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Nonlinear phenomena stimulated by enhanced longitudinal electric field arising near the metal surfaces in helicon
plasmas are analyzed theoretically. Ponderomotive effect giving rise to nonlinear ingtability of the edge plasma, and
stochastic electron heating that increases the rf power absorption and plasma generation are considered. Experimental
evidences for non-equilibrium electron energy distributions including a population of fast particles with mean energies

of the order of afew tens electron-volts are presented.
PACS: 52.35.Hr, 52.40.Db, 52.50.Dg

1. INTRODUCTION

Inductivdly coupled plasmas (ICPs) demondtrate
numerous cooperative and nonlinear phenomena at low gas
pressures, even without an external magnetic field imposed.
Generation of ocillations a the second harmonic of the
driving frequency, ponderomotive effects, nonlocd
electrodynamic and kinetic processes, including stochastic
electron hedting, and other cooperative phenomena were
found to govern substantidly the discharge performance
(see, eg., thereview paper [1]).

Much broader variety of nonlinear cooperative
phenomena is inherent to the ICPs operating with the
magnetic field, so-caled the helicon plasmas, which carry
various waves. A universal phenomenon for these
plasmas is ion-acoustic turbulence that can originate from
parametric [2-6] or dectron drift current driven [7,8]
instabilities. Excitation of ion-acoustic waves can provide
an efficient additional channel for the rf power absorption
at high levels of input power. Another nonlinear process,
generation of super-therma electrons, was detected in
several experiments [9,10]. The underlying nonlinear
mechanism was hypothesized to originate from trapping
and subsequent acceleration of particles by the
longitudina electric field of traveling helicon waves.

One more potentid source for generation of super-
therma eectrons and other nonlinear processes is enhanced
longitudina eectric field that arises near the boundary of
plasma with the meta surfaces transverse to the externd
magnetic field. Such thefield was predicted theoreticaly and
measured experimenta ly on the helicon discharge [6].

We report on theoretical and experimental study of some
nonlinear and stochagtic phenomena in helicon plasmas
excited by m = 0 antennas either across (standard helicon
plasma) or dong (magnetized ICP) the magnetic field.
Enhancement of the longitudina electric field near the metal
plates and related ponderomotive phenomena are discussed
in Sec. 2. Stochagtic electron hegting in the strong edge
electric field and its effect on the rf power asorption and
plasma production are discussed in Sec. 3. Experimentd
evidences for non-equilibrium dectron digtributions are
presented in Sec. 4. Section 5 gives conclusons.

2. ENHANCED ELECTRIC FIELD AND
PONDEROMOTIVE PHENOMENA IN A
NONUNIFORM EDGE PLASMA

Nonuniformity of helicon plasmas influences
substantially upon linear and nonlinear processes due to

polarization induced by the wave fields. Radia plasma
nonuniformity (in particular, a density jump near the
plasma boundary with non-conducting confining wall)
gives rise to transverse, relative to the magnetic field,
polarization resulting in an efficient rf power absorption
through the linear mode conversion of helicon waves into
quasi-electrostatic  waves  [11]. Axiad  plasma
nonuniformity is aso considerable, especialy in the
boundary regions near the meta surfaces that are
perpendicular to the magnetic fild. Owing to plasma
polarization in these regions, the longitudinal electric field
is enhanced and can give rise to various nonlinear, in
particular, ponderomotive phenomena[6].

Radio-frequency (rf) electric and magnetic fields
excited in an axialy nonuniform plasma by an
azimuthally symmetric (m = 0) antenna are represented in
acylindrical geometry as a superposition of various radial
harmonics[12]
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introduced z-dependent field vectors,
F ={Fi . Fq.Fs} and H, ={H,,Hg,H,}, and the
vector  J; ={3y(kair), Ji(knir), Jo(kaiT)}  with 3oy
being the Bessd functions. Here, ki, =g;/R is the

transverse wave number (g;: the i-th root of J;, R: the

plasmaradius). As seen from Eq. (1), longitudinal electric
field is maximum on the axis. Substituting Eq. (1) into
Maxwell equations yields a set of ordinary differentia
equation with respect to z Then the amplitudes of the
E,-field radial harmonics take the form

where we

Fs =-iNa (W/wge)*Hg 2)

where Na; =ki;c/w isthe transverserefractive index.
If the thickness of the plasma slab neighboring to the
metal surfacedz < (C/Wpe)We, /W)Y ?, the amplitudes of

electromagnetic field components, and in particular Hy, ,

are nearly constant within this dab. Aslong as the plasma
density naturaly falls towards the metal surface, equation

(2) predicts F, to grow as n"*. The physical reason for
this effect is the following. In a dense helicon plasma
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(w >>w where w,, and w,, are the plasma and gyro

frequencies of electrons), the electron rf conductivity
current aong z-direction much exceeds the displacement
current and, therefore, should be continuous,
j; ° -env,»const (v, =- ieF,/mw: the amplitude of
electron vedocity oscillations), so that the field should
grow with decreasing n.

