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Abstract. Electron temperature and electron concentration in the active zone of a miniaturized radio
frequency (RF) non-thermal atmospheric pressure plasma jet in argon have been determined using two
independent approaches: the spectroscopic measurement of the broadening of Balmer Hg and H, lines
and a time-dependent, spatially two-dimensional fluid model of a single discharge filament. The plasma
source has been configured as a capacitively coupled RF jet (27.12 MHz, 8 W generator output power)
with two outer ring electrodes around a quartz capillary with diameter of 4.0 mm between which Ar flows
at typical rates of 0.3 slm. The discharge has been operated in a self-organized mode, where equidistant,
stationary filaments rotate regularly with a constant frequency at the inner wall of the outer capillary.
For the purpose of calculating the spectral line broadening different models applicable at higher electron
concentration have been evaluated. Resulting electron concentrations are between 2.2 and 3.3 x 10'* cm ™2,
The calculation according to the line broadening model provides electron temperatures between 20 000 and
30000 K which is in agreement with the results of the fluid model calculations. Here, a broad radial profile
with a maximal value of about 22000 K in the centre of the column and an electron concentration of about
7% 10" cm ™ have been obtained. Moreover, the results of the model calculations reveal a structural change
of the filament from the dielectric surface through the sheath to the column. The axially inhomogeneous
region has an extension of about 0.5 mm. In the column a concentration of about 10*® e¢m™> has been
found for the excited argon atoms, whose collisions with electrons represent the most important ionization

channel there.

1 Introduction

Miniaturized non-thermal jet plasmas represent an emerg-
ing technique for local surface treatment at ambient at-
mosphere. Applications include surface cleaning, etching,
surface activation, film deposition, and the reduction of
micro-organisms. Numerous different discharge geometries
and excitation principles have been proposed [1-8]. An
overview is given e.g. in references [9,10]. Moreover, sev-
eral technical solutions are available on the market.

The particular plasma source under study here is a
capacitively coupled capillary jet (27.12 MHz) with two
outer ring electrodes around a quartz capillary between
which a gas (Ar) flows at rates of about 0.3 slm. The
plasma can be divided into different spatial regions: the
active discharge zone in the capillary, i.e., the region
with the electric field between the electrodes, the efflu-
ent region, i.e., the plasma plume, and the remote region.
During thin film deposition, thin film producing agents
are added in small quantities downstream the active dis-
charge region, where the effluent develops. It could be
shown in previous studies [11] that the device is capa-
ble to produce SiO, films using liquid, vaporized silox-
anes. When the films are deposited with the recently de-
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scribed homogenized plasma mode (locked mode) of the
plasma jet [12], a significant improvement of the deposi-
tion process with regard to symmetry and homogeneity of
the coating and its resulting properties can be achieved.
The appearance of self-organized discharge patterns in
this mode has been described phenomenologically along
with parametric studies on external parameters as ap-
plied power, gas flow and electrode distance [13]. Other
examples for self-organization phenomena have been de-
scribed before for both low pressure plasmas and atmo-
spheric pressure dielectric barrier discharges [14-18]. Nev-
ertheless, the explanation of self-organization effects in RF
non-thermal atmospheric pressure plasma jets remains hy-
pothetical up to now.

A fundamental plasma physical description of the dis-
charge dynamics requires the knowledge of basic plasma
parameters. The current study aims at the determina-
tion of the electron concentration and electron temper-
ature in particular in the active discharge zone. These
fundamental plasma parameters influence the discharge
dynamics and, moreover, the energy transport from the
active zone into the efluent where the thin film precursors
are produced. The present approach is characterized by a
combination of two concepts: the spectroscopic measure-
ment of the broadening of Balmer Hg and H, lines and a
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Fig. 1. Schematic drawing of the experimental set-up. The
design of the plasma jet illustrates an application situation of
stationary film deposition on a flat substrate (right). The spec-
troscopic arrangement (left) is focused to monitor the active
zone in the jet plasma.

time-dependent, spatially two-dimensional fluid model of
a single discharge filament. Main features of the experi-
ments and the hydrodynamic model are given.

The explanation of spectral line broadening effects for
diagnostic purpose requires profound concern in particu-
lar for normal pressure conditions. Hence their influence
on the plasma has been evaluated critically considering
different broadening models.

