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Abstract

This work uses both simulations and experiments to study helium discharges (99.999% purity) sustained
by surface-wave discharges (f = 2.45 GHz), in capillary tubes (R = 3 mm radius) at atmospheric pressure
(p = 760 Torr). Simulations use a self-consistent homogeneous and stationary collisional-radiative model
(CRM) that solve the rate balance equations for the different species present in the plasma (electrons, He+

and He+2 ions, He(n ≤ 6) excited states and He∗2 excimers) and the gas thermal balance equation, coupled to
the two-term electron Boltzmann equation (including direct and stepwise inelastic and superelastic collisions
as well as electron-electron collisions). Experiments use optical emission spectroscopy diagnostics to measure
the electron density (Hβ broadening), ne, gas temperature (ro-vibrational transitions of OH, present at trace
concentrations), Tg and the populations of different excited states. Model predictions at ne = 1.7 × 1013 cm−3

are in agreement with measurements of (i) the excitation spectrum and excitation temperatures (Texc = 2795
K, obtained from the Boltzmann-plot of the excited state populations), (ii) the power coupled to the plasma
(Pabs ∼ 180 ± 10 W for a column length of L ∼ 1 cm) and (iii) the gas temperature (Tg ∼ 1700 ± 100 K).
Model results depend strongly on ne, hence on plasma conductivity and the power coupled to the plasma. The
coupling of a thermal module to the CRM has shown to be crucial. Increasing the electron density leads to
very high gas temperature values, which limits the space of (ne, Tg) as input parameters to the model.

1 Introduction

Over the last years, atmospheric-pressure plasmas have
proven their potential for vast technological and indus-
trial applications. Among these atmospheric-pressure
plasmas, the surface-wave sustained discharges [1, 2, 3,
4, 5], have proven to be a very attractive tool for var-
ious applications (e.g. sample analysis [6], noble gas
purification [7], surface treatments [8], laser sources [9],
spectroscopy sources [10], ion sources [11], film deposi-
tion [12], etc). A great deal of the success of SWDs re-
sults from their extraordinary flexibility, operating over
a large window of work conditions in pressure, power,
wave frequency, dimensions and geometry. These dis-
charges can be produced efficiently at frequencies rang-
ing from a few hundreds of kHz to 10 GHz. The gas
pressure that can be used ranges from the sub-millitorr
domain up to a few times the atmospheric pressure. Dis-
charge tube diameter include capillary tubes (0.5 mm)
up to 10 cm.
As many other rare gases, helium is often used as a buffer
gas in different plasma applications. For instance, in
the field of analytical spectroscopy, helium atmospheric-
pressure discharges are considered as most suitable for
the detection of traces of nonmetal analytes with a high
ionization potential (e.g. C, Cl, Br). In particular, he-
lium SWDs sustained in capillary tubes and operated at
microwave frequencies [6, 13, 14] have proved to be well
adapted to a wide range of conditions. The possibility

