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A simple construction for excitation of Surface Wave (SW) in plasmas is proposed. The metal plate is used both
as an antenna with surface current and as a wall of the waveguide structure. Second wall of the waveguide structure
is a plasma boundary. Electromagnetic wave which is incident on plasma surface initiates the plasma oscillations
which form an electromagnetic field of surface type in plasma if the characteristics of the incident field (wave
frequency and wave vector direction) are chosen properly. It is shown that SWs can exist in high and low frequency
ranges. The SW from high frequency range can have large penetration depth into plasma and large power flux along
plasma surface inside plasma. The SW from low frequency range can have large tangential electric field on plasma
surface. The paper answers the questions which geometry and surface current have to be chosen to see the SW in the

structure with the preferable characteristics.
PACS: 52.65.-y, 52.25.Xz

INTRODUCTION

Surface electromagnetic waves in plasmas (unlike
the volume waves) propagate along a surface which
bounds plasma or separates two different plasmas [1].
The amplitude of the waves decays exponentially from
the surface into plasmas. In such a way the
electromagnetic oscillations occur in plasma in some
region near the surface and the electromagnetic power
is transmitted along the surface (but not away from the
surface into the plasmas). That is why the SWs are
widely used in processes of etching, polishing and
cleaning [2, 3]. But these technologies are based
mostly on the experimental observations and their
analytical and numerical descriptions are still required
to optimize the processes.

There are two general problems which have to be
solved on the way to a practical application of the SW
in the technologies. First one is a possibility to excite
effectively the SW in a waveguide structure. Since the
SWs are eigen waves of the structure they can but are
not obligated to propagate in the waveguide structure.
Second problem is the transient processes of the SW
formation during the excitation. The SW dispersion
and the electromagnetic field structure are known
from the theory in large time limit only when all the
transient processes have already finished. But
transient processes can take essential time. Moreover
the power fluxes during the transient processes differ
essentially from ones known in large time limit.
Knowledge of transient fluxes can be important for a
construction and safely work of an experimental set up
which is based on the SW propagation.

The paper presents the recommendations on the
experimental excitation of the SWs in a simple
waveguide structure. The parameters of the waveguide
structure are defined for which the excitation is
possible. Moreover the parameters for most effective
excitation are predicted. The transient processes are
still out of the consideration since they require a direct
numerical simulation. The numerical modeling of the
transient processes supposes to be carried out using
Finite Difference Time Domain (FDTD) code.
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1. SEMIBOUNDED PLASMA- SEMIBOUNDED
DIELECTRIC
A simplest geometry of the bounded plasma where the
SWs can exist is semibounded plasma-semibounded
dielectric. The dispersion relation of the structure is well
known (see, for example, [1, 4]):
k7d + & = 0 , (1)
& &

where &, is dielectric permittivity, 851—0)5,/602 is

plasma permittivity, @, is plasma frequency, @ is wave

p
frequency, K = w/C is wave vector in vacuum, C is speed

of light, ky is a component of the wave vector along the

plasma surface (it is of the same value both in plasma and
dielectric and has to be found from the dispersion relation

@), Kk, \ gk? — k5 is normal component of the wave

dielectric, kpI = |&k? —k; is normal

component of the wave vector in plasma. If &k < ky2 the

wave is of the surface type in plasma and k1 = \/W

is a penetration coefficient of the SW in plasma (inverse
value defines a penetration depth of the SW in plasma). If

gok2 < ky2 the wave is of the surface type in dielectric.

vector in

The standard analysis shows that the roots of the equation
(1) exist only if £<0 and k, > /g k. Therefore the

SWs can exist in the structure of the semibounded plasma-
semibounded dielectric but they can not be excited by the
vacuum waves.

In the paper [4], the same geometry was discussed and
the excitation of SWs in plasma by the plasma waves was
studied. We would like to separate the processes of the
plasma wave formation (which are not trivial [5]) and the
SW excitation. Therefore the structure is preferable where
the SW formation (excitation) in plasma does not require
volume wave propagation in plasma.

105



2. SEMIBOUNDED PLASMA AND METAL
PLATE

Let’s consider another simple waveguide
structure. The geometry of the structure is shown in

Fig 1. A metal plate is at a distance d from the
semibounded plasma. Space between plasma and

metal plate is filled by dielectric with permittivity &, .
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Fig. 1. Geometry of the problem

We are interested in the waves which propagate along
plasma surface. The axis Y is chosen in this direction.

