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This report is devoted to the investigation of the non-linear mechanism of plasma electrons heating on dispersion prop-
erties of potential surface waves (SWs) that propagate along interface of metal-magnetized plasma of a finite pressure.
The external steady magnetic field is perpendicular to the medium interface. The different mechanisms of electron ener-
gy losses in approach of a weak heating are considered. The spatial distribution of plasma electron temperature on the
basis of energy balance equation in framework of the non-local electrons heating is obtained. The nonlinear shift of
wavenumber and spatial attenuation coefficient at different plasma parameters are researched. The obtained results are

valid both for semiconductor and gas plasma.
PACS: 52.35.-g

1. INTRODUCTION

The properties of SW in plasma-metal structures are
subject of intensive theoretical and experimental research-
es during last 20 years. The interest to these structures is
stipulated by their numerous applications in plasma and
semiconductor electronics, gas discharge etc.[1]. The lin-
ear theory of SW in such structures is developed rather
completely. However the SW behavior can become essen-
tially nonlinear even at rather small wave field amplitudes
[2]. In dependence from plasma parameters those or other
nonlinear self-interaction mechanisms can be dominating.
Among of research directions of various nonlinear effects
that determine the SW properties in plasma waveguide
structures, one can be noted the following ones. So, for
example, the resonance excitation of the second harmonic
studied in [2], nonlinear damping of SWs [3], self-interac-
tion of SW due to the nonlinearity of a quasihydrodynam-
ics equations [2], the ionization nonlinearity and heating
one [4].

The aim of this report is the study of heating nonlin-
earity of SWs that propagate at interface ‘plasma — metal’
at a presence of external steady magnetic field.

2. TASK STATEMENT

Let us consider the nonlinear process of self-interac-
tion of potential SW due to the plasma electron heating in
a field of finite amplitude wave. Let us assume that the
wave propagates along interface of metal and plasma of a
finite pressure. The warm magnetized plasma occupies a
half-space x> 0 and bounded by perfect conducting met-
al in the plane x = 0. The plasma — metal interface is sup-
posed sharp that is valid, when the transitional layer size
is significantly less than the penetration depth of SW field
into plasma. The external steady magnetic field H is di-
rected perpendicularly to the mediums interface (axes X).
Such magnetic field is typical for HF and UHF dis-
charges, magnetrons, Penning sources, magneto-discharge
pumps, Hall sensors, fusion devices (divertor, limiter) etc.

Let us consider the properties of SW that propagates
in weakly collision plasma with effective electron - scat-

tering centers collision frequency V =V ot Vst V; (
V cor5V %,V ; are elastic collisions, excitation and ioniza-

tion frequency respectively). We assume that V is much
less than the wave frequency @ . The scattering centers in

the case of gas plasma are the ions and atoms of working
gas, impurity. In the case of semiconductor plasma they
are optical and acoustic phonons also.

The mechanism of SW self-interaction consists in that
the plasma electrons receive from wave an additional en-
ergy and then return its to scattering centers as a result of
collisions. It leads to the spatial distribution of electron
temperature that determines both electron collision fre-
quency and plasma pressure is changed. It results in the
electrodynamic plasma properties and SW dispersion ones
are varied also.

It is necessary to note that the heating mechanism of
self-interaction is similar to ionization nonlinearity [2, 4].
The growth of SW amplitude results in modifications of
spatial distribution of electron temperature and coeffi-
cients of elementary processes in plasma. It leads to modi-
fication of plasma density distribution and the SW disper-
sion properties consequently. In the case of weak nonlin-
earity the wave amplitude is rather small and the perturba-
tions of plasma parameters (temperature and pressure of
electrons, collision frequency etc.), caused by wave, are
much less than nonperturbed ones. The influence of ion-
ization and heating nonlinearities on wave dispersion can
be taken into account by additionally. It allows to study
these mechanisms independently from each other.

