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Nonlinear effects in an inductive discharge have been studied experimentally and theoretically in a
low pressure and low frequency operational regime. Plasma dynamics at these conditions is strongly
nonlinear due to inertial and Lorentz forces. Nonlinear plasma polarization at the second harmonic
and mean(ponderomotive potential as well as generation of the electric current at the second
harmonic have been measured experimentally and analyzed theoretically. It has been found
experimentally that classical expression for the ponderomotive force is not applicable for warm
plasmas in the inductive discharges that are typically in the regime of the anomalous skin effect. A
new expression for the ponderomotive force in a warm plasma had been derived and was shown to
be in a good agreement with experimental data. The influence of nonlinear effects on the plasma
heating in the low frequency regime has been investigated theoretically2008 American
Institute of Physics.[DOI: 10.1063/1.1566443

I. INTRODUCTION tion is w=kvy=vy/ 8, wherevy, is the particle thermal ve-
locity, 6=1/ is the skin depth width, ankl is the effective
Inductive rf discharges or inductively coupled plasmasyyaye number. Thus, the particle leaving the skin layer after
(ICP) continue to attract attention as effective plasma sourcefhe reflection from the boundary experiences the effect of the
in many industrial application's” Although most practical g|ectric field that is in-phase with the electric field when the
ICP operate at 13.56 MHz, the trend to reduce the operatioayiicle approaches the skin layer. Since the wave energy
frequency is clearly recognizable in recent ICP developyissipation is mainly due to the resonant particle, the effec-
ments. Application of low frequencies reduces capacitivejye collision frequency iSVeﬁzvth/5-6 Therefore, the ab-

coupling and transmission line effects and leads to Slmple§orpti0n of the electromagnetic wave due to the interaction

and_}c;wer cost rf power sourcei and mf';lt(_:hlr;g cwcwts.f h of the wave with warm electrons can be described by the
ere are two important characteristic features of the,_ <ol skin depth expressieﬂ#(czv/wgew)l’z by replac-

cht;pera;ggnaalliﬁw ];rifqu&n(r:ly' aP?rTan(mEI)incglhrs‘mnzfa]I Cng v—uvy,/ 6. This results in a qualitatively correct expres-
cating and noniinearty. Viany of the appiications o sion for the anomalous skin depth=(cvy/w2.w) . The
require low-pressure regimésith neutral gas pressure 1-10 . . P :
) regime of the anomalous skin effeéttyhen the electric cur-
mTorr). For a typical electron temperature of few eV the . . S .
. . ) rent is not a local function of the electric field, is often re-
electron—neutral collision frequenayis small,r<w (w is a C 710 s )
- . . ferred to as nonlocal reginfel® while the regime of the
driving rf frequency, and electrons in such a discharge are . . . -
o - . classical skin effecthighly collisional, or short mean free
weakly collisional. In absence of collisions, the collisionless Lo .
path regimgis referred to as a local regime.

wave—particle interactioriLandau: damping becomes the The second important characteristic of the low frequency

?eigngrggcv@igﬁrphema:t?ge mi\:ﬁ]a?\t/)sl?) rg?oge;nrgesp:?osnr?_?CP is due to the fact that the nonlinear Lorentz force can be
' P Y much larger than the force of the inductive electric figld.

parable with the wave phase velocity, the resonant wave—=, . . )
particle interaction leads to the wave damping, and the col-—rhIS Is the regime of the electrofiHall) magnetohydrody

lisionless interaction becomes an effective dissipationnam'CS(EMHD)’ that has been traditionally applied to fast

mechanism replacing real collisions. Qualitatively, the Com_phenomena In high power pulsed plasma systems and some