The effect of field enhancement in the edge plasma dab
was confirmed experimentadly [6]. The E,(z) profile
measured with use of the dipole antennain a hdicon plasma
and shown in Fig. 1 dearly demonstrates a tendency to grow
towards the metal surface (z= 0). Computation results shown
in the same figure predict that the maximum field on the
surface can amount to 10...20 Vem' %,
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Fig. 1. Measured and computed axial profiles of the
longitudinal eectric field near the metal flangein the
helicon plasma [ 6]

If the density within the edge dab is quite low, the
amplitude of longitudinal eectron oscillatory velocity can
exceed the transverse one, so that electron motion can be
considered in one-dimensional approximation. If, in
addition, the amplitude of eectron rf excursions is not too

high, eF,/mgw?<<dz, the effect of the rf field on Sow
electron motion is described by an  adiabatic
ponderomotive force, F, =- (me/2)ﬂ|vz|2/ﬂz. Then,
equation of the average dectron motion takes the form

—ze—- = — 3
e qit z n 9z ®)
where the effective pressure, Pes = Py + Ppona » IS the
sum of the thermal and ponderomotive pressures
T+ e K Hg [
Pest = nTe + 8p 2e2 ﬁ_ (4)

One can see from Eq. (4) that if the density is below the
critical  value, =(2¥?pe)(c/vi)kn [Hy |, the
effective pressure depends anomalously on density,
Tpe / N < 0. This means that any decrease of the density

should progress giving rise to the instability like coll apse.
3. STOCHASTIC HEATING OF ELECTRONS
BY ENHANCED EDGE ELECTRIC FIELD

Another nonlinear phenomenon that can be initiated
by the enhanced edge field is stochastic heating of

electrons. Similar effect was examined in ICPs without
the magnetic field, where the enhanced field arises in the
skin-layer under the antenna [1,13]. However, there is a
difference because in helicon plasmas the enhanced
localized field is electrostatic and longitudina whereas in
the ICPsit is eectromagnetic and transverse (azimuthal).
To analyze the process of stochastic electron heating
occurring in the edge layer of enhanced longitudinal
electric field we used the following model. The field
profile was chosen as E,(z) =E,f(2) with the shape

function f(z)=(1+hz?/a?)(1+z?/a? ! approximating
the measured profile, Fig. 1. Here, E, is the maximum

value of the field on the metal surface, a is the width of
the field slab, and h = ngge/ny is the edge-to-bulk
density ratio. The then
N(2) =Negge/ f(2) -

We computed motion of a set of electrons that start at
some initial time moments from some initial positions and
with some initial velocities towards the metal surface.
Owing to interaction with the edge field dab, which acts
as a ponderomotive barrier, the eectrons are reflected
back. The dectrons reaching the meta surface were
supposed to be reflected eéasticaly. Distribution of the
reflected electrons on longitudina velocities was
computed by averaging over the initial time moments
(i.e., in fact, over theinitial phase of therf field) and over
the initial co-ordinates and velocities. Initial distribution
on longitudinal velocities, as well as the distribution on
transverse velocities, was assumed to be maxwellian.

Figure 2 shows the digtribution on longitudinal
velocities of the incident (Maxwel function with
temperature T, = 4 eV, Fig. 2a) and reflected (Fig. 2b)
electrons computed at Eo = 15 Vem' Yanda=112 cm.

density profile is
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Fig. 2. Velocity distributions of electron flux incident onto
(a) and reflected from (b) the edgefield layer

As seen, the bulk of reflected electron distribution is
being cooled whereas a substantial population of super-
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thermal, stochasticaly heated particles appears. A
substantial fraction of electrons has energies exceeding
the ionization potential for argon, Ujq,i; = 15.8 eV. These
electrons have strong ionization power and can increase
substantially the efficiency of plasma generation in the
discharge. Peaks on the digtribution of reflected electrons,
around veocities v/ » 3.2 and 4.1, arise owing to flight
resonances of electrons interacting with the localized
field. The most energetic peak corresponds to particles
with energies of the order of 35 eV.

