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THE SCATTERING OF ELECTROMAGNETIC WAVES IN MAGNETIZED PLASMA
WITH LOWER AND UPPER HYBRID PUMP

V.N. Pavlenko, V.G. Panchenko, S.A. Nazarenko

The scattering of a transverse electromagnetic wave by turbulent density fluctuations in the
homogeneous and inhomogeneous magnetoactive plasma with the lower and upper hybrid pump wave was
investigated. We calculate the coefficient of the scattering for the plasma with density gradient in the
presence of parametric instabilities of lower hybrid and upper hybrid waves.

1. When electromagnetic waves propagate through plasma a small fraction of the radiation is
scattered. By launching a beam of radiation into plasma and collecting some of the scattered
radiation, a lot of information about the properties of the plasma may be obtained from the spectral
properties of the scattered radiation. It is well known that investigations of electromagnetic waves
scattering by density fluctuations are important for studying such problems as plasma diagnostics,
wave transformation mechanisms in plasmas, measurements of the efficiency of the HF pump
power dissipation, definition of dispersion properties of plasma wave processes etc, This method of
plasma diagnostics has proved to be very powerful both in the ionosphere and in laboratory
plasmas.

The theory of scattering of electromagnetic waves in plasma was developed in [1 — 4].
Combined wave scattering and transformation in the plasma were predicted in [1].

The expressions for the fluctuations in density, current, fields and the velocity distributions,
all for magnetized equilibrium plasmas, were derived in [5]. The fluctuation dissipation theorem
was used in these derivations including the derivation of the fluctuations in the velocity distribution.

Authors of ref. [6] considered scattering in the presence of a pump wave in the lower hybrid
range of frequencies. The fluctuations were determined by solving the kinetic equations with the
field given in the electrostatic limit. |

In previous works [7, 8] the wave scattering processes in the homogeneous nonequilibrium
plasma have been investigated. In [7] the scattering of the electromagnetic waves by density
fluctuations in the magnetized plasma is found to depend significantly upon the presence of
parametric decay instabilities driven by a lower hybrid pump wave. This possibility offers
interesting new approaches to plasma diagnostics.

The main objective of this work is to consider the nonlinear scattering processes in
magnetized plasma with high-frequency pumps and to calculate the differential scattering cross-
sections for various types of parametric instability which can take place in the plasma.

2. In present section we investigate the scattering of a transverse electromagnetic wave by
turbulent density fluctuations in the inhomogeneous magnetoactive plasma with the lower hybrid
parametric instability. The plasma inhomogeneity is defined by the exponential density gradient

when the distribution function f,, , is proportional to exp(av), when a' = (1/n,)(d n, /dy) is
the plasma inhomogeneity parameter. We suppose that such plasma subjected to the magnetic field

-

By, =B,Z and pump wave electric field E, = E, 7 cos,t, where the frequency o, lies in the

1
lower hybrid frequency region @, ~ @, ~ @, (1+(m,/m,)cos? 9)4, W,y ~ @, (wWhere @ ,,
1s the Langmuir frequency of the particles of type a, ¢ =e¢,i and 6 is the angle between the

direction of wave propagation and the magnetic field).

Let us study the propagation of transverse electromagnetic waves in the plasma. The waves
scattering takes place due to interaction between the fluctuations and electromagnetic waves. Under
the assumption that only the scattering by the electron density fluctuations occurs we can write the

differential scattering cross section in the form [4]
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Here Ao=0'—0", =k'-k", o',0” and k',k" are the frequencies and the wave vectors of
the incident and scattered waves, O is the space angle, <&n? >, . is the correlator of the electron
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density fluctuations at the combination frequency A® . The factor RJg|* depends on the incident

and scattered wave’s directions with respect to the magnetic field {4]. We note that the expression
(1) is valid when frequencies of the incident and scattered waves are much greater than the electron

Langmuir frequency, i.e. ©,0" >>0,,

At first we consider the combination scattering of electromagnetic waves by the electron
density fluctuations in the plasma, assuming that the pump wave can decay into lower hybrid and
electron drift waves

The frequency and the damping rate of electron drift wave are
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where p , is the ion Larmor radius and v ; and Q, are the thermal velocity and the cyclotron

frequency of particles, respectively.