. P : . .. Mmagnetospheric plasmas. In ICPs nonlinear effects are small
sionless dissipation can be described as an effective dlSSngl 9 P P

tion due to the resonant wave—particle Landau interaction. At high op_erat|0n fr~equency. At low frequencies, the nonlin-
a configuration of the ICP discharge, the resonance occuf@@" force increaseB~w ! s0 thatw.>(w,v), where w,
when the electron spends in the skin layer the time approxi=eB/mec is the electron cyclotron frequency in the rf in-
mately equal to the wave period, so that the resonant condguced magnetic fiel&. Nonlinear forces in ICP may signifi-

cantly affect plasma density profité-1® They also generate

apaper CI2 2, Bull. Am. Phys. S0d7, 57 (2002. higher_ hls;lrlr;]onics of the_ electric_ curréﬁt,zellectr(_)static
Plnvited speaker. potential}"*8and can modify the skin-effe¢?-?!In this pa-
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per we review the experimental data and theoretical modelsance. Collisionless absorption can be described as a viscos-
describing these effects. ity effect in the momentum balance equafioff

e
II. NONLINEAR FORCES IN ICP —lwv=— EE_ VeV, (6)

A. Electron magnetohydrodynamic equations in ICP 5 ) o o
wherevegs= v+Kk-7,, includes the contribution of collision-

In this section we qualitatively consider nonlinear effects|ess apsorption processes accounted for via the viscosity ten-
due to the rf magnetic f|eld_or_ent_z force and electron in-  gop 7242* One has to remember tha is in fact a nonlocal
ertia. These forces lead to excitation of the polarizatimm-  gperator and, in general, has an imaginary part.
deromotive and second harmonjlasma potential and non- Note that each, the inertiah(v-V)v and the Lorentz
linear current. In neglect of thermal effects, total nonlinearyrce eyx B/c terms, have both potential and solenoidal
force can be obtained from the momentum equation components. In absence of collisions, solenoidal components

EY; are cancelled completely resulting in a total force that is pure
m— tvmv+ek=—F, (1)  potential as in Eq(5). In general case.s# 0 the solenoidal
component leading to the generation of nonlinear current
V2 may remain finite. As we shall see below, two-dimensional
VE_VXVXV ' geometry is a required condition for generation of the non-
2) linear current.

. . . . . The potential and solenoidal components can be sepa-
Assuming that ions are immobile, the electron velocity can . . .
L _ rated in Eqg.(1) by taking V- and VX operations, respec-
be related to the magnetic fieldx B=—4menv/c. Some- tively. Applying theV X operator to equatiofil) one obtains
times, full (nonaveragedF consisting of the time averaged Y- APPYING b .

; . a nonlinear equation for the azimuthal magnetic figlgin a
and second harmonic components is referred to as a gener-

. . cylindrical ICP discharge with a planar coil where there are
alized ponderomotive forcg.In what follows the pondero- -
; . two components of the magnetic field created by the external
motive force will refer to the dc part only.

Nonlinear current and nonlinear polarization field areC0ll B=B:i(r,.2)r+By(r,z)z

e e
= EVX B+ m(v'V)v=Ev>< B+m

created by two different components of the nonlinear force. 2 (g B
The total nonlinear forc€2) can be represented asasumof—g — = [~ | || y2g,— -2
- i at 2 | gt ¢ 2
potential and solenoidal parts Wpe r
= P+VXG.

F=eVOP+VXG (3 c P P 2 a1
The_potential part is re_sp(_)nsible for plasma polar_ization :—477en0 EKZ_EKr_w_ZEF
leading to the electrostatic fiel’= — V&P, with ®P being pe
a polarization potential, while the solenoidal p&rk G pro- J 2
duces a nonlinear current, wheBis some vector potential X EBr_ EBZ . @)
function. Note that the potential and solenoidal components

in (3) are independent of each other. Respectively, the nonye ok — (B.v)B is a vector related to the curvature of the
linear polarization field and nonlinear current are also inde'magnetic field

pendent.
It is interesting to note that potential and solenoidal parts . . (19 9 .
f i ina wi isi K=K,r+Kz=|=—B?+B,—B,|r
of F have different scaling with collision frequenay the r z 5 gr or TPz, Pr
scaling may also be different for dc and second harmonic
parts®?> One can easily show that the solenoidal part van- N 1 92 9p ;s .
ishes in absence of collisions and thermal effects. Indeed, in 29z ¢ "o ? = ®

this case, one has
The right hand side of Ed.7) is a source of the nonlinear

vldt=—ek/me, or VXv=eB/meg. 4 azimuthal magnetic field, which has time average@c)
Then, from Eq.(2) one obtains and second harmonic components. Note that nonlinear cur-
5 rent is essentially two-dimensional effect, bddh#0 and
© v B,#0 ired to have finite
=—yXB+m(v-V)v=V| m—]|. (5) .# 0 are required to have finit8,, . _
c 2 To obtain the equation for the potential component of the