Digtributions of reflected electrons for various
values of the maximum field, E, = 10, 15, and 20 V>em'%,
are shown in Fig. 3a for a = 1.12 cm. Location of the
peak of most energetic electrons, Vame, shiftsto the larger
velocities with increasing Eq, approximately linearly. At
Eo = 20 Vem'', the particles are accelerated up to
energies 50 eV and above. Distributions for various
values of the dab width, a = 0.56, 1.12, and 2.24 cm, are
shown in Fig. 3b, for the maximum field Ep = 15 V>em’ L
One can see that the efficiency of fast electron generation
is quite low for the largest a = 2.24 cm. In this case, the
field dab width is too large to fulfill the condition of
efficient particle accderation, a» v, /w [1].
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Fig. 3. Distributions of reflected electrons, at various
values of (a) the maximumfield and (b) the slab width

Stochastic electron heating is expected to contribute
substantially to the rf power absorption. To evaluate this
effect, we computed the power flux carried by reflected
electrons, with digribution on the longitudinal veocities

fre (V,) and the maxwellian distribution on transverse

ve ocities

¥
Pro =L/ NV (U + D) g (Wdu,  (5)
¢}
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where u=v,/v,. As long as the power flux carried by
the incident (maxwellian) electrons is
P...=(2/p)Y?nT,v,, a specific (over a 1-cm® cross-
section) power absorption due to stochastic heating is
DP =P, 4 - Pic. One can introduce an effective
callison frequency, ng , by equating the rate of
stochastic heating to the rate of (effective) collisional

L
power absorption [13]: DP = ¢gp,us(2)dz where
0

mng = SN(2E2(2), ©)
2mw

Pabs

is a specific (over 1 cm?) power absorption and L the
basic length (chosen to be equal to 15 cm).

The effective-to-binary collison frequency ratio,
Ng /N, is shown in Fig. 4 as function of the maximum

electric field. Here, n_ =n, +n4 isthe total frequency of
electron hbinary collisons with neutras and ions.
Computations were done for the plasma density
Ny =4 10" cm3, dectron temperature T = 4 €V, Ar gas
pressure par = 3 mTorr, driving frequency f = 13.56 MHz,
and the field dab width a = 1.12 cm. As seen, the
effective collision frequency exceeds considerably the
binary collision frequency, the latter making 1.7 10" s*
under these conditions. The effective frequency falls with
increasing E, due to the fact that the efficiency of
stochastic electron heating is approximately proportional
to E, whereas the collisional power absorption is

proportional to EZ.
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Fig. 4. Effective collison frequency normalized by the
binary one, as function of the maximum electric field

Stochastically heated eectrons apparently increase the
ionization rate and, thus, contribute substantialy to
plasma production in the discharge. The ionization
frequency is defined as nj,=n,(s ,v) where n, is the
density of neutrals, s;, the ionization cross-section, v the
electron velocity, and averaging is over the electron
distribution. We computed the ionization frequency for
argon with the velocity distribution of reflected eectrons,
at various values of the maximum eectric field E, and

a= 112 cm, and compared it with the ionization
frequency for maxwellian eectrons with temperature



T.=4 ¢€V. Note the latter to be egua to
nM » 1.6 10°s?, for a unidirectional along z electron

distribution and Ar pressure pa; = 1 mTorr. Results of
computations are shown in Fig. 5. As seen, n;, rapidly

grows with incressing E, and exceeds considerably
nM in therange of larger fieldswheretherate of growth
is approximately linear.
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Fig. 5. Theratio of ionization frequencies for
stochastically heated and maxwel lian electrons, as
function of the maximum electric field

4. MEASUREMENTS OF NON-EQUILIBRIUM
ELECTRONSIN A HELICON PLASMA
EXCITED BY A FLAT ANTENNA

Convincing evidences for super-themal electrons
were found in the magnetized ICP excited by an m=0
antenna along the magnetic field [12]. First, the probe
characteristic shown in Fig. 6 demonstrates two groups of
electrons with different temperatures. A noticeable fact is
that the graph in Fig. 6 differs cardinally from the probe
characteristic available in plasma with a two-temperature
electron distribution including a non-maxwellian tail.
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Fig. 6. A semi-logarithmic probe characteristic measured
in the helicon plasma with a flat antenna

Indeed, the lower (higher) temperature in Fig. 6
corresponds to more (less) energetic electrons. This fact
can be understood by assuming the beam of accelerated
electrons in plasma, so that the distribution function has a
“bump-on-tail”. Then, the lower temperature would relate
to the beam whereas the higher temperature to the
trangitional region, between the beam and the “main
body” of dectrons, where the distribution function has a

small dope corresponding to high “effective”’
temperature. The beam temperature was measured to be
2.5...45¢eV in abroad range of conditions, and to depend
dightly on radius. As for the temperature of the main
body of eectrons, it remains uncertain.