The direction of axis X is normal both to the plasma
boundary and the metal plate. The plasma boundary

coordinate is X =0. The metal plate coordinate is

X =—d . An expectation from such structure is clear:
the metal plate can be used simultaneously as an
antenna with surface current and as a waveguide wall.
But when and how the SW can be excited in such
structure?
The dispersion relation of the waveguide
structure is
k
ik—dtg(kdd)——"'zo. )
& &
Equation (2) has solutions of two types: a) surface
type wave both in plasma and dielectric

(ky €IR kg €iR); b) surface type wave in plasma
but volume type wave in dielectric
(ky €iR,ky € R). Second case is preferable to
excite the SW’s in plasma since surface type wave in
dielectric supposes the restricted possibilities to
transfer power from metal wall to plasma surface. In
contradiction to this case the volume type field in
dielectric provides quick power transfer from antenna
to the plasma surface. Therefore just the second case

is tested below for the SW excitation. In this case the
dispersion relation (2) becomes:

k k
~4tg(kyd) -+ =0. 3)
& &

Dispersion relation (3) has two sets of solutions: first
for £ >0 (it is called here as High Frequency (HF)

solutions) and second for &£ <0 (Low Frequency
(LF) solutions). Let’s consider them separately;

below, we deal with vacuum (&, =1) as the dielectric
for simplicity.
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Fig. 2. Dispersion curves (solid lines) of HF waves. The
normal component of wave vector in vacuum, kq (dotted
lines) and wave penetration coefficient in plasma, k:
(dashed lines) are shown for the related dispersions. All
values are normalized by the vacuum wave vector k

HF solutions:

Jek <k, <k,
0<k, <-1-ek, @
J1-¢gk >k, >0.

There is k™" =/1— £k which defines a number of

the roots of the equation (3) for given distance from metal
to plasma. Each root defines new mode which can

propagate in the structure. If one defines
A =27 1K™ then for 0<d <A™ /2 there is
only one mode, for A" /2<d <A™ these are two
modes, etc. In other words: increasing the vacuum layer

width by a half of A produces new wave mode.

LF solutions:
0<k, <Kk,
AJ—ek <k <-/1-¢kK, (5)
k >k, >0.
In this case k™" is equal to vacuum wave vector

K. Therefore equation (3) has not roots for
O<d < A/4, where A is wave length in vacuum. For
the range A/4 <d <3A1/4 only one root can exist. In
the range 34/4 <d <5A4/4 second root has to appear,
etc. In other words: each new mode appears with
increasing d by A/2 starting from d =1/4.

The solutions of equation (3) for HF and LF modes are
presented in Figs. 2 and 3 respectively. The plasmas with

£=0.36 and &£=-0.36 have been chosen as the
examples. The dispersion is presented by the curves with
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ky dependence, and the dependences of ki and kg are
presented as well in the same figures to understand
corresponding field structure in plasma and vacuum.
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Fig. 3. Dispersion curves (solid lines) of LF waves. All
inscriptions correspond to the caption of Fig. 2

3. WAVE FIELD STRUCTURE

The wave field structure is written with unity
normalization of the magnetic field on the metal plate.
It is convenient since the magnetic field on the metal
plate can be fixed (or controlled) by the surface
current. Also it is convenient to introduce the constant

A to simplify the field expressions:
1

A= .
cos(k,d)(L+1tg®(k,d))
Wave fields in plasma:
H — Aefklxei(kyy_wt)

k L i(kyy—ot+ D)
E =gl @
k —kyx 4i(kyy—at)
E, =—YAe e ",
ke

The field decays in X direction with the penetration
coefficient K, .
Wave fields in vacuum:

H, = A(cos(k,X) —sin(k,x)tg(k,d))e'®’

k i i(kyy-ot+Z) (7)
E, :?"A(Sln(kdx)+cos(kdx)tg(kdd))e T ,

k .
E, = —?y A(cos(k,x) —sin(k,x)tg (k,d))e' ™=,

X

The field structure in X direction is a standing wave.

