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ICP devices are widespread in modern technology, so the capacitive coupling in ICP is well known. It does not
make a sufficient impact to the power deposition in plasma, and mostly it assumed to be a harmful effect [1].
Fortunately, making use of Faraday shield allows one to avoid a detail investigation of the capacitive coupling.
However, in some cases it would be useful to account both coupling types of the inductor with a plasma [2]. There
are many ways for analytical and numerical simulation of the inductors and their coupling with a plasma. In the
most simulating tools, the problem comes to FEM PDE model, which includes as minima the body of an inductor
wire and the surrounding space. In the paper, we use some other approach, based on integral solutions for
electrodynamics potentials. Electric fields of some inductors are studied in the framework of the approach.

PACS: 52.25.Fi, 52.27.A]

1. CURRENT DENSITY EQUATION obeys to Ohm’s law, if the conductivity is finite. As the
In this paper the workflow of an electric field currents flow near the surface, in this section we shall
finding consist in 1) numerical solution of some integral ~ Mean by | a surface current density, and by o a surface

equation for electric current density in the conductive conductivity. !n assumptioq of sinu_soida_l time
bodies 2) calculation of the electric field from the dependence of j (), the equation to be discretize take
obtained currents. Let us find the integral equation. An  the form

electric field strength is expressed through the

electrodynamics potentials as J.EVJ ds + 7"‘ j ds—iw i_ “iwE,.  (7)
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In the stationary approximation,

We assume, that in the conductive bodies Ohm’s law is
correct

E+E0:é. 4)

First term represents an electric field, induced by the
current j flowed in the conductors under consideration,
whereas Ej is the electric field of an external sources,
for example, of the transmission line. From (1-4) and
charge conservation law (5)
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the required equation for the current density can be Fig. 1. Meshing of the flat surface
obtained:
At first, consider a planar surface. A treatment of the
4 J 10. first and second terms, which represent impacts of the
I Vidv + I —5dv+ 8t B = ;gl- (6) charge and current distributions, is implemented on two
different meshes. We refer to them as g_mesh and
j_mesh. On the Fig.1 these are shown by dashed and

2. FINITE-DIFFERENCE SCHEME solid lines, respectively. The elements of the g_mesh are

The scheme is based on the fact that HF electric
field strength vanishes inside an ideal conductor or
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right-angled. Generally, the elements of the j_mesh are
diamond-shaped.

Let us require the equation (7) to satisfy for a set of
certain control points numbered by the index k.
Formally, control points can be taken elsewhere inside
the conductor, but in the presented scheme the control
points set consists of the centers of elements of the
j_mesh.

The discretization consists in an integration of
equation (7) for the set of the control points under
following assumptions:

1) the charge density (i.e., Vj ) is distributed
uniformly over the element of the q_mesh;

2) the current density j, is constant within the
element of the j_mesh and is parallel to the normal n to
the edge of the overlapped element of the g_mesh.

Representing the integrals in (7) as summa over all
the elements of both the meshes, and multiplying left
and right parts by n,, we obtain equation set for j;:

ZIRijds+ 21| nkds
mI m . (8)

iw
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Assumptions 1), 2) allows us to reduce the integro-
differential equation (7) to the set of the linear equations

ay i =by, )

where by corresponds to the external electric field
strength in the control point k, the coefficient ay reflects
the contribution of the element | from the j_mesh in the
electric field strength in the point k and depend only on
the mesh geometry data, and j, is the current density in
the element I.