The next evidence for non-equilibrium electrons is
seen from radial profiles of the floating potential (V)
measured with the Langmuir probe and profiles of the
plasma potential (Vs) measured with a thermo-emissive
probe (Fig. 7). By comparing these profiles, one can see
that the difference between the plasma and floating
potentials can be as large as 70 V on the axis. Thus, the
relation Vs » V; + 5T, which is valid for equilibrium
(maxwellian) eectrons, is not satisfied at any reasonable
assumption regarding the electron temperature.
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Fig. 7. Radial profiles of plasma and floating potentials,
for various magnetic field strengths

Electron energy distribution function was measured
with use of so called the second-derivative method. With
modulation of the probe bias potential at alow frequency,
of the order of 1 kHz, the signal at the second harmonic,
which is proportional to the electron distribution function,
was received. Results of measurements shown in Fig. 8
corroborate clearly the existence in plasma of the
population of fast eectrons whose mean energy increases
towards the source center and amounts to 40 €V on the
axis. This accords with theoretical prediction (Sec. 3) that
electrons are accelerated by the axial electric field having
the on-axis maximum. The distribution of fast electrons
was measured to be almost isotropic in velocities.
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5. CONCLUSIONS

Enhanced longitudina electric field near the meta
surfaces in helicon plasmas was shown to be a potential
source for various nonlinear and stochastic processes.
Nonlinear ingability like the collapse of Langmuir waves
can arise in this region, if the edge density is below the
critical value. The edge field can also drive efficient
stochastic acceleration of electrons, up to energies of a
few tens of eV, giving rise to substantial enhancement of
the rf power absorption and the ionization rate in the
discharge. Experiments reveal non-equilibrium electrons,
in particular, the population of fast particles whose
energies agree with theoretical prediction was detected.
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HEJIMHEMHBIE SIBJTEHUA B TEJTUKOHHOM IJIASME
K.II. lllampaii, BM. Cnoéooan, B.®. Bupko, 10.B. Bupxo, A.A. I'ypun, I.C. Kupuuenxo

Teoperndeckn MNpPOaHATM3UPOBAHBI HENMHEWHBIE SIBICHHS, CTUMYJIMPOBAHHBIC ITOBBIIICHHBIM MPOJOIBHBIM
IEKTPUUECKUM TI0JIEM, BO3ZHHMKAIOIINM BOJIM3M METAJUIMYECKHX MOBEPXHOCTEH B T'EIMKOHHOH IumasMe. PaccmoTpen
MTOHJEPOMOTOPHBIA 3(D(HEKT, TPUBOASAMINN K HETUHEWHOW HEYCTOHYMBOCTH KpaeBOW IUTa3MBI, M CTOXAaCTHYECKOE
YCKOpEHHE OJJICKTPOHOB, YBEIMYMBAIOIIEE TMoOrIomenne BY-mMommHocTH W reHepanuio Iua3Mbl. [IpencraBieHb
9KCTIEPUMEHTAIbHBIE TTOATBEP)KACHHS HEPABHOBECHOCTH DPACHPENCICHUN AIEKTPOHOB II0 3HEPTHAM, COAEPIKAIINX
TIOMYJISAIUIO OBICTPBIX YaCTHI] CO CPETHUMHU SHEPTUSIMHU TOPSIKA HECKOJIBKHX JIECATKOB JJICKTPOH-BOJIBT.

HEJITHINHI ABUIIA B TEJIKOHHIN IJIA3MI
K.II. lllampaii, BM. Cno6oosan, B.®. Bipko, IO.B. Bipxo, A.A. I'ypin, I.C. Kupuuenko

TeoperudHO MpoaHai30BaHO HEMiHIMHI SBHUINA, CTUMYIIbOBAaHI MABUIICHAM MMO3OBKHIM SIEKTPUIHNM IIOJIEM, IO
BHHHUKA€E MOOIM3y METaJIEBUX MTOBEPXOHb B TEITIKOHHIN 1a3Mi. Po3risHyTo moHaepoMoTopHUiA eheKT, 10 IPU3BOAUTH
IO HENiHIAHOI HECTIHKOCTI KpailoBOTO mapy IUIa3MH, 1 CTOXACTUYHE NPUCKOPEHHSA eJEKTPOHIB, IO ITiJBHUILYE
mornmuHanHg  BY-moTyxHOCTI Ta TeHepamilo Iua3Md. lIpencTaBIieHO  eKCIepUMEHTANbHI  IiATBEpIKEHHS
HEPiBHOBKHOCTI PO3IOIUTIB EIEKTPOHIB 332 CHEPrisiMH, SKi MICTATh HOMYJAIII0 MIBHAKAX YAaCTHHOK 3 CEpeAHIMU
EHEepTisIMHU NOPSIKa JeKITBKOX AECATKIB €IeKTPOH-BOJBT.
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