This is a purely potential force which does not produce anyonlinear force, we take the divergence of the electron mo-
nonlinear current. The polarization potential in this case ignentum balancél). Taking into account thaV-v=0 and
®P=mv?/2, and the nonlinear force is the gradient of thene_glectmg the effects of plasma inhomogeneities, one ob-
electron oscillatory energy. The contribution to the nonlineat@ns
current occurs solely due to a finite phase shift between the

- L - s B? c® 9 [oB, 0B,]?

time derivative of the electron velocity and the electric field. y2g,p— V2o _V.K— — _[_Z_ 2z
Such a phase shift is a result of dissipation due to collisions 4men 2 wf)e rorf Jor 9z

or collisionless absorption associated with wave-field reso- (9)
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N7 T magnetic field,op is the Pedersen conductivity along the
electric field, andry is the Hall conductivity in the direction
perpendicular to both the electric and magnetic fféldhe

1 i primary electric fieldE, creates a Hall current in the radial

§ direction. To compensate this current and mainthis 0 a
-g finite radial electric fieldE, must be generated. This is the
g polarization field.
e 0.1 7 A corollary to this result is an interesting fact that, in an
- infinite ICP, the effects of the magnetic fidlishcluding those
from the external dc magnetic figldo not modify the pen-
0.01 ‘ ‘ 4 etration of the rf field into the plasm&Thoughop is modi-
Nl B BN BN BN B B A fied by the magnetic field, this modification is compensated
0 2 4 6 8 by the Hall current from the induced radial polarization field

harmonics EP, so that the net current in th@ direction is not changed

FIG. 1. The frequency spectrum of the polarization potential in the middle
of the skin layer, at a distance of 1 cm from the quartz windaw { cm, . o
r=4 cm) in an ICP driven at 0.45 MHz. e Ey(—io+v)+EfeB,/mgc

T M (eB,/me)?t (—iwt v)?

U¢—

The V2B?/2 andV -K terms in this equation are due to the __ & By
Lorentz force, while the last term is due to the inertial force. m(—io+v)’
Both dc and second harmonic components of the nonlinear
polarization field are generated. The first and third terms inn the result, in an infinite ICP, the magnetic field does not
Eq. (9) produce the dc and second harmonic potential thaghange the skin effe¢t:?! In a finite length ICP, when there
are equal in the amplitude, while the dc and second harmonig inhomogeneity in thez direction, the situation may be
generated by the second tefgue toK) may be different.  different?*
The curvature termY(-K) is small whens<R, so one can
expect that the dc and the second harmonic potential in ICP
will be comparable in amplitude as it is confirmed in the
experiment(see Fig. 1 and the next sectjon

Essentially, the role of the electrostatic polarization field
is to balance the nonlinear Lorentz and the inertial fofces. Experiments have been carried out in a cylindrical low
It can be simply illustrated for an infinite in-direction cy-  pressure argon ICP, with a metallic chamber with diameter
lindrical ICP. In this case all forces are in radial direction, so2R=20 cm and length E10.5 cm, and a quartz window
that the radial component of the polarization field can beseparating a planar coil from plasma, as described in detail in