The field structure (like the dispersion relation) is
calculated for the stationary processes in large time
limit and does not take into consideration the transient
processes. In this limit there is no power transport in
normal direction. Therefore a calculation of Poynting
flux along Y direction has only sense:

C
Py=_EEXHZ' (8)
Profile of its amplitude along X direction allows to
see the X dependence of power transport and to
compare the fractions of power transport through
plasma and vacuum.
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4. ANALYSIS AND DISCUSSIONS

Looking for optimal experimental conditions of SW
propagation in plasma anybody has to consider three
aspects: a) the penetration depth of the field in plasma;
b) the amplitude of the Poynting flux at the plasma
boundary; c) the amplitude of the tangential electric field

on the boundary ( Ey in our case).

Scenarios when ky is close to k are not convenient for
the SW excitation. In this case the power from antenna is
transmitted mainly along waveguide structure. For
effective excitation of SW the power flux should pass to
plasma but not along the boundary.
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Fig. 4. Spatial distribution of Poynting flux amplitude
(flux along the plasma surface) for HF modes. Each mode
corresponds to the dispersion marked by circles in Fig. 2.

LF mode is given for qualitative comparison

When k; >> K, the penetration depth of the wave in
plasma is small and the wave power is concentrated
mainly in vacuum. Therefore the relation k; <k, is
preferable for the SW observation.

When the value of ky is close to 0 the amplitude of the

Poynting flux is small at the plasma boundary (and
exponentially decays inside the plasma). Therefore the

cases with small ky are not convenient for the

experimental observation.

Taking into consideration all these discussions the
following two scenarios are of interest for experimental
studies. The HF modes can have large penetration depth
in plasma and large fraction of electromagnetic power in

plasma when ky is close to ~/gk . But the tangential

electric field on the plasma boundary is small in this case.
In technology the large tangential electric field can be
requested. For this goal the LF modes are preferable with

k, =-/(L+ &)/ 2k, but not too small.

Fig. 4 demonstrates the coordinate dependence of
Poynting flux amplitude for HF modes. The dispersion
points taken for the calculations are shown in Fig. 2. As it
was reported above the large amplitude and large

penetration depth of the SW are obtained when ky is

close to ~/ek (mode 3).

Fig. 5 demonstrates the coordinate dependence of the
amplitude of the tangential electric field for LF modes.
The dispersion points taken for the calculations are shown
in Fig. 3.
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Fig. 5. Spatial distribution of tangential electric field
amplitude for LF modes. Each mode corresponds to
the dispersion marked by circles in Fig. 3. HF mode is
given for qualitative comparison

Usually antenna launches a wide spectrum of
vacuum waves. But there are distances when only one
surface mode (mode 1) can be excited. But even for
larger distances the lowest possible surface mode
dominates over the other surface modes. The
electromagnetic power fraction in vacuum also
increases with increase in the number of surface
modes (which decreases the power efficiency of SW
excitation).

CONCLUSIONS

Experimental conditions are defined for effective
excitation of the SWs. The metal plate is used as the
antenna with surface current and as the wall of the
waveguide structure. The SW can exist in two
frequency ranges. The SWs in HF range can provide
large penetration depth, large normal electric field at
the boundary and power flux in plasma.

The SWs in LF range can provide large tangential electric
field at the boundary but not the penetration depth.

HF waves can propagate in the structures with any
distance between antenna and plasma but number of the
modes increases with increasing the distance. Best

characteristics of HF waves are reached when ky is close

to x/gk . LF waves can’t propagate in the structure if the
metal-plasma distance is less than A/4. Best
characteristics of LF waves are reached when ky is close

to ./(1+ &)/ 2K butit is not close to 0.
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BO3BYKJIEHUE IOBEPXHOCTHOM 3JEKTPOMATHUTHOM BOJIHBI M IEPEHOC SHEPI' MU
BJ10JIb IIJIOCKOM I'PAHUIIBI IIJIA3MBI