According to (4) the interaction between the wave and the electrons is destabilizing and we
have well known drift instability, which for a long time considered to be unavoidable in a finite size
plasma. Note, however, that the ion Landau damping term will become important in a short device
where k, has to take rather large values. Moreover, in a device with magnetic shear, k, can take

small values only locally and damping is obtained by convection into regions with larger k ;.
We obtain the expression for the correlator of electron density fluctuations < on? > rwgs WE

only note that this correlator is expressed in terms of the spectral correlation functions of non-
interacting particles and these functions, in turn, depend on the correlator of source fluctuations. For
the inhomogeneous plasma, the correlator of source fluctuations, in the general case, depends not
only on the difference I — ', but also on each of the coordinates T and I’ . Since we consider the
case of weakly inhomogeneous plasma, it may assume that the dependence of the correlator of

source fluctuations on T —T' is more sharp than the dependence on the coordinate T , because the
former dependence is related to the wavelength of drift oscillations, whereas the latter is related to
the characteristic scale length of plasma inhomogeneity.

In the plasma transparency region the main contribution to the correlator of the electron
density is given by lower frequency drift oscillations and for the differential scattering cross section
one obtains

dE d2,  di.
+

=t 5
do do do’ G)

where
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In the equation (6) the nonlinear plasma permittivity is
ce(@R) =gy (R ] s ™
: ’ ey ,(m+u}0,f<) s_l(m—mo,iz) 5
where
g (@+nw, k) =1+ yi(@+nm,k), n=0zl, ®)
k Eyc ) ; 4
H= 3 <<l and <én] > L\{M s & E? >,\m  are the common correlation spectral functions of
Wy L5

the non-interacting particles in a magnetized plasma in the absence of the pump field [6]. Near the
parametric instability threshold we may present the imaginary part of nonlinear dielectric
permittivity in the form

(krpe )
(k_LC)Z

It follows from (6) that the scattering cross section increases anomalously when the pump
wave amplitude tends to the threshold strength of the electric field (the case of critical opalescence).
This fact indicates that the linear fluctuation theory is inadequate in this case.

Now consider the regime of fluctuations which have reached high level and produces a
stationary turbulent state of plasmas. We introduce the redefined threshold value [9,10]

where E =8 a)U BO Vi ¥pe—— 5 1s the threshold electric field strength.

2
EZ ~E2 chf : (9)

th
Yi¥ pe

s

where Ver = Vpe 75— 15 the effective collision frequency which defines the additional wave
th
damping.
Using the fluctuation-dissipative theorem for calculating the correlators of non-interacting
particles, substituting formula (9) into (6) and taking into account that for electron drift wave

ro| = Ix, ‘ = — as a result we have the expression for the differential scattering cross section
qr")e )
[11]
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It can be seen from expression (10) that for typical parameters of hot plasma u~10",
qrye =107, Be=50 kG, T=5 kev, n=10"" sm™ the main contribution to the differential scattering

cross section are given by terms depending on pump wave amplitude, which can exceed the terms
due to the thermal noise scattering by several orders of value. We note also that in this case the
cross section of electromagnetic wave scattering is comparitively sensitive to the density gradient

(R "y,
3. We study now the scattering processes of electromagnetic wave by density fluctuations
when the frequency pump wave w, is close to the upper hybrid frequency ® Uy - The important role

of parametric instabilities in the region of upper hybrid resonance was pointed out in [11].
We then suppose that electron-ion homogeneous plasma imbedded the magnetic field

B, =B,Z and pump wave electric field E,=E;ycosm,t excites ion-sound waves and the

modified convective cells.
1

We consider the decay of the pump wave into upper hybrid wave w,,, ~ (a);g + Qf)z'

(@, > €2, we have the case of weakly magnetized plasma,) and modified convective cells [12]
Dy =Wy TO,. (11)

Here @, =<m,/m,)"? cos@-Q, is the real part of the frequency of modified convective cell and

Imw=y, ~(1/2)v, ( V,is the electron-ion collision frequency). Note that convective modes
arise in the magnetized plasma with a small value of g (p is the ratio of the plasma pressure to the

magnetic pressure) and can occur in the ionospheric plasma.
The parametric instability threshold for this decay is the following [13]:

2p2 2

2 COOBO meveia){;’h’l
E, =16 ] St
ke mQw;

(12)

In the region above the instability threshold (E, > E,,, ) the plasma becomes turbulent and

we use the nonlinear stabilization mechanism described in [9]. Thus the differential scattering cross
section is mainly given by “pump field” term

2t AR 4 R
s it RH | Aty b 13
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For typical ionospheric plasma parameters in the F layer at about 250 km, ny= 10% sm>,
Te~Ti=0.1 ev, Bg=0,45 G, v, =5-10" sec”’ the differential cross section given by (13) exceeds the
corresponding one due to thermal noise by several orders of magnitude.