(12

B. Experimental observations of nonlinear
polarization field and electric current

written as Ref. 26. To enhance nonlinear processes the driving fre-

1 M. v2 quency and gas pressure were reduced, correspondingly, to
EP=—-Bu,+— ¢ 0.45 MHz and 1 mTorr.

e r The rf discharge was maintained at a discharge power

P=200 W. The basic plasma parametarts;T., the rf and
(10) dc plasma potential have been measured with a Langmuir
probe moved along the axidk) direction. Nonlinear har-
monics of the electrostatic potential were directly obtained
from Langmuir probe measurements. The ponderomotive po-
tential was calculated from the dc potential and plasma den-
sity data as decribed in Sec. IV. Measurements were made on
the discharge axis&0) and at a fixed radial positian= 4
cm, which corresponds to the maxima of the radial distribu-
tion of the azimuthal rf electric fieldE(r) and the radial
c? coplo & ) magnetic fieldB,(r). The electron—atom collision frequency
= (1) 3 was found by using Langmuir probe data and argon cross
sections. The electromagnetic fielH¢r) andB,(r) and the
and the width of the skin layer is much smaller than the ICPRplasma current density distributiodg, J,, andJ, were in-
radius, 5<R. ferred from magnetic probe measurement made along the
The nature of nonlinear polarization fields in inductively axial direction atr =4 cm and along the radial direction at
coupled plasma is closely related to the Hall drift of elec-z=3.2 cm. Langmuir and magnetic probe measurement
trons in the rf magnetic field. In presence of the magnetiovere made over a wide frequency ran@e45—-13.56 MHx
field, the total electron current can be written in the farm but here we mainly consider data fas/27=0.45 MHz
=opE+ oyEXDb, whereb=B/B is the unit vector along the where nonlinear effects are largest.

1 aB§+ 1 c? 1(4B,\?
4mng gr 2 4mng a,_;eF ar
The latter equality in(10) is obtained by using the Ampe
law VXB= —4env/c. This expression corresponds to the
first and the last terms in Ed9). Note that in an infinite
cylindrical ICPK=0. The contribution of the inertial term

[the last term in(10)] is typically small in the nonlocal re-
gime, because

2 22 53 -
w0 wped vi/o  vplo
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FIG. 2. The second harmonic plasma potential spatial profiles for threg- s 3 The axial current

» at the second harmonic measured fat
different driving frequenciest=0.45, 0.9, and 3.4 MHz. 22

=0.45 MHz and 1 mTorr. The azimuthal primary harmonic curi&p} is
shown for comparison.

1. Nonlinear polarization potential

To our knowledge, the nonlinear polarization potential@boVve, the_dc and second harmonic .po_larization poteqtials
has not been observed in experiments with inductive dis@f€ approximately equal and have similar spatial profiles.
charges. One reason for this was that for a typical ICP driver] Ne experimental profile of the ponderomotive potential is
at 13.56 MHz nonlinear effects are negligibly small. Theydiscussed in Sec. Il where it is also compared with a theo-
are significantly increased for lower frequency. Note thatetical model. _ _ _
lower frequencies correspond to the stronger anomalous skin The second harmonic potential decreases strongly with
effect, w<vg/J. an increase in gas pressure and driving frequency. This trend

The frequency spectrum of the plasma potential in thdS consistent with the nonlinear nature of the polarization
middle of the skin layer, close to the quartz window ( field. Indeed, with growing gas pressure, the discharge ion-
=1 cm,r=4 cm) in an ICP driven at 0.45 MHz, is shown ization and energy balance require a smaller rf electric field
in Fig. 1. Note that dc plasma potenti@ero frequencyw and a smaller drift velocity, while with increasing frequency
=0) has been deduced from the plasma density and p|a5n¢asmaller magnetic rf field is required to induce the same rf
potential profiles while the oscillating rf harmonics electric field.

(0,203, ...) were measured directly. The dc potential Measurements performed at different frequencies and
corresponds to the nonlinear ponderomotive force and wilPver a wide range of the discharge power have shown that
be further described in Sec. Ill. As it is seen in Fig. 1, thethe second harmonic voltage generated in the skin layer de-
first (fundamental harmonic, probably induced by finite ca- Pends very little on the discharge powgrlasma density
pacitive coupling from the induction coil, is smallest, while Thus, at 1 mTorr and driving frequency 0.9 MHz, the change
the second harmonic exceeds the electron temperature aHtithe discharge power from 50 to 400 W has resulted in a
dominates all others. Note that the fundamental harmoni€hange ofV,, from 5 to 8 Volts. This is consistent with a
shown in Fig. 1 is the harmonic of thedectrostatic potential Weak dependence of the primary rf electric field with the
and it is different from the fundamental harmonictire in-  discharge powel” In a steady-state weakly ionized gas dis-
ductive electric fieldThe fundamental harmonic of the elec- charge plasma, the rf electric field and the electron drift ve-
trostatic potential is the result of the parasitzapacitive locity are held almost constant by the ionization and electron
coupling and in the ideal ICP should not appear. Figure ENe€rgy balanc®

also shows that all even harmonics are significantly larger

than odd harmonics. The nonlinear polarization potential at . .