2 Experimental set-up

The experiments were carried out using the non-thermal
atmospheric pressure jet shown in Figure 1. It has two
outer copper ring electrodes around two nested capillaries,
which transport gas into the active zone of the jet. Argon
(0.3 slm, purity 5.0) is fed to the outer capillary. The inner
capillary provides the addition of reactive compounds dur-
ing thin film deposition experiments, but it was not used
in the framework of this paper. The geometric parameters
of the source (width and distance of the ring electrodes,
and capillary dimensions) are optimized such that a sym-
metric and spatially homogenized discharge mode (self-
organized mode) develops [13]. The inner diameter of the
outer capillary is 4 mm and the outer diameter of the in-
ner capillary is 0.8 mm. The experiments reported here
were performed with the discharge in locked mode LM3,
i.e., three equidistant, stationary filaments rotate regu-
larly with a constant frequency of 80 Hz at the inner wall
of the outer capillary. The RF power, measured at the
generator (DTG2710, Dressler) was 8 W at 27.12 MHz.
Normal laboratory environmental conditions (23 °C, 30%
humidity) prevailed during the experiments.

The optical emission of the discharge was measured us-
ing a 0.5 m spectrometer (Acton Spectra Pro 2500i, grat-
ing 2400 g/mm). An iCCD camera (Pi Max, Princeton
Instruments, 1024 x 1024 pixels) at the exit port of the
monochromator served as detector. The fine grating along

with a 30 um entrance slit results in a practical resolving
power (A/AN) of 1.5 x 10%. The measurements were car-
ried out side on between the two electrodes via glass fiber
and collimation lens. The set-up ensures a focus length of
1 cm while maintaining a spatial resolution of 1 mm. The
spectra sampling time was kept at 100 ns. Spectra were
accumulated over a period of 2 x 103 s.

3 Methods
3.1 Spectral line broadening

Among other effects, collisions of electrons and excited
atoms influence the spectral profile of emission lines in
a gas discharge. The electron-impact broadening (Stark
broadening) is caused by a local perturbation of the elec-
tric field. Thus, it can be utilized as a diagnostic method.
Several successful experimental and theoretical attempts
to evaluate the broadening have been reported in the
literature [19-37]. Particularly, the quantification of the
electron-impact effect on a suitable combination of spec-
tral lines enables to estimate electron concentration and
electron temperature in the plasma [20,26,30,34,37—41].

A proper approach to the electron-impact broaden-
ing requires to separate the influence of other broadening
mechanisms. Primarily, instrumental broadening, Doppler
broadening [23,35], resonance broadening [24], and van der
Waals broadening [22,24,36,39] play a relevant role in the
practical spectroscopy of atmospheric pressure plasmas.
A straightforward concept for the separation of particular
broadening components is given e.g. in [39].

The evaluation of the extracted electron-impact broad-
ened line profile originates from the Griem-Kepple model
(GK model) [20,25], which bases on the “modified im-
pact theory” [23]. Later, advanced models consider effects
of the electron temperature on the line profiles like the
model of Czernichowski and Chapelle (CC model) [26,30]
and crossing point method reported [38] according to the
theory of Griem et al. [20], named GKS model in the fol-
lowing. The CC model bases on the die “unified theory”
of line broadening [42,43] generating normalized profiles
which cover the whole range from the impact limit in the
line centre to the quasi-static limit in the line wings. In the
GKS theory [20,25] the Stark broadening is estimated in
a quasi-static approximation using the classic Holtsmark
field and the ion dynamics is neglected. In the framework
of the GKS model reported in [38] two spectral lines spon-
taneously emitted by the plasma are simultaneously stud-
ied in terms of their Stark broadening, which depends on
both the electron density and the electron temperature.
The comparison between the results for two different lines
makes it possible to determine density and temperature of
the electrons at the same time. Recently, numerical simu-
lations illuminate the extended, complex influence of other
factors like the ion dynamics on the Stark broadening of
lines [34,37]. These numerical simulations of Gigosos and
Cardensos are referred to as GC model in the following.