U. Iagnenxo, /. Menvnux, E. Benuscanuna, A. Tpyw, H. I'upka

IIpennoxena mpocrass KOHCTPYKIMS JUisi BO3OYKJeHUs moBepxHOCTHOW BojHbI (IIB) B mmasme. Mertammnueckas
IUIACTHHA UCIIOJIb30BaHA OJHOBPEMEHHO KAK AaHTEHHA C IIOBEPXHOCTHBIM TOKOM U KaK CTEHKA BOJHOBOJHOW CTPYKTYPBL
Bropoii cTeHKO# BOJTHOBOJHON CTPYKTYPHI SBISCTCS] TIOBEPXHOCTD IIa3MBbl. DJIEKTPOMArHUTHas BOJHA, KOTOpas MajaeT Ha
TIOBEPXHOCTh IUIa3Mbl, HHUIMHUPYET IUIa3MEHHbIE KOJeOaHMs, KOTOpble (DOPMHUPYIOT B IUIa3Me JIEKTPOMArHUTHOE II0JIe
TIOBEPXHOCTHOTO THIIA, €CIIM XapaKTEPUCTHKH T1a/IafOIIero MoJist (YacToTa W HaIpaBJIeHWE BOJHOBOTO BEKTOPA) MOJOOpaHBI
Hy>XHbIM 0Opa3oM. ITokazano, uro 1B mMoryT cymiecTBOBaTh B BHICOKOYACTOTHOM M HM3KOYAaCTOTHOM Auara3oHax. 1B u3
BBICOKOYACTOTHOTO JIHana3oHa MOTYT UMETh OOJBIIYI0 INIyOWHY NMPOHHKHOBEHHS B IUIa3My W OOJBIIONW MOTOK 3HEPrHU
BJIOJIb IIOBEPXHOCTH BHYTPH IUIa3Mbl. [IB M3 HM3KOYAcCTOTHOrO AWara3oHa MOTYT WMETh OOJIbIIOE TaHI€HIHAIHLHOE
9NIEKTPHYECKOE T0JIE HA MOBEPXHOCTH IIIa3Mbl. PaboTa oTBeyaeT Ha BOMPOCH! ONTUMAIIBHOTO BBIOOpa TEOMETPHH 3a/ia4ud U
MIOBEPXHOCTHOTO TOKa JUIsl HabmoaeHus B cTpykType 1B ¢ npeanouTnTensHBIMU XapaKTepUCTUKAMU.

3BYI’KEHHA MOBEPXHEBOI EJJEKTPOMATHITHOI XBWJII TA MTEPEHECEHHA EHEPTTI B3/IOBXK
ILJTACKOI ITOBEPXHI IVIA3MHA

L Ilagnenxo, /]. Menvnuuk, €. Beniycanina, O. Tpyw, 1. I'ipka

3ampornoHOBAHO TPOCTY KOHCTPYKWiIO Ui 30y/pkeHHs moBepxHeBoi xBwii (I1X) y mmasmi. MeraneBy IUIacTHHY
BHUKOPHCTAHO OJIHOYACHO SIK QHTEHY 3 IIOBEPXHEBHM CTPYMOM Ta SIK CTIHKY XBHJIEBOAHOI CTPYKTYpH. Jpyroro CTiHKOIO
XBUJIEBOHOT CTPYKTYPH € TIOBEpXHS Iu1a3MH. EjekTpoMartiTHa XBUIIS, sIKa I1aJla€ Ha IOBEPXHIO IUIA3MH, IHII[IOE IUIA3MOBI
KOJIMBaHHSI, SIKI (POPMYIOTb Yy IUIa3Mi eJIEKTPOMArHITHE T0JIE TOBEPXHEBOTO THITY, SIKIIO XapaKTEPUCTUKH TI0JIs, 110 Najae Ha
IUIa3My (4acToTa Ta HaNpsSMOK XBIJILOBOTO BEKTOPA), MiiOpaHi HasexxHUM 4rHOM. [lokazano, mo ITX MoXyTh icCHyBaTu y
BHCOKOYACTOTHOMY T4 HM3bKOYAaCTOTHOMY AiarnasoHax. [1X 3 BHCOKOUacCTOTHOTO aiara3oHy MOXKYTh MaTH BEJUKY TIIHOHHY
TIPOHMKHEHHSI JI0 TUIa3MH Ta BEJMKHI MOTIK €Heprii y3/10BX MoBepxHi B camiil masmi. [1X 3 HU3bKOYAaCTOTHOTO JianazoHy
MOKYTh MaTH BEJIMKE TaHTEHIlIHE eNIEKTPUYHE TI0JIe Ha MOBEPXHi Tuia3Mu. Po6oTa BiMNoOBigae Ha MUTAHHS ONTHUMAIILHOTO
BHOOpY TeOMETpil 3a/1a4i Ta IOBEPXHEBOTO CTPYMY ISl CIOCTEpiraHHs B CTpYKTypi [1X 3 GakaHUMHU XapaKTePUCTHKAMHU.
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