads to Sq.(l) if we neglect the small damping

contr ibut ion.
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This mode appears ideally suited for ELF (extremely low

frequency) communication applications 3 " since the lower in

4 the ionosphere one gos, the lower the wave aLtenuation

becomes.

* We thank Dr. K. Ko and Dr. A.T. Drobot toT useful

discussions. This work has been supported by O.N.R.

contract # N00014-84-C-03S3?
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