In the present study, these four methods, i.e., the
GK, CC, GKS and GC model, which reflect the historical
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Fig. 2. Simplified geometry as a representation of the fila-
ment used for modelling. Boundaries: powered electrode (A),
grounded electrode (B), plasma-dielectric interface (C,D) and
virtual wall (E).

development of the knowledge of electron-impact broad-
ening, have been applied for the analysis as detailed below
in Section 4.2. The electron-impact broadening of Balmer
£ and ~ lines of hydrogen at 486.13 and 434.04 nm, re-
spectively, has been used to determine the electron con-
centration and electron temperature in the plasma jet
of argon. These lines are emitted from hydrogen atoms
generated in a dissociation process from residual water
vapour. The small amount present in the set-up pro-
duces spectroscopically evaluable intensities. Two contri-
butions of the Gaussian profile component (instrumen-
tal and Doppler broadening) and a dominant role of
electron-impact broadening in the Lorentz profile compo-
nent of the hydrogen line profiles were assumed. Van der
Waals broadening was not considered for numerical rea-
sons. This neglect causes an error in the calculated elec-
tron concentration of 10 to 30% [40]. However, the idea
of the calculation is focused on the comparison of elec-
tron concentrations based on different evaluation models,
whose deviations are of the same order as the neglected
broadenings effects.

The quantification of the instrumental broadening was
obtained experimentally by use of a thulium hollow cath-
ode lamp. The neutral gas temperature, required for the
estimation of the Doppler broadening, was estimated spec-
troscopically from the rotational spectrum of the OH
molecule by means of the Boltzmann plot method [44].

3.2 Fluid modelling

The subject of the fluid model is to describe a single fila-
ment driven by an RF voltage. Therefore, a simplified two-
dimensional geometry, as illustrated in Figure 2, has been
used instead of the total set-up shown in Figure 1. The in-
fluence of the gas flow on the filament has been neglected
in this approach. The simplified geometry is axisymmetric
with respect to the axis of the filament. The filament has
a length of 10 mm, which corresponds to the distance be-
tween the centres of both electrode bands. Dielectrics are
attached on both sides of the filament, which represent
the wall of the outer quartz capillary. Furthermore, the

Table 1. Reactions considered in the model.

No. Reaction Rate coefficient Ref.
1 Ar+e —Ar+e k1 (te, me) BE
2 Ar+4+ e A" + e k2 (te, ne) BE
3 Ar+ e —Ar" +e k3 (te, me) BE
4 Ar 4+ e —<Ar? + e ka(te, ne) BE
5 Ar+e —Art +2e ks (te, ne) BE
6 Ar" 4+ e —Ar" +e ke (te, me) BE
7 Ar"™ 4+ e —ArP + e k7 (te, me) BE
8 Ar™ +e —Art +2e ks(ue, ne) BE
9 Ar" + e —Ar? 4 e ko (te, ne) BE
10 Ar" + e —wArt +2¢ k1o (te, me) BE
11 AP + e —Art +2e¢ k11 (te, me) BE
12 2 Ar™ —Ar 4 e + Ar't 1.3x107% cm®s™! [45)
13 Ar™ + A" —Ar 4+ e + Art 45 x 10719 em®s™! [45]
14 2 Ar" —Ar + e + Ar? 45 %1071 ecm®s™! [45]
15 Ar" —Ar 1.3x10° 7! [46]
16 ArP —Ar™ 1.71 x 107 7! [47]
17 Ar® —Ar" 1.64 x 107 s71 [47]
18 Art + 2 Ar —Arf + Ar 25 x107% em®s™ [48]
19 Ary + e —Ar + Ar? 1.4 x107% cm®s™! [49)]
20 Ar™ + 2 Ar —Ar; + Ar 1.3 x 107* cmSs™! [50)
21 Ar" + 2 Ar —Ar; + Ar 1.5 x 1073 cmSs™! [50)

BE: determined from solution of 0d Boltzmann equation.

radial extension of the filament is presumed. To limit the
filament in radial direction it is assumed to be confined by
an outer dielectric surface E at the radius R = 0.2 mm.
The RF voltage is applied at the outer surface A of the
dielectric and the outer surface B is grounded. According
to the experimental investigations, a gas temperature of
600 K is used which is assumed to be constant.
The equation system of the hydrodynamic model

0
8tnl+v'rl:Sl7 l:{eai7j7m7r7p}

gt(neue) +V -Tey =l -VV — P — P (2)

