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Abstract

A powerful high frequency el ectromagnetic pump wave transmitted into the ionospheric plasma
from ground-based transmitters excites electromagnetic emissions which may be detected on
the ground. Such stimulated el ectromagnetic emissions (SEE) exhibit arich and systematically
occurring spectral structure around the pump frequency. Experiments have shown that several
SEE spectral features depend on the formation of pump-excited magnetic field-aligned plasma
density irregularities. We present a theoretical model containing self consistently both the slow
formation of density irregularities due to a thermal nonlinearity and the fast ponderomotive
interaction of upper hybrid statestrapped inside the quantized irregul arities. The quantization of
the irregularity depth and size across the magnetic field isinherent in the self localization of the
upper hybrid oscillations. Calculated spectra of parametrically excited trapped UH oscillations
with both upshifted and downshifted frequencies agree with several spectral features of the
observed SEE. The discussed model may aso be relevant to electromagnetic emissions from
other plasmas.

1. Introduction

We present a model for the self consistent localization of upper hybrid (UH) oscillations in
plasma density perturbations due to thermal nonlinearity, excited by a homogeneous pump
electric field transverse to an ambient magnetic field. We study the parametric decay of the
primary self trapped UH state into a secondary trapped UH state and lower hybrid (LH) waves,
as well asfurther decay of the secondary state and the nonlinear stabilization of the UH states.
The self localization of the UH oscillations imply a quantization of the excited density cavity
depth and scale size transverse to the ambient magnetic field, as well as of the UH electric field
amplitudes. Theinteraction of thetrapped UH fieldswith the density gradient of theirregularity
congtitutes an electric current which radiates electromagnetic waves. Previoudy, parametric
instabilities of UH oscillations trapped in a pre-formed plasma density depletion have been
studied [1, 2].

The model buildson that of small-scale magnetic field-aligned density irregul arities by the
present authors [3]. We consider here again the dynamics of the diffusive and ponderomotive
processes transverse to the ambient magnetic field dominating over those parallel to the magnetic
field, which isthe case for sufficiently high pump powers and small spatial scales. Initial results
of thiswork have been published in Ref. [4].
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2. Theory

We study the interaction of a homogeneous pump electric field Ey = Eq exp(—iwot) With a
primary UH oscillation E; = E; exp(—iw;t) and a density irregularity 7,. We further discuss
the parametric decay of theprimary UH stateinto asecondary UH state E;, = E; exp(—iw,t) and
aLH wave with the relative density fluctuation 7, = 7, exp(—iw;t), where the pump frequency
Wy = Wy = Wy + Wi

Theexcitation of UH waves (E,) by the pumpwave (E,) scattering off adensity irregularity
(n0) and parametrically interacting with the secondary state E, and LH waves ), is described by

[4]
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where Awy, = wun — wo, wun = (W) + w2, w,, we, and v, is the UH, electron plasma,
electron cyclotron, and electron collision frequency, respectively (wg > w?), pe is the thermal
electron cyclotron radius, n, is defined through the electron density N. = Ny(1 + 1), and Ny

is the background dengity.

In order to describe the diffusivedensity 7, and temperaturef irregularities, it is convenient
to introduce the two eigen modes &2 = 7 + 0/a1 2. From the transport equations for a
magnetized electron fluid and an unmagnetized ion fluid, taking into account only the dynamics
transverse to the ambient magnetic field, we obtain [3]
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where ¢ is defined through the electron temperature 7, = T.o(1 + 6), D12 = diavep? =
(Bar2—1)/(Ba12)vep?(T.+T;)/Te, Er, = Eo + Eq, and ¢ isthe vacuum diel ectric permittivity
constant.

2.1. Primary UH state

When discussing the primary UH state E; = ¢, E, itself, we neglect E, and 7, in Eq. (1). We
further neglect theweak collisional damping (v. = 0) and estimate analytically the characteristic
amplitude 7, and width L, of a density cavity containing the self trapped primary UH state in
the geometrical optics approximation. From the numerical solution of £ = £; exp(—iwst) we
find in the stationary state

&1 z—l—i—cos(/kld?l). (4)

By eiminating 6 from the two Egs. (2) we obtain in the stationary state an equation de-
scribing the density irregularity 7o in the equilibrium between the diffusion processes transverse
to the magnetic field and the heating/cooling relative to the ambient plasma by the primary UH
electricfield ;. Averaging thisequation over ; and using Eq. (4) we find that the solutionisa
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parabolic density depletion
2
- L
= (1 — ——— 5
Mo 770( (L0/2)2)7 (5)
where Ly = lo/p. and [, is the cavity haf-width. For a sufficiently deep density depletion
together with Eq. (4) we obtain k2p? = |no|/s. For the UH oscillations trapped in 7, we then
have the Bohr—Sommerfeld quantization condition

lo/2 lo/2 ri2 \1/2
kid :/ o V/2(1 — dri =7m(2n+1), 6
/_10/2 1 —10/2|n0| ( (l0/2)2) ro=mZntl) ©)

wheretheineger n > 0. We obtain the quantized cavity depth and characteristic width