to modify the residence time of the samples (by vary-
ing either the gas flow or the plasma length through the
power supplied to the discharge) without compromising
the stability of the discharge makes the SWDs in he-
lium very interesting tools for analytical purposes. The
performance of these SWDs in analytical spectroscopy
depends crucially on the kinetic mechanisms that leads
to the excitation, ionization and dissociation of the ana-
lytes. Since the helium excited states are characterized
by high energy excitation thresholds (≥ 19.82 eV), he-
lium is more efficient to populate the excited state levels
and ions of the samples to be analysed then other rare
gases.
A deep knowledge of the fundamental processes govern-
ing these discharges and the physical quantities neces-
sary for a complete understanding of the plasma medium
is thus of great importance. For this reason the de-
velopment of state-of-the-art collisional-radiative models
(CRM) in pure helium at atmospheric pressure is needed,
before moving to more complex scenarios for instance in-
volving mixtures of helium with other gases.
CRMs are simulation tools of paramount importance for
the kinetic description of discharge plasmas. The aim of
these models is to obtain the populations of the different
charged and excited species with the gas/plasma system
as well as their effective creation/loss rates, relating them
with the discharge maintence characteristics. Model so-
lution requires knowledge about collisional-radiative data
(cross sections for interaction with electrons, rate co-
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efficients or frequencies for interactions between heavy
species) and transport parameters for which one should
couple the rate balance equations of the different species
to the electron Boltzmann equation (EBE).
In particular, the inclusion of a thermal module in a
CRM is a matter of great importance because there is
a restrictive dependence of the gas temperature values
with the electron density, (hence with the power cou-
pled to the plasma). In order to determine this relation-
ship, one must solve simultaneously the power balance
equations for the neutrals and the electrons. In order to
circunvent this complication, the great majority of pub-
lished works in helium use both the electron density and
the gas temperature as input parameters to the model,
which can lead to unphysical results.
The typical validation of a CRM involves the compari-
son between predicted and measured values of the pop-
ulation densities with the main excited species of the
plasma, obtained under the same work conditions. Usu-
ally, the densities of excited species are measured by OES
diagnostics, which can also be used to obtain the electron
density and the gas temperature.
The main objective of this work is the development and
validation of a stationary and homogeneous self-consistent
CRM for helium microwave capillary discharges (2.45
GHz), produced in cylindrical geometry (3 mm radius)
at atmospheric pressure. The model is validated by OES
measurements (to measure the electron density, the gas
temperature and the population of the different excited
states) performed on capillary surface-wave discharges
at atmospheric pressure. The extreme dependence of
model results (particulary the gas temperature and the
power coupled to the plasma) on the electron density is
also discussed.

2 Model formulation

The model solves the transport equations for the elec-
trons and the ions, the particle balance equation for
the excited state populations, the gas thermal balance
equation to obtain the gas temperature, and the elec-
tron Boltzmann equation considering several direct and
stepwise electron collisional processes.

2.1. Kinetic scheme

The model adopts an updated kinetic scheme that con-
siders several electron-impact and heavy-species colli-
sional mechanims involving the atomic excited states
He(n, l, s) ≡ n2s+1l (where n, l and s are the prin-
cipal, the orbital and the spin quantum numbers, re-
spectively), the excimers He∗2 and the atomic, He+, and
molecular, He+

2 , ions. The CRM developed in this work
considers all the neutral states up to the level n = 7,
so that the population densities for the first n ≤ 6 ex-
cited states can be calculated with increased accuracy;
the level n = 7 is then considered as a loss reservoir
for the remaining states. The energy sublevels with l =

F,G,H,I of a given singlet (s = 0) or triplet (s = 1) en-
ergy level have been lumped into a single state with a sin-
gle energy threshold. The electron kinetics is described
by solving the corresponding Boltzmann equation (in-
cluding 1st and 2nd order inelastic collisions, as well
as electron-electron collisions), using a coherent set of
electron cross sections appropriately adjusted to ensure
good predictions of swarm parameters. The rate balance
equations include electron-impact collisions (excitation /
de-excitation / dissociation and ionization / recombina-
tion), atomic collisions (Penning reactions, l-exchange
reactions, associative ionization, three-body association
and dissociation), ion collisions (three-body ion conver-
sion / dissociation), radiative transitions and transport.
Table 1 summarizes the collisional and the radiative pro-
cesses used in the model.

2.2. Model equations

In order to determine the non-equilibrium EEDF, f(u),
from wich all the electron rate coefficients and transport
parameters (necessary to solve the model) can be calcu-
lated, the CRM developed in this work is coupled to the
stationary and homogeneous EBE [22], written under the
classical two-term expansion in spherical harmonics and
assuming the DC effective field approximation. Inelastic
and superelastic collisions of electrons with excited levels
are considered only for the most populated states, 23S,
21S and 23P.