—A(eoer(x)V) = eo(ni + nj — ne) (3)
consists of particle balance equations (1) for the densi-
ties n; of the species considered, the electron energy bal-
ance equation (2) for the mean electron energy u, and
Poisson’s equation (3) for the potential V and electric field
E = —VV. The model includes electrons (I = e), atomic
argon ions (Art, | = i) and molecular argon ions (Arj,
[ = j) as well as argon atoms excited in metastable (Ar",
I = m), resonance (Ar", [ = r) and higher levels (Ar?,
I = p). The particle fluxes of charge carriers having the

charge ¢q; are described in drift-diffusion approximation
according to

Iy =sgn(q)mmE — DV, 1= {e i, j} (4)
with the mobility y; and the diffusion coefficient D;. Cor-
respondingly, the particle flux of neutral particles I'; =
—DVn,l = {m,r,p} is driven by diffusion only. The
source terms .S; in (1) describe gain and loss due to elec-
tron impact and heavy particle collisions as well as radia-
tion. These reactions are summarized in Table 1. The rate
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coefficients k; with [ = 1—11 of the collisions between elec-
trons and argon atoms as well as the electron transport co-
efficients p, and D, have been prepared as functions of the
mean electron energy and the ionization degree by solving
the stationary, spatially homogeneous electron Boltzmann
equation [51] including electron-electron interaction. The
set of electron collision cross sections collected in refer-
ence [45] was used to generate the required lumped cross
sections of electron collision processes.

Three radiation processes (Nos. 15-17) have been in-
cluded as indicated in Table 1. For the transition from the
resonance state Ar” to the ground state, the effective life-
time approximation according to the Holstein theory [52]
of radiation trapping in an infinite cylinder was applied.
The required natural lifetimes have been taken from ref-
erence [46].

The energy flux of electrons is described according to
Loy = (5/3)ucle — xVue as a sum of convective flux and
thermal diffusion with the coefficient x = (5/3)neDe. The
right-hand-side terms of equation (2) comprise Joule heat-
ing and the energy loss rates P°' and P™ due to elastic
and inelastic collisions, which are calculated using the rate
coefficients kj(ue,ne). The Poisson equation (3) includes
the elementary charge ey and the permittivity of free space
€o. The relative permittivity €.(x) is equal to one in the
plasma (e,) and 3.7 in the quartz dielectrics (eq).

_ The period-averaged power coupled into the plasma
P;ot is determined according to

T
Por= Y B, Plzgi/ /(E-I‘l)dth (5)
0 14

I=e,i,j

by integrating the Joule heating of all charge carriers over
the total volume V' and by temporal averaging over one
period T'.

At the transition between the dielectric and the plasma
at the boundaries C, D and E (cf. Fig. 2) the change of the
electric field from the dielectric to the plasma is related to
the surface charge density o according to

n-(egEq—¢,Ey) =0 (6)

where n denotes the surface normal vector pointing out
of the plasma volume and E; and E,, are the electric field
vectors in the dielectrics and in the plasma, respectively.
The surface charge density is determined by the relation

0
8? = > ali'n (7)

l=e,i,j

using the fluxes I'; of all charge carriers. Recombination of
charge carriers and deexcitation of excited atoms is used as
boundary condition at C, D and E. In addition, secondary
electron emission I'e = —v(I'; + I'j) with v = 0.01 [53]
is included at C and D. For the electron energy balance
equation the condition Ty, = (4/3)ucIe is used at the
boundaries C, D and E. At r = 0 the axisymmetric sym-
metry is used as boundary condition. The equation sys-
tem (1)—(3) is solved using the software CFD-ACE+ [54]
with a non-equidistant regular grid and a time step size
of T'/4000.

800

T of OH
—o— T of the capillary

700

ey

600 —

500

400
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Fig. 3. Approximations of the gas temperature along the jet
axis. The dashed z positions mark the end of nozzle (0 mm),
grounded electrode (2-7 mm), active plasma zone (7-12 mm),
and RF electrode (12-17 mm). The rotational temperature 7}
of OH is compared with the surface temperature Ty of the
capillary obtained by means of an IR camera under the same
conditions [57].

4 Results and discussion
4.1 Doppler broadening and gas temperature

Generally, a spectral profile of lines can be expressed
by the well-known Voigt form, which is a convolution of
Gaussian and Lorentz dispersion [55]. The quantification
of effects determining the Gaussian profile is the first step
in order to separate the Lorentz component of the line
profile. At atmospheric pressure, the Doppler broadening
is the most important pressure-broadening mechanism,
which causes the Gaussian character of the line profile.
The full width at half maximum (FWHM) of the Doppler
broadened line Ap is given by [23]

81n 2kp T,

AXp = )
moc

Ao, (8)

where kg is the Boltzmann constant, T}, is the temperature
of radiating gas atoms with the mass myg, ¢ is the speed
of light, and A\g denotes the wavelength of the line (in this
study Hg or Hy).

