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The paper deals with numerical calculations of electromagnetic fields, which are launched in the plasma
cylinder of finite length surrounded by metal vessel. The RF antenna is located at the end face of the cylinder and
placed between two dielectric plates. Such configuration is typical for plasma sources used for technological purposes
[1, 2]. The obtained outcomes can be used for improvement of the characteristics of similar systems.
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SETTING OF THE TASK

The scheme of device under consideration is
represented in Fig. 1. In calculations the radius of the
metal cylinder was =23 c¢m , the length was
L=5—-10 cm , the thickness of diclectric plates were
(at the left on the right) ¢=0.1 -2 .5
h—g=0.1—-0.5 c¢m . Three types of antennas
were considered in calculations and are shown in Fig. 2.
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Fig. 2. The scheme of surveyed antennas: a — open ring,
b — the combination of azimuth and radial currents, ¢ —
the spiral of Archimedes.
The working frequency of RF power supply is

f=13.5 MHz and the working range of pressures

of neutral gasis p=7-107%*=5.10"2 Torr .

TECHNIQUE OF SOLUTION
The hydrodynamic approximation was used for
plasma dielectric permeability. The density of plasma in
a device was considered as homogeneous. Then a plasma

pe
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dielectric permeability is gp:l -
w=2nf , w =\/ 4ne’*n Im . is plasma frequency
pe e e
of electrons, Vv is effective collision frequency. The
collisions of electrons with neutral atoms are dominant
for the range of pressures and electron temperature under
consideration. In spite of the fact that v<<w, the collision
frequency was taken into account in the vicinity of
eigenfrequencies of the device. The kinetic effects were
neglected in the consideration because @ p/ kv, <<I .

Here V, is electron thermal velocity and 1/k is the

RF field scale length. The electron mean free pass A e 18
defined by electron — neutral atom collisions. For the
case under consideration 4, ~ 0.5 cmand 4, <<a. So,

plasma density profile is defined by RF field pattern.

Maxwell equations were written for three
regions (two regions of dielectrics and one region of
plasma) in a cylindrical coordinate system and were
adjusted at boundaries. Set of the Maxwell's equations in
each region is written as
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where k is index designating an appropriate region. In
the set of equations (1) the absence of external charges in
all three areas is taken into account. The currents and
charges of an antenna are taken into account in boundary
conditions.

Two independent modes, TE mode ( £ - =0 ) and

TM mode ( H ZZO ), represent the solutions of the

system (1). They are connected through boundary
conditions on the antenna. Then, the combination of two
methods was used to solve the differential equations (1):
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the finite-differences along coordinates » and z and
Fourier series along coordinate ¢ . Application of
Fourier expansion allowed us to avoid introduction of a
three-dimensional grid and to reduce a set of Maxwell
equations to sequential solution of the differential
equations for two independent variables. Fifty harmonics
of Fourier series were used in numerical calculations.
Finally, the integral-differential equations for
Fourier harmonics were solved by the finite-differences
method. We employed the non -uniform grid in » and z
directions. It allowed us to get more accurate solutions in
the regions of field inhomogeneity with smaller amount
of nodes. Also, finite-differences method allows us to
solve the problem for the case of arbitrary density
distribution inside the device. In this specific case, the
grid consisted of 26 points along 7, and 28 points along z.

BASIC RESULTS

As the result of the numerical calculations, the values
of the electromagnetic field components in grid points were
obtained. For example, in the Fig. 3 the RF field pattern in
plasma region is shown for density n=10% cm™. As it is
seen in this figure, the electric field iterates the geometry
of the antenna. It vanishes while moving away the
antenna. Only the forced oscillations are exited in the
plasma at this density.
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Fig. 3. Dependence EZ=EZ(V,(P ) at the point

z=0.5cm for the antenna type a,
I — current in the antenna

The dependencies of the modulus of the RF
electric field in plasma on the device parameters are
shown in Fig. 4 for TM and TE modes at plasma density
n=10% cm™. As it is seen in Fig. 4a and Fig. 4b, the
change of the device length weakly influences the RF
field value in plasma region. The increase of width of the
first dielectric plate results in growth of TE mode value
(Fig. 4d), and increase of the width of second dielectric
plate leads to decrease of TM mode value (Fig. 4e).
Therefore, for increase of RF electric field value in
plasma region, it is necessary to increase width of the
first dielectric plate and to reduce the width of second
plate. When the values of RF fields are known, it is easy
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to find the energy electromagnetic field in plasma region.
The TM mode plays the dominant role on initial stage of
discharge at plasma densities up to n=10° cm™, as it is
shown in Fig. 5. When the plasma density increases
further, the contribution of the TM mode decreases, and
the contribution of the TE modes grows. The number of
RF energy peaks at densities up to n=10% cm™ is due to
resonant excitation of eigenoscillations of 7M mode.
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Fig. 4. The dependencies of the normalized modulus of
electric field in plasma 4w-c-| E|I I on parameters of