N S\ 1/4
0] = mon = (2ps)"/*(2n + 1), Lo:4(;) (2n + 1)/2, (7)

where p = ¢|Eo|?/(6ddyNoT,). The quantum density step is thus Any = 2(2ps)*/2, which
with typical ionospheric F-region parameter values and Fy = 1.0 V/m gives Any ~ 0.01 and
lo = peLo ~ 0.6 (2n +1)/2m

2.2. Secondary UH state

In analogy with Eq. (1) the equation for the secondary UH state E» is

2 ,.0 3w 1 1 . .
( ot — Awulﬂ + i—pevl + Z?)EQ — 5770E2 277 (E() -+ Eg) =0. (8)

The LH waves 7, are excited by the ponderomotive force of the primary and secondary UH
oscillations and are described by [5]

2

0 . e i
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We saw in Eq. (4) that in the geometrical optics approximation, £, + F, oscillates approx-
imately sinusoidally. Similarly,

By, = |E2| cos (/deTL). (10)

The quantization condition for the secondary UH state is

12/2
/ kodr, = (2m + 1), (11)
—ly)2

where theinteger m > 0, ky & (2m + 1)7/l, and I, isthe extent of E, in the cavity.

The nonlinearly stabilized E, in the stationary state is obtained from Egs. (1), (8), and (9)

in the geometrical optics approximation as
- Ey 1/2 (lgy 1/2
|| = Eor( - — 1) (lg) .

Eor (12)
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3. Discussion and conclusion

Theinstability threshold for parametric decay of the primary UH stateinto asecondary UH state
and LH wavesfor typical ionospheric F-region parameter val ues can be exceeded inionospheric
HF pump experiments. Assuming that density irregularities with different primary quantum
numbers n occur according to a binomia distribution, we obtain a frequency spectrum of the
nonlinearly stabilized parametrically excited secondary UH states which is consistent with the
50 called downshifted maximum (DM) feature in the SEE spectrum excited during ionospheric
HF pumping [6, 7].

The tertiary UH state excited by the parametric decay of the secondary state can be
described analogoudly to the secondary UH state above. The spectrum of nonlinearly stabilized
tertiary UH states is consistent with the observed 2DM emission in SEE spectra. Further, for
a sufficiently high ambient plasma density a parametrically upshifted UH state can be trapped,
with afrequency upshifted from that of the pump by the LH frequency. The frequency spectrum
of upshifted UH states for a binomial distribution of primary UH states is consistent with the
upshifted maximum (UM) featurein SEE spectra. Finally, the decay of the UH states following
pump-off is significantly shorter than the collisional damping of UH oscillations, as a result
of the destruction of the equilibrium between the different UH states in the cavity. The rapid
relaxation time is consistent with experimental resultsfor the DM and UM emissions[8].

In summary, the described complex interaction of dow plasma density structuring and
rapid ponderomotive processes can be excited in ionospheric HF pump experiments, in which
a powerful HF electromagnetic ordinary mode pump wave is transmitted into the ionospheric
plasma from the ground. Although we have only included transport processes transverse to the
magnetic field the density inhomogeneity scale length along the magnetic field will be much
larger than that across the magnetic field, because of much larger thermal conductivity along the
magnetic field. The localized UH states cause electromagnetic emissions which are suggested
to be relevant to the stimulated electromagnetic emissions observed in ionospheric HF pump
experiments as well as collective electromagnetic emission from other plasmeas.

Acknowledgements. The authors gratefully acknowledge The Royal Swedish Academy
of Sciences for financial support for research collaboration between scientists in Russia and
Sweden. One of us (T. B. L.) also gratefully acknowledges support from the Swedish Natural
Science Research Council.

References
[1] A. V. Gurevich et al.: Phys. Lett. A 231, 97 (1997).
[2] E. Mjglhus: J. Plasma Phys. 58, 747 (1997).
[3] Y.N.Istominand T. B. Leyser: Phys. Plasmas 4, 817 (1997).
[4] Y.N.Istominand T. B. Leyser: Phys. Plasmas 5, 921 (1998).
[5] Y.N.Istominand T. B. Leyser: Phys. Plasmas 2, 2084 (1995).
[6] B. Thidé, H. Kopka, and P. Stubbe: Phys. Rev. Lett. 49, 1561 (1982).
[7] T.B. Leyser etal.: J. Geophys. Res. 99, 19555 (1994).

2393



1998 ICPP & 25th EPS CCFPP ----- Parametric Interaction of Self Trapped Upper Hybrid States....

[8] E. N. Sergeev et d.. J. Atmos. Solar-Terr. Phys. 59, 2383 (1997).

2394