3. LINEAR THEORY RESULTS
According to the linear theory [5], the considered SWs

exist in a frequency region o 250 ge (0 ¢e is electron cy-

clotron frequency) and necessary condition of their exis-
tence is the finite value of electron thermal velocity

Vie = 42T /m, (T is plasma electron temperature). It is

necessary to note that the account of plasma electron ther-
mal motion even in a linear approach the expressions of
wave potential and wavenumber are cumbersome. There-
fore further research of self-interaction of SW will be car-
ried out for rather dense plasma, when condition

2 2

2 . . .
Wee W7 <<CWy /8o is valid. Here ©pe is electron

Langmuir frequency and ¢ is dielectric permittivity of

semiconductor lattice (in the case of gas plasma €¢ = 1).

At the above mentioned conditions the potential of
SW can be written in form
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Y (xp0= Ae M- ey, (1)
where 4; is a wave amplitude. The parameters V12 de-
termine the spatial distribution of SW field in plasma:
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The complex value of wave number is equal

4. TEMPERATURE SPATIAL DISTRIBUTION

Let us consider weak heating nonlinearity, when the
modification of electron temperature 87 in SW field is

much less than its equilibrium value 7,: 7=7,+087T,
0T << T,. Let us assume also that the modification of

collision frequency 0V =0V, ;+0V«+03V; is small
enough in comparison with its nonperturbed value V at
absence of SW.

We suppose that the wave frequency @ is much more
than characteristic frequency of electron energy transmis-
sion ¥ into plasma. In this case the process of electron
energy transmission to scattering centers can be consid-
ered as quasistationary. The perturbation of electron tem-
perature will depend on coordinates and square of wave
amplitude module, averaged on wave period:

8T =08T(x, y,|A1|2). It can be obtained from stationary
equation of energy balance:

1/3Re(FE') = divQ- P(T), (4)
where Q is heat flux vector, j is a high-frequency elec-

tron current density, g is a complex conjugate wave

electric field.

The term P(T) = -n, VN(TO)(T‘ T,) in (4) determines

the energy that electrons transmit in a unit of volume to

scattering centers with characteristic frequency
0V « 0v

V(To):yvcol(To)+U*aT Uﬁ (5)

T{)
where 7, is nonperturbed plasma density, the parameter
V= 2m,M [(m, + M)?
mitted to scattering centers (with mass M ) by electrons
at elastic collisions, and U=, U; are excitation energy of
the first atom level and ionization one. It is necessary to
note that in general the characteristic frequency V is de-

termined by frequencies of elastic collisions, excitation
and ionization of atoms.

is a part of electron energy trans-

The components of heat flux Q in equation (4) are

tensor of electron thermal conductivity of plasma, vector

given by expression &; = where X is a
¢ = (x,y). The left part of the balance energy equation

(4) describes the dissipative heating of plasma electrons
in SW field. The terms in right part (4) describe the elec-
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tron energy losses in a unit volume due to finite thermal
conductivity and energy transmission to the scattering
centers.

The energy balance equation can be simplified by as-
suming that the heat transport occurs mainly along mag-

netic field: X = Xxx >” Xx3>Xyx>X »y . This condition is

valid at collision frequencies are much less than electron

cyclotron frequency (V << ®..). Taking into account

these assumptions, the equation (4) can be written in fol-
lowing form:

L8t ar er EEH ]
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where )\_Tl = 1//3mNV /(5T,) is a characteristic length

of electron thermal conductivity and

BT/ T,)pe = -eRe(V,E) (3T T,) (N
is a relative modification of electron temperature in a lo-
cal heating approach. It is necessary to note that the local
heating approach is used in many papers. But, at the made
above assumption about smallness of frequencies V and
V" the condition of local heating can be reduced to in

equation ® f,e /(W) << 1 that is not valid in the case con-

sidered. Moreover, the heating of electrons in the consid-
ered task has essentially non-local character [4]. There-
fore expression (7) in the considered task characterizes
only the spatial distribution of a wave power absorbed by
plasma electrons as a result of collisions with scattering
centers, and doesn't describe the spatial distribution of
temperature.