the second harmonic is approximately equal to the dc part 0?' Nonlinear currents at the second harmonics

potential that indicates that the curvature produced potential Second harmonic curredt,, induced by the rf Lorentz

is small[see Eq.(9) and the discussion above in Sec. [LA force and circulating around the main discharge current has
Amplitudes of the second harmonic and @onderomotive  been found in our ICP operating at 6.78 and 3.39 M.
potential should be approximately equal when the dissipatioThe axial and radial components 8§, measured at 0.45

is small?122 MHz and 1 mTorr are shown in Figs. 3 and 4.

The axial distribution of the second harmonic potential  The space dependence of both second harmonic compo-
atr=4 cm is shown in Fig. 2 for argon pressure of 1 mTorrnents shown in Figs. 3 and 4 are similar to those found in
and three driving frequencies of 0.45, 0.9, and 3.4 MHz. TheRef. 11 for high frequency. The relative magnitudelgf, at
second harmonic voltage drops sharply inside the plasm@.45 MHz was found to be larger than that of at higher fre-
thus suggesting that the source is located in the skin layeguencies in Ref. 11. Our measurements show thaf f))eat
where the electric and magnetic field are strongest. As noted.9 MHz is comparable to that of at 0.45 MHz, so that the
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frequency dependence at low frequencies is much weaker 55 10 12
than that of at higher frequencies in Ref. 11 whésg is g
nearly proportional tav 1. 71
In a cylindrical ICP with a flat coil, there are two com-
ponents of rf magnetic field3, andB, . As shown in Refs. 0 d 0

0 2 4 6 8 10

11 and 18 and as follows from E), the second harmonic axial position (cm)

current is essentially a two-dimensional effect caused by the
rf magnetic field curvaturé&K =B-VB. The main contribu- FIG. 5. The plasma density(z) and the ambipolar potentisl(z) profiles,
tion comes from the Lorentz force while the contribution of measured in an ICP driven at 6.78 MHz, at different radial positior)

the inertial term is smallsee Eq.(11)]. The Lorentz force (no rf_ fields and r=4_ cm (maximum rf field amplitude Note that the
drives nonlinear currents along closed paths inzthe plane negative—V(z) potentialis shown.

forming a poloidal current structure resulting Jg,, maxi-

mum at the discharge axis. Note that the current dedsity

is not a local function of the Lorentz force, but is defined by p di £ th q ive foleBthe eff
the total plasma impedance and by the Lorentz force intel earlier studies of the ponderomotive the effects

grated along a closed current path as well as boundar9f thermal motion were considered as small correctidos
w>kv,=v4,/ 6) to cold plasma expressidh.It turns out

derived in the local approximation is no longer valfef’+2°

conditions. ; . ;
that in the anomalous skin effect regime, whercuv /6,
resonant wave—particle interaction also strongly affects the
1. PONDEROMOTIVE FORCE IN A WARM PLASMA ponderomotive force in addition to the modification of

Ponderomotive force is an effect of a dc component ofPlasma he-_gtin@?“‘o o _ _
the nonlinear polarization potential. Attempts over the last 30 A Significant deviation of the ponderomotive force in a
years to demonstrate a ponderomotive effect in a coIIisional‘{"arm_plasmnggom the classical rgsult was found repently in
weakly ionized, gas discharge plasma have failed becaus"é(pe”memé-' The plasma densityi(z) and the ambipolar
the ionization and energy balance of a weakly ionizedpotentlaIV(;) prpflles, measured at different radial positions,
plasma limits the electric field and electron drift velocity to a @€ Shown in Figs. 5 and 6 at 6.78 and 0.45 MHz, respec-
low level insufficient for a significant ponderomotive effect. tively: At 6.78 MHz, at the center and at a radius of 4 cm the
Recent advances in inductively coupled plasi€P) measured"l_(z) andV(z) are rather symmetrical ak?ou_t d|§-
sources for plasma processing of semiconductors and lighharge mid-plane and have a Boltzmann distribution
ing technology led to the development of ICPs maintained af(2)/No=€xpEM2)/Te). The spatial distributions ai(z) and
an extremely low gas pressure with an electron oscillatory/(2) are typical for low pressure ICPs found in the literature.
energy approaching the electron thermal energy. Under such A Significant asymmetry in the plasma density and the
conditions, the interaction of electrons with the electromagPlasma potential profiles is seen at 0.45 MHz in Fig. 6 for
netic field becomes strongly nonlocal due to the electrorPOth radial positions. At the radial position=4 cm, where
thermal motion that results in the anomalous skin effect. InF(") andB,(r) are peaking, there is a significant shiftan
the regime of the anomalous skin effect, the electron drifP0Sition between the maximum of (at z=5.5 cm) and the
velocity is not a local function of the rf field, and the classi- MinNimum of V (atz=2.1 cm) and there is a clear reduction