the device
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Fig. 5. Dependence of energy of RF electric field in
plasma o’ We|pl/ 167217 on plasma density for

antenna of type ¢

Also, the antenna design influences the total
energy of RF electric field in plasma strongly. As it is
shown in Fig. 6, the antenna in the form of the spiral of
Archimedes has an advantage in comparison with
antennas of other types at small density about 2 .2



time, and at increase of density of plasma about 16
time. It happens, because it is longer than others. The
value of a charge is identical to all types of antennas,
however, current value on an inlet of an antenna goes up
with antenna length increase. At low densities, 7M mode
plays the dominant role. It is stimulated only by charge
on an antenna. And at major densities 7E mode starts to
play a dominant role. This mode is stimulated by current
on an antenna. Thus, the positive effects from an
elongation of an antenna and from increase of an entry
current add and give such major benefit.
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Fig. 6. Dependence of energy of an electric field in
plasma o’ w, |pl/ 16717 on density for different
types of antennas

Having received values of energy of electrical

and magnetic fields in the device it is possible to
calculate such macro characteristic of antennas as

capacity C= ez/(ZWe)
L=2C"W, /17 . As

electromagnetic field is concentrated in dielectric plates,
than capacity and inductance depend feebly on density of

and inductance

main  energy of an

plasma everywhere, except of regions of eigenmodes of
the device. Thus, for example, for an antenna of a type ¢

we have L==3 -10_5 mh and
C=3 .5 ~10_4 mfd . Also, knowing
frequency of collision, it is possible to find energy, which

is delivered to plasma heating. Then, the ohmic
resistance of an  antenna  loading  equals

effective

1 @,V
R_ f 2 2 ————=dV . For the antenna of a
(a) +v )

typec wehave R=0 .01 Om .

CONCLUSION

The calculations of electromagnetic fields in the
device established the base for antenna optimization. The
no uniform grid of splitting was adopted using the finite-
differences method. It permits to get more precise
solutions in the RF field strong inhomogeneity while
using of a fewer number of points. Also, a finite-
differences method allows us to solve the equations in
case of arbitrary distribution of particles density in a
source's volume. It enables us to receive self-consistent
solution later. Fourier’s decomposition has allowed to
reduce number of the finite-difference equations and to
increase speed of calculation considerably. The macro
characteristics (capacity, inductance and resistance) were
calculated for antennas. Also, the dependence of
integrated over source volume energy of RF electric field
on device parameters is obtained, that allows us to
estimate the influence of geometrical parameters change
on the source operation.
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PACHPEJIEJIEHUE BY IOJIEH B IIJTASMEHHOM ITAJIWHJIPE OTPAHUYEHHOM JJIMHBI 114
PA3JIMYHbBIX AHTEHH

AJL I'pekos, /1.B. Cxknapog

B pa60Te MIPOBCICH YHCIICHHBIN pacyeT 3JICKTPOMATrHUTHBIX noneﬁ, Bo36y>K)1aeme B MJIa3MCHHOM HUJIWHAPE
OrpaHquHHOfI JJINHBI, 3aKJIFOYCHHOM B METaJUIMYECKHUI KOXYX. BY mons B036y)K[[aIOTC$I aHTeHHOﬁ, paCHOJ’IO)KeHHOﬁ
Ha TOpLC HNUIIUHIApPA U MOMEIIICHHOM MCXKIY ABYX HUDJICKTPUYCCKUX IJIACTHH. Takas KOH(i)I/IpraHI/ISI XapaKTepHa 1A
IJIa3MEHHBIX HWCTOYHUKOB, HCIOJIB3YEMbBIX B TCXHOJIOI'MYECKUX MEIAX. HOqueHHBIe pe3ysbTaThl MOTYT OBITH
HCTIOJIB30BAHBI I YIIyYHICHUS XapaKTEPUCTHUK HO,IIO6HLIX CHUCTEM.

PO3IOJLJI BY IOJIS B INTA3SMOBOMY IIUJITHAPI OBMEKEHOI TOBKWHH! 151 PI3BHUX AHTEH
A.JIL I'pekos, /I.B. Cknapos

B po6oti BukOHaHMH YHCIIOBHH pPO3paxyHOK €JIEKTPOMArHITHHX IIOJIB, SIKi TEHEPYIOTHCS B OOMEXKEHOMY
METAJICBUMH CTiHKaMH IU1a3MOBOMY LwmiHApi. BU mmojs TeHEepyrThCS AHTCHOIO, PO3MIIICHOK MDK JBOMaA
JUENeKTPUYHUME TUTaCTMHAMK B Topui numiHapa. Taka koHdirypamis xapakTtepHa Juis IUIa3MOBHX JDKepen, sKi
BUKOPHCTOBYIOTBCSI B TNPOMHUCIOBHX LUIAX. OTpUMaHi pe3yibTaTi MOXKHA BHUKOPHCTOBYBATH JUIS MOKPAIICHHS
XapaKTePUCTHK MOIIOHUX CHCTEM.
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