To determine the spatial distribution of plasma tem-
perature in conditions of non-local heating it is necessary
to use the equation (4), solving it together with (7):
2pe” 2k (e_)‘ ¥ _

ST /T, ~2/3 ¢ 2y, (®)

where parameter |I = e|A]|/(meV7ge) represents a ratio of
electron energy in wave field to its thermal energy,
P=06v20%/02m2-02).

The relative variation of electron temperature achieves
the maximum value

OTIT, ) = 2/3 1 2P 2D (9a)
at some distance from the plasma — metal interface:
Tnax = (202) 7 (205 /0 7). (9b)
Such behavior is determined by spatial distribution of
power that electrons receive from SW field.
The condition of weak heating 07<<T,,

[ov| << v(T,) corresponds to the following limitation on
the wave amplitude:

2/3p% PUs /T, << 1. (10a)

At the same time the results of linear theory are valid at
)]1 /2 ¢¢ 1.

i [w /(w (10b)



The numerical calculation (see Figure) has shown that
these conditions are fulfilled at the wave amplitudes * <0,1.
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Spatial electron perturbation temperature distribution

The growth of wave amplitude (H ) and collision fre-
quency (V /w0 ) results in increase of Joule SW losses and
essentially influences on plasma heating. It is necessary to
note that the effective transmission of SW energy into
plasma takes place when the wave frequency come close
to electron cyclotron one. The growth of v /" leads to the
increase of characteristic length of thermal conductivity (

V7 0 WV /T ). It leads to more smooth decrease of tem-

perature in plasma.

5. SW SELF-INTERACTION

As noted above the perturbation of electron tempera-
ture results in collision frequency modification v . Tak-

ing into consideration the value %V and the variation of

plasma electron pressure 0p= 7,07 in the equation of

electron motion and solving its together with the continu-
ity and Poisson's equations one can obtain the expression
of wavenumber in following form:

kong = kap (1+ Sgy + Spp) (11)
Here ky; is the wavenumber value (3) obtained from the

linear theory and Sy , S3p describe the influence of

plasma electron heating.
The analysis has shown that the nonlinear addition to
the complex wavenumber is determined mainly by 08V

value. The growth of magnetic field value leads to in-
crease of the nonlinear addition to the real part of
wavenumber. The magnetic field influence on the nonlin-
ear addition to the imaginary part of wavenumber has a
more complicated character. So, at weak magnetic fields
nonlinear addition increases with magnetic field growth.
But at rather strong fields, when the wave frequency
comes close to electron cyclotron one, it decreases and
can changes its sign. And when it is closed to zero, the
value of 0P becomes important for the SW attenuation.
The influence of 0V on SW dispersion is determined by

dependence V(7). So, if 0V/0T |T0 >0 then the nonlinear

shift of real part of wavenumber is negative. At weak
magnetic fields the nonlinear decrement decreases and at
rather strong fields it decreases in comparison with its lin-

ear value. In opposite case when AT |To <0 there is a

contrary dependence.

The analysis of parameter v /¥ influence has shown
that the nonlinear correction to spatial damping factor due
to electrons heating are most essential under rather high
gas pressure.

6. CONCLUSIONS

It is obtained and investigated the linear dispersion equa-
tion of considered SWs. In an approach of non-local plasma
heating the spatial distribution of electron temperature is ob-
tained. The nonlinear dispersion equation of SW considered is
investigated. The perturbation of electron temperature results
in collision frequency modification 8V and in the variation of
plasma electron pressure 0p = 1,0 T It is shown that the non-

linear addition to the complex wavenumber is determined
mainly by 8V value. The growth of magnetic field value leads
to increase of the nonlinear addition to the real part of
wavenumber. The dependence of nonlinear addition to the
imaginary part of the wavenumber on magnetic field value is
more complicated. The results of the carried out researches are
valid both for semiconductor and gas plasma.
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HATPIBHA HEJIITHIMHICTh IOBEPXHEBUX XBUJIb HA MEKI MATHITOAKTUBHOI ILVIA3MHU
KIHIEBOI'O TUCKY 3 METAJIOM
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10.0. Aximoe, M.O. A3apenkos, B.I1. Onegip