cal expression for the ponderomotitdiller) force?® in plasma potential and plagma density at the (edil) side
5 , boundary. At the plasma axis €£0) where bothE(r), and
F=-VUy, Uy=eEy2my(o°+v9), (13)  B,(r) are zero, the maximum in(z) coincides with mini-
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FIG. 6. The plasma density(z) and the ambipolar potenti&(z) profiles, ' cem

measured in an ICP driven at 0.45 MHz, at different radial positior<

(no rf fields andr=4 cm (maximum rf field amplitude complex wavevectory=1/6—ix. In this model, the pon-
deromotive forceR, is in z direction and given by the fol-
lowing expression:

mum inV(z). The difference in position between the plasma 1 2 7 *
p(—;) Re{i (Z(—1is)

density and the potential profiles is caused by the ponderq:pz_Re{JyB;‘}z Ppe
motive force, which can be accounted for in the plasma equi- 2c 87
librium equation. The ponderomotive potential foresV U
can be calculated as a difference between the pressure gradi- —expyz)G(yz,s))
ent force and the force due to the bulk plasma poteMjal
T.Vn—enVV—enVU=0. The axial distributions of the 100 . . . T .
measured plasma electrical potentiadnd the effective ther-
mal potential T,=T./elnn are shown in Fig. 7 for both WUy 450kHz  4.cm
radial positions. An essential difference betwdgrandV in i
the skin layer is seen far=4 cm, whileT,=V everywhere .
along the plasma central axis. The ponderomotive potential
Uexp Calculated as a difference betweBnpandV is shown in
Fig. 8 along with theJ,, potential of(13) calculated with the
experimental value ot ;. There is a significant discrepancy
betweerlJ.,,=T,—V and the Miller ponderomotive potential
Uy . It was found! that in the regimeyy,/w8>1 the mag-
nitude of the ponderomotive force is strongly reduced due to
the effects of particle thermal motion.

A new expression for the ponderomotive force account- .
ing for the effects of thermal motion was derivédie used .
a model case of a semi-infinite plasma occupying region . A
>0 with specular particles reflection at the plasma boundary .
z=0 and assuming exponential spatial dependence for the 0.1
electric field,Ey(z) = Eo exp(—y2exp(—iwt). Such a model
gives a reasonably accurate description of the electromag-

netic field in the_ skin layer Of_ an inductively coupled dis- FiG. 8. The ponderomotive potentidl ., evaluated from Fig. 7 as the
charge. HereEq is wave amplitude az=0, andvy is the difference betweei, andV, shown together with the Miller potentitly, .

YUth

. (14)

—_
o
T

.

ponderomotive potential (V)
T
- -»

axial position (cm)
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FIG. 9. Absolute value of the ponderomotive potential calculated from the, : - . .
] FIG. 10. Thermal reduction of the ponderomotive force in plasma at differ-
linear theory forf =0.45 MHz for local T,=0) and nonlocal T.=7 eV) P P

. ent driving frequenciesf =0.45 MHz (curve 1, f=2 MHz (curve 2, and
regimes. Other parameters arev=4x10Ff s !, §=224cm, E, g freq ( 3 ( 2

= . f=13.56 MHz (curve 3. The ponderomotive force is normalized to the
=187 vicm. The experlmental data from Ref. 29 for0.45 MHz and classical value af =0 andz=0; the dashed line corresponds to the Miller
T.=7 eV are shown by circles. force in a cold plasmaT,=0).