2 2
o
Consider next our decay of pump wave into upper hybrid wave Dyyy O [] @E_Si;__]' (
20
e i

this case we have the case of strongly magnetized plasma, i.e. @, <2, and we assume again that

Yum: ®V,) and ion-sound wave o, =kv ., v =(7,/7)"* is the ion-sound velocity. This

1/2

parametric decay is possible when the condition cos23(m, /m,)"* is satisfied.
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The threshold field for such instability is defined by [13]

J ) = 2
<) ;
E;hz » 25[ J (5 B @, (600 e}/e, .

2 00
We calculate in similar manner the differential cross section in the region above threshold
(Eo> Eyy) and estimate that for typical parameters of hot plasma ny = 10" sm™, Te =10 kev, By=
=50 kG, the pump field differential cross section is greater then usual thermal noise term by 2 -3
orders of value.

4. The nonlinear scattering of electromagnetic waves in an inhomogeneous magnetoactive
plasma is considered. The differential cross-section for the scattering of electromagnetic waves near
the lower and upper hybrid resonance frequencies are obtained. For typical laboratory parameters,
the differential cross sections in the presence of electromagnetic waves are much higher than the
corresponding cross sections when fluctuations are presented. The results of this paper should be
useful for understanding the processes of electromagnetic wave scattering in the laboratory and
ionospheric plasma with lower and upper hybrid pump and also for experimental investigations
using scattering techniques for studying the influence of plasma in thermonuclear devices.

Note that the last investigations of electromagnetic wave scattering in the magnetized plasma
have been carried out in [13 - 17].
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PO3CISTHHSI EJEKTPOMATIHITHUX XBUAJIb B 3AMATHIYEHIN ILJIA3MI
3 HWKHBO- TA BEPXHBOT'IBPHIHOK) HAKAYKOIO

B.M. [Hasnenxo, B.I'. Hanuenxo, C.0. Hazapenko

Jocnigkeno poscmm{ﬂ nonepeuﬁm €IEKTPOMArHiTHOT XBW/I Ha (UIYKTyalliX ryCTHHY TUTa3MH s
OHOPINHOT Ta HEOJAHOPIHOI 3aMarHiuyeHol NIasMK B MPHCYTHOCTI BEPXHbO- T4 HWKHBOTIOPUAHOT XBUJII
HAKaYKK., OOYMC/IeHO KOeQilliEHT pO3CistHA i 1U1asMM 3 FpajieHTOM TIYCTHHM B [MPHCYTHOCTI
napaMeTPHYHAX HECTIMKOCTEN HIDKHBO- Ta BEPXHBOTIGPUAHOT XBUII.
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PACCESIHUE 3JEKTPOMAI'HUTHBIX BOJIH B 3AMAFHH‘IEH}IQI71 IMJIA3ZME
C HIWKHE- M BEPXHETABPHAHON HAKAYKOH

B.H. IIaBaeuxo, B.I'. [Tanuenxo, C.A. Hazapenko
HccnenoBaHo paccesHHe TONEPeYHON 3IeKTPOMarHWTHOH BOJHBI Ha (NIYKTYalLMIX MIOTHOCTH
MAa3Mbl AAA OAHOPOAHOH M HEOJAHOPOAHOH MAarHHUTOAKTHMBHOH MNasMbl B IIPUCYTCTBHM BepxHe- H

HIOKHernOpuaAHOM BoMHBI Hakauku. BeiuucieH koddUIMEHT paccesHMsS IS IU1a3Mbl C TPaJHMEHTOM
TJIOTHOCTH B NPHCYTCTBHH NApaMEeTPUYECKHX HEYCTOHUMBOCTEH HIDKHE- M BEPXHErHOPUAHOH BOJH.
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