Both the integrals in (8) contribute in the coefficient
aw, though the contribution of the certain element of the
g_mesh is redistributed among the adjacent elements of
the j_mesh, as it is expressed through the variables j,. To
perform integration in cases when control points are
outside of the elements, we neglect the variation of R
within the element. For the element m and the control
point k (Fig. 1), we have

Rk Nk
3 1

J.Lr;k Vjds — Q
m R mk

Q= Jpdly — jyaly + ju4l,

(10)
— Jadls

if the control point k is outside of the element I. In (10),
position vector R is directed from the element center
to the control point. The surface currents components
normal to the correspond element boundary segments
Al;. 4 are denoted by j; .. The normals to the boundary
segments are shown on the Fig.1 as vectors n;_,.
Directions of the normals to the certain boundary
segment are the same for both of the adjacent elements
and is determined by an indexing order of the j_mesh
nodes. If the point k belongs to the border a of the
rectangular element m with the edges a and b, then
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In (11) As is the element surface. The second term in (8)
transforms into

. N . nin
i [ R ds > gy T (12)
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or into

des
d=\/b +a’

dependently on the control point k is outside of the
element I (12), or in the center of the element (13).

After the current densities on the j-mesh had been
found from (9), values of the current densities on the g-
mesh are evaluated as (see Fig. 1)

d+a

+bln j
b J (13

) 2(a+b)( aln d+b

. 1,. . . .
Im= Z( Jihy + Jonp + JaNg + jany ). (14)

Relation (16) gives an approximation to the true values
of the current density on the conductive surface.

With the minimal tuning the difference scheme for a
flat surface can be adopted to solve the problem on an
arbitrary smooth surface, if it is possible to cover the
surface by the quadrilateral elements properly.

It is desirable also that the ratio a/b does not deviate
from unity sufficiently. As a rule, it is not so hard to
fulfil.

3. REPRESENTATION OF SKIN LAYER

Elaborated schema can be used in modeling of the
stationary ICP discharges under conditions (15)-(18):

A4 <L, (15)
Ao > L, (16)
o<<L, a7
Vi << o . (18)

In (15)-(18) 4 is the free path of ions, A, is the
energy length of free electron,, is the depth of the skin
layer, L is the characteristic size of the discharge
volume, vy, is the frequency of elastic collisions of
electrons with neutral particles, o is the frequency of
the generator. Under these conditions, the stochastic
heating of electrons can be comparable or greater than
the ohmic one. Both types of heating determine the
effective conductivity of plasma oy in the skin layer by
the mean of relations (19)-(22) [1]
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Since a significant electron current occurs only in
the skin layer, inequality (17) allows us to consider it
localized on the plasma surface, and write Ohm's law as

js =Egdog (23)
where js is the surface current density. From (23) the

energy flux density of plasma associated with heating is
equal to

110

=gl (24)
4 60«

4. RESULTS

Consider as an example the inductor coupled with
the cylindrical skin-layer (Fig. 2) under the following
parameters: working gas argon, pressure P =20 mTor,
inductor diameter D;=0.28 m, inductor conductor
diameter D,,= 10 mm, skin layer diameter D, = 0.26 m,
electron density at the plasma boundary ny= 10 m*,
electron temperature T.=5eV, generator frequency
f=13.56 MHz, input inductor current I = 10 A.
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Fig. 2. Discretization of the one-inductor and the
cylindrical skin layer

We obtain voltage on the inductor U =81 + 187i V,
and power input to the plasma W = 179...90i W. As the
number of turns of N increases, the power generally
increases, but at some values of N local minima can be
observed. Under the example given, but with N = 2, the
impedance is doubled, while the active power
introduced into the plasma is almost unchanged
(decreases by 1.5 percent). These features are shown in
Figs. 3,4
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Fig. 3. Dependency of impedance of the inductor from
the fig.2 on the number of turns
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Fig. 4. Dependences of impedance of the inductor from
the Fig. 2 on the number of turns

In Fig. 5 the distribution of the energy flux density
(24) in plasma are shown. Distributions of the active
and reactive parts of the surface current density are
presented on the Figs. 6, 7.