Here Z(p) = 1\ [~ ., exp(~=x?)dx/(x—p) is the plasma dis-

persion function, an@(z) is a complex function of the nonlocal ponderomotive foF,=7 eV to its value for
_ ) T.=0 at the same frequency. A thermal reduction of the
G(y2,5) = iJ’”’ texp(iyzs/t—t )dt ponderomotive force, that is significant for low frequencies,
' Jato t24+ g2 ’ is very weak for the common in industrial applications fre-

. . quency 13.56 MHz for which the absolute value of the pon-
The parametes=(w+iv)/yvy, describes the degree of non- oo motive force is negligibly small.

locality of the plasmé; |s|=1 separates localclassical

(Js|>1) and nonlocalanomalous(|s|<1) regimes of ICP.
Note that in this one-dimensional model, the inertial forcelV. PLASMA HEATING IN THE ANOMALOUS REGIME

does not contribute to the ponderomotive force. AT LOW FREQUENCIES
In the strongly nonlocal regime<1 and assuming weak The resonant absorption of the electromagnetic wave

dissipation»x5<1 one can derive froni14) the following e to the electron thermal motion is an underlying heating

expression for .the ponderomotive force near the plasm@,echanism of the inductively coupled plasma discharge
boundary ¢=0): (ICP) operating in the regime of the anomalous skin effect.

2 The latter regime occurs fary,/6=w andvy/6>v. It has
J g th th
Wpe o NTO 36 - P
Fp= >Eo . (15 been showf**that in the low pressure ICP operating in the
87w Uth anomalous regime the power absorption due to the interac-

Note that the expression for the ponderomotive force ifion with thermal electrons significantly exceeds the colli-

the nonlocal regime can be cast in a form similar to that ofsional absorption. There is an optimal frequency when the

the local case, i.eF ,= w2 E2/875w?, where the character- Power absorption reaches the maximal value. As it was dis-

istic gradient length of the electric fieldlis replaced with the cussed in the Introduction, the resonant frequencywis
characteristic length of the particle excursion over the wave=vn/d. Note that in this paper we are considering only a
period, §— S=v /T o. model case pf a semi-infinite plasma where there is only a
In Fig. 9 we show the theoretical and experimentals'”g!e reflection from the plasma boundary. The multiple re-
(shown by circlesvalues of the ponderomotive potentia), flections of e_Igctrons from the bapk wall of the chamber in-
for f=0.45 MHz. The theoretical value of the ponderomo-troduce gddmonal resonanéésvhich occur at much lower
tive potentiall, is calculated fron{14) by using the relation ~frequencies),=uvy,/nL and are not considered here, where
engU,=—J%Fpdz. Our model shows a significant reduc- L is the size of the chamber. o
tion of the ponderomotive force in hot plasmas due to the It has been shown earlier that for low driving frequen-

particle thermal motion. For our calculations in Fig. 9 we ¢i€s (@<w) and low collisionality (*<v/6) the effects of
used experimental values=2.24 cm, »x5=0.1 and E, the particle thermal motion reduce the absorption below the

—1.87 V/cm16:20 collisional value® This effect is illustrated in Fig. 11. Note
The reduction of the ponderomotive force due to thethat in the region of low frequencies the total power ab-
finite electron temperature becomes weaker for higher freSorbed in plasma is smaller than the collisional poBgy;,
quencieglarger values 0§). In Fig. 10 we show the reduc- e?n,
tion of the ponderomotive force in nonlocal regime for three S = 7
different frequencies. The parametgrs defined as a ratio of Me

Ven

2 2"
VepT @

E368

(16)
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10’ . . Lorentz force can be characterized by a magnitude of the
parametefw./w. For smallow./w the effect of the rf mag-
netic field is small. For lower driving frequency, the param-
o eter w./w is larger and the ponderomotive force becomes
significant. At low frequency there is significant reduction of
0 plasma heating due to the rf magnetic field. Expulsion of
I 10 o electrons from the skin layer by the ponderomotive force

coll

/8
!