The gas temperature has been approximated by the
rotational temperature of OH. Four OH lines of the
Q1 branch (307.8444 nm, 307.9951 nm, 308.3278 nm,
308.5196 nm) were selected from collected spectra along
the symmetry axis of the jet. The quantum properties of
these lines have been taken from [56]. The resulting ro-
tational temperature 7, as a function of the axial posi-
tion z is shown in Figure 3. The mean value of T} varies
between 500 and 650 K. The real neutral gas tempera-
ture T remains in the interval (T, T}) limited by the sur-
face temperature Ty of the capillary as a minimum and
by the rotational temperature of OH states as a maxi-
mum. For the same experimental conditions, the surface
temperature Ty of the inner wall has been determined to
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Fig. 4. Broadened profiles of Balmer Hg and H. The intensi-
ties of the Gaussian and Lorentzian profiles are not calibrated.

500 K [57]. In the active zone of the plasma jet, the ap-
proximation Ty ~ T, = 600 K can be assumed. The mea-
surement enables to quantify the Doppler broadening of
Hp and H, lines from equation (8) with A)\BD = 8.5 pm
and AX)) = 7.6 pm, respectively.

4.2 Electron-impact broadening and plasma
parameters

The FWHM of the thermal Doppler broadening A\p is
one of the contributions displaying a Gaussian character of
the line profile. The instrumental broadening A\, is con-
sidered, too, as it contributes to the total Gaussian profile.
Then, the resulting profile width A\g can be quantified
according to

e = /AN +Ax2. 9)

It is possible to deconvolute the Lorentzian part A\p, from
the measured Voigt line profile, which is characterized by
the FWHM A\, according to the approximation [38]

AN

A/\LQ‘JAAQ— A)\O .

(10)

The measured lines and corresponding profiles are plotted
in Figure 4. The results of the deconvolution are listed
in Table 2. The Lorentz component A\p,, which is equal
to the electron-impact broadening AAg of the hydrogen
emission lines in the present approximation, has been cal-
culated according to (10) using (9).

As mentioned above, four different methods were ap-
plied for the evaluation of the electron-impact broadening
in order to obtain the electron concentration and electron
temperature of the plasma jet. The selection of the applied
methods reflects the historical development of the knowl-
edge on the electron-impact broadening. Griem’s theory
and tables of hydrogen line broadening involved in the

Table 2. Broadening components of measured hydrogen lines.
The spectrum has been measured at the position z = 9 mm in
the center of the active zone (cf. Fig. 3).

Emission line Hp (2p—4d) H, (2p-5d)
Wavelength Ao 486.13 nm 434.04 nm
FWHM A\ 103 pm 43 pm
Instrumental broadening A\, 32 pm 29 pm
Doppler broadening AAp 9 pm 8 pm
Gaussian FWHM A\g 33 pm 30 pm
Lorentz FWHM A\L 92 pm 22 pm

GK and GKS model represent the fundamentals for the
spectroscopic application of the electron-impact broaden-
ing. In the simplified version of the data evaluation, i.e.,
the GK model [20,25], only the Balmer ( line has been
evaluated, since the electron-impact broadening of Hg is
less sensitive to the electron temperature and can be used
for its direct estimation. This concept has been extended
by the corresponding electron temperature correction in
the CC model [26,30].

The advanced application of Griem’s theory results in
the crossing point method (GKS model) [38], which con-
siders the electron-impact broadening of two lines, here
Balmer 8 and Balmer v, and determines both the elec-
tron concentration and temperature. The data processing
method has been updated in [38] according to [27]. How-
ever, the unit system remains heterogeneous, which makes
the calculation method unclear. Therefore, the central re-
lations of the GKS model are given here for both spectral
lines. The estimation of the electron-impact line broad-
ening in a quasi-static approximation using the classic
Holtsmark field according to [20,25] results in the relation

15 AN 107 Y2
.= s = 11
n 4 <27ra'f/2(ne,Te)> 9 q {57 7}3 ( )

where n, is the electron concentration in cm ™2 and A)\g is
the electron-impact broadened FWHM of Balmer line in A
where g denotes the Balmer 3 and + line, respectively. The
parameter of /2 (ne, T), depending on the electron density

and temperature, is the reduced wavelength difference in
the unit A Frs? g~ cm 2. It is listed in Griem’s tables for
Balmer lines in the same unit in [27]. The graphical solu-
tion of equation (11) for the Balmer § and ~ line with the
crossing-point method is shown in the left part of Figure 5.
The GKS model leads to an electron concentration of 2.4
to 3.0 x 10™ ecm™3 and an electron temperature between
20000 and 30000 K in the active zone of the plasma jet.
The crossing point has been estimated with an accuracy
of 30% regarding the neglected van der Waals broadening.

