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1. Introduction
Micro-plasmas generated in capillaries have regemtbused research interest in several

fields like photonics, medicine and plasma-surfpcecessing. Here, we report on very
recent experimental and modelling results, obtaifreth the study of micro-plasmas
generated in dry air (N80% - Q 20%) using microwaves (2.45 GHz excitation frequen
and ~100 W coupled power), confined within a smadlius capillary R=345 um) at low
pressure=300 Pa).

2. Modelling
The simulations are performed using the in-houdel&KI (LisbOn Kinetics) numerical

code, which keeps the same algorithmic structucke aafculation blocks used in previous
publications [1,2]. The 0D (volume averaged) moclples the homogeneous two-term
electron Boltzmann equation (EBE) (for the gas ometconsidered, including first and
second kind collisions) to a system of rate balaweations for molecules,(X, v=0-59),
N2(A, B, C, a, &, w), XX, a, b), NO(X, A, B), NQ(X, A), Oz, Os*; atoms N{S,°D, ?P) and
OCP,'D); positive ions N, N,*(X, B), N5*, N;*, OF, O," and NJ; and negative ion DAIl
cross sections used are or will be available im#e future, at the IST-LISBON database of
LXCat [3].

Working at low pressure (< 1000 Pa) and low rag800 pm) results in a high reduced
electric field and a non-classical ambipolar tramsor charged particles. To meet these
conditions, the kinetic-energy working-grid in tB8E was extended up to 1000 eV, to
describe the effect of the high-energy mechanisnpacting significantly on the tail of the
electron energy distribution function, and a tramspheory was developed f@R values
beyond the validity limit of the classical ambipokheory. Under our typical operating
conditions (electron densitge=4x10" cm>, gas temperaturd;~1000 K and electron
temperaturel~4-7 eV), we have\/Ap~15 (A=R/2.405 is the diffusion length for infinite

cylindrical geometry andyp is the Debye length) corresponding to a densenfaam
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“ambipolar regime”, andA/A~0.5 ¢; is the ion mean-free-path) corresponding to
low-pressure. A transport theory embedding thesiteom from low to high pressures in
dense plasmas was derived by Self and Ewald [4]aedrevisited by Ferreira and Ricard
[5], for a single type of positive ion. Here, wevbayeneralized the theory of Self and Ewald
for N»-O, mixtures at low pressure, accounting for severasitiye ions and one
(low-density) negative ion species (listed at tlegibning of this section), recovering a
system of equations formally identical to the of¢4d, whose numerical solution can be
avoided using the results of [5] as an abacus.

Figure 1 shows the self-consistent calculated watdi¢he reduced electric fiel#/N, and of
the electron kinetic temperatui®, as a function oR, using three different descriptions for
the charged-particle transport: the current formomafor several positive ions and one
negative ion; the current formulation neglecting #ffect of negative ions; and the classical

ambipolar diffusion.
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Figure 1. Reduced electric field (left axis, black) and #&lec temperature (right axis, red) fpr300 Pa,
T4=1100 K andh.=3.84x106° cm?®, as a function of the tube radius, calculatedgisine present theory (full
line); the present theory neglecting the effechefiative ions (dashed line); the classical ambipihleory

(dotted line). The short-dashed vertical line IsnttieR-region of low-pressure conditions.

Our model calculations in the presence ofi@ns should be restricted to low-pressures
(A/N<1, corresponding t&<0.12 cm), i.e., to the region on the left of thersldashed
vertical line. However, aR increases the influence of negative ions becoraghgible and
the present formulation can still be used, albethveaution. Moreover, the different
transport descriptions considered yield similautssat highR, thus confirming the classical

ambipolar diffusion limit at\/A;>>1.
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3. Experiment
The experimental setup, operating at LPGP, is sgorted in figure 2 (more details in [6]).
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Figure 2: Schematic representation of the experimental setup

The capillary is inserted into a surfatron espéciadapted to the system geometrical
dimensions, ensuring a maximum electric field atdghp. Dry air is introduced from the left
end of the capillary, at negligible gas flow, yielgl a constant pressure along the plasma
column. Non-intrusive axially-resolved optical esn spectroscopy (OES) diagnostics are
used to obtain: (i) the electron density, meastn@u the contribution of the Stark effect to
the broadening of the Balmer ling (#86.1 nm), which provides an upper-limit estiroatie

< 1.4x13° cm®. The latter agrees with a semi-empirical analgéifie power coupled to the
plasma, based on the solution to Maxwell's equatitam the excitation structure; (ii) the
absolute densities ofXC), Nx(B), N»"(B), N(3p'S) and O(3pP), and the relative intensities
of the second positive system(8,v)—N3(B,v’) (whose spectrum is used to determine also
the rotational/gas temperature), the first negasystem N'(B,v)—N,'(X,v’), and the
atomic transitions N(3i$)—N(3s'P) and O(3fP)—0(3sS). The absolute calibration of the
spectra was performed at EM2C, using a standargsten lamp for which the spectral
radiance is known. The same detection system @intduthe spectrometer and the optical
collection system) is employed for recording bdth tlischarge and the lamp spectra, the
former being converted in radiance units by ushregdensitivity response function. The gas
temperature and the absolute density of a parti@kgctronic excited state are obtained by

comparing measured and Specair-simulated [7] spectr

4. Results and discussion
Figure 2 compares measurements and simulatiomstbé(relative intensity with the atomic

transition of triplets N(38)—N(3s'P) and O(3pP)—~0(3s’S) and (ii) the absolute densities
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of N2(C), No(B) and N*(B), as a function of the axial position in thegtea column. Model
results are in qualitative agreement with measungsn@redicting the correct trend for the
axial evolution of the atomic line transitions amader- / over- estimating the densities of
N2(B,C) / N,'(B) by factors below 10 times.
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Figure 2. Axial profiles, calculated (lines) and measurediftg) at 129 W coupled power, for: left, the ralati

intensities with atomic line transitions N(&)—N(3s'P) (blue) and O(3F)—~0O(3SS) (black); right, the
absolute densities of J{C) (black), N(B) (red) and N'(B) (blue).

5. Final remarks
A low pressure, small radius microwave micro-plastisgharge has been analysed, using

both simulations and measurements. Under these worklitions, the charge-particle
transport description, including the effect of aregjative ion species, has been successfully
developed. OES diagnostics were employed to meabkerabsolute densities of several
species and the relative intensities of some radiatansitions. Simulation results evidence

good qualitative agreement with measurements.
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