Jana poboTa mpHcBsYeHa BHBYEHHIO BIUIMBY HEJIHIHHOrO MeXaHi3My HarpiBy €JEKTPOHIB IUIa3MHM Ha IHMCHEpCiiHI
BJIACTHBOCTI TIOTEHIIAIbHUX TOoBepXHeBUX XBWIb (I1X), 110 MOMIMPIOIOTHCS Y3/I0BXK MEXI METall - MarHiTOAaKTHBHA
IUTa3Ma KiHIEBOTO THUCKY. 30BHIIIHE CTaJie MarHITHE TOJE CIPAMOBAHE MEPICHINKYIIPHO MEXi PO3HOILTY CepEeOBHUIII.
B HaOmmxkeHHI cabKoro HarpiBy po3rJISTHYTO pPi3HI MEXaHI3MHU BTpaTH eHeprii enekTpoHiB. OTpUMaHO HMPOCTOPOBHIA
PO3MOAIN TeMIepaTypH IIa3MH B PaMKax HEJOKAIBHOTO HArpiBy €JCKTPOHIB Ha OCHOBI PIBHAHHA OajaHCy €HEpTii.
JocmimkeHo HeNMiHIMHNN 3CyB XBHIILOBOTO YHCIIAa Ta HENIHIHHUHA ITEKpeMEHT ImpocTopoBoro 3aracanHs [1X B 3amex-
HOCTI BiJ mapametpiB miasmu. OTpuMaHi pe3yiabTaTH CIIPaBeJIUBI SK IS HAIiBIIPOBIIHMKOBOI, TaK 1 JuIsi Ta30BOl
TUTa3MHU.

HATPEBHASI HEJIMHEMHOCTD MTOBEPXHOCTHBIX BOJIH HA TPAHUIIE MATHUTOAKTUBHOM
IIJIA3MbBI KOHEYHOTI'O JABJIEHUS C METAJIJIOM

10.A. Akumos, H.A. A3apenkos, B.Il. Oneghup

Jannas paGoTra HOCBSIIEHA W3YyYCHUIO BIMSHHMS HEIMHEWHOTO MEXaHW3Ma HarpeBa 3JEKTPOHOB IUIa3MBbl Ha JAWCIIEp-
CHOHHBIE CBOICTBA NMOTEHIHMAJILHBIX MOBEPXHOCTHRIX BOJH (IIB), pacmpocTpaHsomuxcs BAOIb IPaHUIIBI METAJLT - Mar-
HUTOAKTUBHAsI MJa3Ma KOHEYHOTro JaBieHus. BHellHee NOCTOSHHOE MarHUTHOE I10JI€ HANpaBJIEHO MEPIEHAUKYISIPHO
rpaHMIEe pas3zena cpel. B mpubmmkennn crnaboro HarpeBa pacCMOTpPEHBI Pa3lIMYHbIE MEXAHU3MBI IOTEPU SHEPIHU
3eKkTpoHoB. llomydeHo MpOCTpaHCTBEHHOE pacIpelesieHHe TeMIIepaTypsl MIa3Mbl B paMKax HEJIOKAIBHOTO HarpeBa
JIEKTPOHOB HA OCHOBE ypaBHEHHMs OajlaHca 3HEpruu. McciienoBansl HETMHEHHBIM CABUTI BOJHOBOTO YHCIIa M HEJIMHEH -
HBIH JEKPEMEHT MIPOCTPAHCTBEHHOT O 3aTyxaHus I1B B 3aBUCMMOCTH OT mapaMeTpoB MIasMbl. [lomydeHHbIE pe3yIbTaThl
CIpaBeAJIUBBI KaK JJIs IOJIyIPOBOJHUKOBOM, TaK U AJIS Fa30BOM IJIa3MBI.
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