In an attempt to involve the influence of the ion dy-
namics, newer tables of hydrogen line broadening based
on numerical simulations (GC model) have been published
and compared with experimental results [34]. The relative
deviation between the GC model and the CC model was
found to be about 20% [40]. The variation of the electron
concentration on the electron-impact broadening of the
Balmer (3 line using the GC model is shown in the right
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Fig. 5. Estimation of electron concentration and temperature.
Application of GKS model and crossing point method on the
measured spectra (left). Estimation of electron concentration
using the GC model applied on the measured Balmer 3 line
(right).

Table 3. Electron concentration based on electron-impact
broadening of hydrogen lines of Balmer series and compari-
son with fluid modelling results. The references are linked to
the respective model applied in the determination.

Method ne (cm™3)  Reference
GKS model 2.7 x 10** [27,38]
GK model 3.3 x 10 [20,25]
CC model 2.2 x 10" [26,30]
GC model 3.0 x 10* [34,37]
Fluid model 7.2 x 10*®  Section 4.3

part of Figure 5 for two electron temperatures. The elec-
tron concentration resulting for the AN =092 pm is about
3.0 x 10 em™3.

The results of the electron concentration obtained by
applying the four different models and by fluid model cal-
calutions using the method described in Section 3.2 are
presented in Table 3. The values for the electron concen-
tration obtained from the GKS, GK, CC and GC model
are all in the interval from 2.2 to 3.3x10'* cm=3. All values
are in the validity interval of these models and their pre-
sumptions are fulfilled in the experiment and calculation.
Particularly, the impact approximation [19], on which all
models on the electron-impact broadening are based, is
positively approved for the presented results.

4.3 Results of the fluid model

Results of the model calculations of the filament are shown
in Figures 6-8. The RF voltage has been adjusted to ob-
tain a total period-averaged power P of 1.3 W. This
value corresponds to one third of the power dissipated in
the plasma which is assumed to be half of the supplied

u, [eV]

n, [10" cm®]
0571 11y \

o
—

0.5

- A—

0.4

A

0.1+

0.1 0.2
(a) rfmm] (b)

Fig. 6. Period-averaged electron density (a) and mean electron
energy (b).
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Fig. 7. Period-averaged densities of charge carriers: radial pro-
files of the electron density at different axial positions = (a) and
axial profiles of the densities of electrons and ions (b).

power of 8 W. The figures show only the axially inho-
mogeneous transition region from the dielectric surface at
x = 0tox = 0.5 mm. Apart from this region, the filament
is nearly axially homogeneous.

4.3.1 Charge carriers

Figures 6a and 7a illustrate the structural change of the
period-averaged electron density from the sheath near the
dielectric to the column. The strong electric field in the
sheath leads to a more flat density profile, whereas a pro-
nounced profile is caused in the column due to ambipolar
diffusion. The period-averaged electron density reaches a
value of about 7.2 x 10 cm ™2 in the centre. This value is
about 30% of the result deduced from the measurements
(cf. Tab. 3).

The period-averaged mean electron energy is shown
in Figure 6b. In the column the mean electron energy
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Fig. 8. Period-averaged axial profiles of excited atom densities
(a) and of ionization rates at 7 = 0 (b): ionization in electron
collisions with ground state atoms (R5, dotted line) and with
exited atoms (R8 + R10 + R11, full line), chemo-ionization
(R12 + R13 + R14, dashed line) and recombination (R19,
dashed-dotted line). R: reaction No.

has a radial profile which is more flat than the density
profile shown in Figure 7a. Its maximal value is about
3.2 eV on average and oscillates with an amplitude of
about 20%. The period-averaged value corresponds to an
electron temperature T, = (2/3)ue/kp of about 22400 K
which is in reasonable agreement with the result from the
experiment (cf. Fig. 5) taking into account the uncertain-
ties of both approaches. In the sheath the mean electron
energy strongly increases to large values of about 28 eV
due to the large electric field and the resultant enhanced
energy gain of the electrons.