Fig. 5. Contour lines of energy flux density in plasma
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Fig. 6. Distribution of active part of the surface current density
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Fig. 7. Distribution of reactive part of the surface current density

CONCLUSIONS
So, the problem of finding of electric fields of an
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MOTEHLUAJBHAS YACTh JIEKTPUUECKOI'O MOJISI UHAYKTOPA MHAYKIIMOHHOI'O
PA3PSIJIA

H.A. A3apenxoe, A.B. I'anon

VYerpoiictBa ICP mmpoko pacnpocTpaHeHbl B COBPEMEHHOM TEXHHKE, IOATOMY eMKocTHas cBsi3b B ICP xopoio
n3BecTHa. OHa HE OKa3bIBaeT 3HAUYMTEIBHOTO BIMSHMS HAa BBOJ SHEPTHH B IUIa3My, U B OOJBIIMHCTBE CIy4acB
cuntaercs BpenHbIM d(dekrom [1]. Hcmomp3zoBanue skpana Papanes mNo3BosIeT H30ekaTh IMOIPOOHOTO
HCCIIEJOBAaHNS EMKOCTHOW CBs3M. OJTHAKO B HEKOTOPBIX CIIy4asX IOJIE3HO YUHUTHIBATh 00a THIIA CBSI3M MHAYKTOpA C
wta3moii [2]. CyliecTByeT MHOXKECTBO CIIOCOOOB aHAIMTHYECKOTO U YUCIICHHOT'O MOJCTHPOBAHN M HHIYKTOPOB M UX
cBsi3u ¢ ruiazmMoi. B GombrmHeTBe CAIIP mpoGnema cBoauTes k peureHuio quddepeHunanbHbIX ypaBHEHUH
METOJIOM KOHEUYHBIX 3JIEMEHTOB. B 3TOH cTaTbe Mbl UCIOJB3YEM APYTOH IOJXOJ, OCHOBAaHHBIM HA MHTEIPaJIbHBIX
YpaBHEHMSIX IS JIEKTPOAMHAMHUYECKUX IMOTEHIMAJIoB. B pamMkax 3TOro MmojaxojAa HCCIERYIOTCS 3JICKTpHUUECKHe
MOJISL Pa3IMYHbIX UHIYKTOPOB.

HOTEHIIAHA YACTUHA EJEKTPUYHOI'O MOJIS IHAYKTOPA THAYKIIMHOT'O PO3PSTY

M.O. Azapenkos, O.B. I'anon

Ipucrpoi ICP nyxe nommpeHi B cydacHii TexHili, ToMy emMHicHui 3B's130k B ICP no6pe Binomuii. Bin cyrTeBo
HE BIUIMBAa€ Ha BBEICHHS CHEpPrii B IDIa3My, 1 B OUIBIIOCTI BHIAJKIB BBa)Ka€ThCS INKIUIUBUM edexToMm [1].
Bukopucranns exkpany @apajnest 103BOJISIE YHUKHYTH IOKJIAIHOTO JOCIIJDKEHHS €MHICHOTO 3B'I3Ky. OmHaK y
JIeSIKMX BHIIAJIKaX KOPHUCHO BpaxoByBaTH OOM/IBAa THIH 3B'SI3KY iHIyKTOpa 3 masmolo [2]. IcHye Garato crocoGiB
AQHAJITUYHOTO 1 YHCIIOBOIO MOJIEIIIOBAHHS IHAYKTOPIB Ta iX 3B'I3Ky 3 mmasmoro. Y Oimbmocti CAIIP mpobiema
3BOJIUTHCSL 7O PO3B’s3KYy AH(EpEeHIiHHNX piBHAHb METOJOM CKIHYCeHHHMX eJIeMEHTiB. Y Il cTaTTi Mu
BHKOPHUCTOBYEMO 1HIIUH MiIXi/, 3aCHOBAHUI Ha iHTETpaNbHUX PIBHAHHIX JUIA €IEKTPOIUHAMIYHUX MOTEHIIATIB. Y
paMKax IbOTO IMiIX0AY JOCTIIKYIOTHCS €IEKTPUYIHI OIS PI3HUX 1HIYKTOPIB.
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