tot

S

= ~ leads to the reduction of plasma heatirig®
~.. ®n
o o
L V. SUMMARY
107 . . ' Our experiments with ICPs at various rf and argon pres-
102 10" 10° 10" 10? sure have shown that nonlinear effects induced by the Lor-
frequency (MHz) entz force are negligible at high rf and high gas pressure. On

the contrary, nonlinear effects, such as, polarization poten-
FIG. 11. Ratio of the total to collisional absorbed power. Solid curve rep-tjal. the electric current at the second harmonic. and pondero—
resents the linear theorfvithout rf magnetic fielg, circles—the result of " e . . '
PIC simulation without rf magnetic field, squares—the PIC simulation with _motlve modification of plasma density are well pronognced
rf magnetic field. The parameters afg;=0.5 Vicm, T,=10 eV, n,=2.7  in ICPs at low gas pressure and at low frequency. This cor-
X101 cm™3, »=1.5x10F 571, responds to a condition where strong nonloag}/éS
>(w,v) and strong nonlineaw > (w,v) effects occur si-

multaneously. Our theoretical analysis has shown that strong

Nonlinear effects that are most important for low frequencied! Magnetic field further reduces the electron heating at low
may further affect plasma heatifg2®3“°We investigate Teduencies.

these effects via direct numerical simulations of plasma heat- We have analyzed the structure of the nonlln_ear forces n
ing. the ICP. We have shown that both Lorentz and inertial com-

To compare the results of nonlinear simulations with lin-PONents have potential and solenoidal parts. The potential

ear theory we use the model similar to that of Sec. III ThePart leads to plasma polarization, while the solenoidal part is

spatial profile of the power absorption(z)= 1/2 Re(.E* responsible for generation of the nonlinear electric current.
WF;S ob'?ained in Ref.p38 pion(z) %Ey) Both polarization(electrostatit potential and the nonlinear

current have the time averagédkt) and oscillating(ac, 2w)
components.
2m, We have investigated the influence of the particle ther-
mal motion on the ponderomotive force. In low collisional,
—exp{ _ E) Z(—is)) _ (17) nonlocal regimes with,/ 6> w, the value of the pondero-
o motive force is strongly reduced compared to that given by

The total power absorbed by discharge plasiBa, the standard expression. It is interesting that low temperature

e’ng

— 2 i K
w(z)= EORe{wth<G(z)exq v*Z)

= [*w(z)dzis ICP gave the first example of a medium where the effect of a
0 finite electron temperature on the ponderomotive force is im-

S _e2n0 E2R 1 2 fw t2 exp( —t?) 1 porant and has been measured, while in high temperature

ot 2m, © Yo\ 7o 2482 y*t—iys cases such as laser or rf heated magnetically confined plas-

mas the ponderomotive force can generally be described by
the standard Miller expression. The reduction of the pon-
X dt— 5Z(= iS)) 1 (18  deromotive force occurs in the regime when the particle ther-
mal velocity exceeds the characteristic phase velagity,
In a cold plasma limit this expression reducessg; (16). =w/k. Such a situation hardly can occur for propagating
The ratio n= St/ Sco IS Used as a measure of the influenceelectromagnetic waves whose phase velocity is close to the
of the electron thermal motion on the electron heating. Inspeed of light, but it naturally occurs in the ICP when the
numerical calculations the measured absorbed power is awave is evanescent and/ k= wd<w/ky=c, wherek, is a
eraged over the rf field period. vacuum wave numbe(The characteristic phase velocity for
The nonlinear effects of the rf magnetic field reducethe evanescent wave is the phase velocity of the characteris-
plasma heating. This effect is illustrated in Fig. 11 whichtic Fourier component=1/5.) One can expect that similar
shows the results of particles-in-céRIC) simulations of the reduction will occur for the laser beam penetration in the
electron heating in a semi-infinite ICP model with an expo-overdense plasma or in a magnetized plasma with much re-
nential spatial profile of the electromagnetic field. The simu-duced wave phase velocity.
lations included electron—atom collisiofimplemented into We have derived a new expression for the ponderomo-
the PIC code with a direct Monte Carlo methaahd the tive force in hot plasmas that is in reasonable agreement with
electron—electron collisionémplemented via the Langevin the experimental dat. The modification of the ponderomo-
equatiod?) as a mechanism for the “Maxwellization” of the tive force due to thermal effects has to be taken into account
electron distribution function. The influence of the nonlinearin numerical models of inductively coupled discharges.
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