The period-averaged axial density profiles of charge
carriers are depicted in Figure 7b. The molecular ions Ar;'
represent the dominant positive charge carrier in nearly
the total volume. This is caused by the large rate coeffi-
cient of the reaction Ar™ + 2Ar — ArJ + Ar. Only in the
sheath very near to the dielectric surface (z < 0.04 mm),
where the ionization due to electron collisions with ground
state atoms is very pronounced, the density of atomic ions
ArT exceeds slightly that of the electrons.

4.3.2 Excited species

The period-averaged axial density profiles of excited atoms
at r = 0 are displayed in Figure 8a. The profile of the ex-
cited atoms have a large peak in the sheath which reflects
the increase of the mean electron energy in this region as
shown in Figure 6b. Similar profiles have been obtained
for the metastable and resonance atoms Ar"™ and Ar” with
maximal densities of about 2 x 10'* cm™2 in the sheath
and about 103 ecm~3 in the column.

The axial profiles of the ionization rates are shown in
Figure 8b. The full line marks the most important ioniza-
tion channel which is the ionization rate due to electron
collisions with excited atoms. Compared to this ionization
channel, the chemo-ionization due to collisions between
excited argon atoms Ar™, Ar” and ArP is lower by more
than two orders of magnitude in the column. However, its
contribution is important in the sheath where the excited
atom densities have their peak. Furthermore, the ioniza-
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tion due to electron collisions with ground state atoms is
dominant in the sheath due to the large mean electron
energy and large reaction rate coefficients, but it becomes
unimportant in the column.

5 Summary

The self-organization mode is a distinctive discharge
regime of the RF non-thermal atmospheric pressure
plasma jet which produces a foot print of the discharge
symmetric with respect to the axis of the jet that ulti-
mately leads to an enhanced homogeneity of the deposited
films. The study is focused on the determination of ba-
sic parameters of the plasma in the active zone of the
jet between the RF electrodes. The electron concentra-
tion and temperature were determined in this region by
experiments and model calculations.

The spectroscopic measurement uses the emission from
hydrogen atoms originating from residual water vapour in
the gas phase. The theory of spectral line broadening has
been applied to obtain the plasma parameters. For this
purpose, four different models have been used, namely the
so-called CC, GC, GK and GKS model. The values of the
electron concentration obtained by these models are dis-
tributed in the interval from 2.2 to 3.3 x 10'* cm™3. The
influence of those broadening effects which have not been
considered is negligible compared to the width of this in-
terval. The electron temperature can only be roughly de-
termined by the applied method. The value of 20000 to
30000 K resulting from the GKS model is an approxima-
tion at the highest confidence probability. However, it is
difficult to specify the magnitude of this probability.

The experiments have been complemented and evalu-
ated by model calculations using a time-dependent, spa-
tially two-dimensional fluid model of a single filament in
the jet drive by an RF voltage. A broad radial profile with
a maximal value in the centre of about 22000 K has been
found in the column of the filament. Moreover, an elec-
tron concentration of about 7 x 10'3 cm ™2 in the centre of
the filament has been obtained by the fluid model, which
is roughly the same order of magnitude as the spectro-
scopic results. The modulation of the density and mean
energy of the electrons has been found to be very small
in the column. This finding of the model calculations sup-
ports the time-averaged determination of these quantities
by the spectroscopic method.

In addition, the fluid model calculations have revealed
the structural change of the filament from the dielectric
surface through the sheath to the column. This axially
inhomogeneous region has an extension of about 0.5 mm
at the discharge conditions considered. For the excited
atoms a concentration of about 10'3 em ™3 has been found
in the column, where the ionizing collisions of electrons
with excited atoms represent the most important ioniza-
tion channel.

The relatively high electron concentration in the active
zone of the jet can be explained by the contraction of the
discharge in single filaments. Due to the self-organization,
these filaments are not stochastic but deterministic with a
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long lifetime which supports the establishment of a larger
concentration of excited atoms, especially metastable
atoms, leading to enlarged ionization.

The deviation of the fluid model result for the elec-
tron concentration from the measured ones may be caused
by the limitation of both approaches. Improvements are
expected from further investigations which overcome these
limitations by including e.g. the van der Waals broadening
in the spectroscopic method and the influence of the gas
heating and contraction mechanism in the fluid model.

The work was supported in part by the Deutsche Forschungs-
gemeinschaft within SFB-TR 24. We thank Sebastian Peters
for his help at data collection.
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