2.2.1.The electron mean power bal-
ance equation

The mean power balance equation per electron can be
obtained multiplying the homogeneous EBE by the elec-
tron energy, u, and integrating it over all energies to
obtain

θ + Psup = Pel + Pexc + Pion . (1)

The two terms on the LHS of equation (1) represent, in
order, the mean power absorbed from the HF field per
electron, θ, and the mean power gained in superelastic
collisions. The terms in the RHS represent, respectively,
the mean power lost in elastic collisions with ground-
state atoms, in excitations and in ionizations. The ex-
pressions for the different terms in equation (1) are very
well known and they can be found in [22]. The power
absorbed by the plasma, per unit lenght, dPabs/dz (in
Wcm−1), can be estimated using the expression

dPabs
dz

= θneeπR
2 (2)

= Re[µHF ]neeE
2πR2 (3)

= Re[σHF ]E2πR2 (4)

where e and ne are, in order, the electron charge and
density, R is the discharge radius, E is the RMS inten-
sity of the applied HF electric field, and µHF and σHF
are, respectively, the HF electron mobility and plasma
conductivity.
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Table 1: Summary of the collisional and the radiative processes and transport parameters adopted in this work.
The label EEDF means that the rate coefficient was obtained by integration of the corresponding cross section over
the electron energy distribution function; Te and Tg are the electron and the gas temperature, respectively. The
rate coefficients are in cm3 s−1 unless specified otherwise.

Nb. Reaction Rate coefficient References
Electron-impact excitation,

de-excitation and ionization Cji
(1) He + e −→ He + e EEDF [15, 16]
(2) He(n, l, s) + e ←→ He(n′, l′, s′)+ e EEDF [16, 17]
(3) He(n, l, s) + e −→ He+ + e + e EEDF [15, 16, 17]

Electron-impact recombination

and dissociation Cji
(4) He∗2 + e −→ He+

2 + e + e 9.75× 10−10Te(eV)0.71 exp[ −3.4
Te(eV) ] [18]

(5) He+
2 + e −→ He(23S) + He 5.0× 10−9[

Tg

Te
] [19]

(6) He+ + e + e −→ He(23S) + e 1.1× 10−14[
T 2.3
g (K)

T 4.5
e (K) ] cm6 s−1 [16]

(7) He+
2 + e + e

br−→ He(23S) + He + e 1.1× 10−14[
T 2.3
g (K)

T 4.5
e (K) ] cm6 s−1 [16]

1−br−→ He∗2 + e [16]
(8) He∗2 + e −→ 2He+ e 4.0× 10−9 [20, 21]

Heavy particle collisions Kj
k,i

(9) He(n, l, s) + He −→ He+
2 + e [16, 22]

(10) He(2) + He(2)
bp−→ He+ + He + e 2.9× 10−9[

Tg(K)
300 ]−1.86 [16, 22]

1−bp−→ He+
2 + e [16, 22]

(11) He(n, l, s) + He −→ He(n, l′, s) + He See text [22]

(12a) He+ + 2He −→ He+
2 + He 1.4× 10−31[

Tg(K)
300 ]−0.6 cm6 s−1 [16, 22]

(12b) He+
2 + He −→ He+ + 2He [ 1.4×10−6

T−0.6
g (K)

] exp[−28100
Tg(K) ] [16]

(13) He(23P) + 2He −→ He∗2 + He 1.6× 10−32 cm6 s−1 [16]
(14) He(23S) + 2He −→ He∗2 + He 1.5× 10−34 cm6 s−1 [16]
(15) He∗2 + He −→ He(23P) + 2He 3.6× 10−14 [16]

Radiative transitions Aji

(16) He(n, l, s)
Aj

iΛji−→ He(n′, l ± 1, s) + hν 4.333× 107(∆uji )
2(
gj
gi

)fji s−1 [22]

Transport of heavy particles
Species

(17a) He(23S) DM = 8.922× 10−2[
Tg(K)1.5

p(Torr) ] cm2 s−1 [22]

He(21S) [22]

(17b) He∗2 D∗ = 7.102× 10−2[
Tg(K)1.5

p(Torr) ] cm2 s−1 [19]

(18a) He+ µaN = A[B
√
Tg(K) + C]−1cm−1 V−1 s−1 [16, 22]

A = 2.68× 1019

B = 2.96× 10−3; C = 3.11× 10−2

DaN = µaN
kBTg

e

(18b) He+
2 µmN = 2.6× 1019 cm−1 V−1 s−1 [16]

DmN = µmN
kBTg

e
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2.2.2.The particle rate balance equa-
tions

At atmospheric pressure, the production of secondary
electrons and the electrons loss by difusion and recom-
bination are expected to have only second-order effects
on the EEDF, so they are neglected in the homogeneous
EBE [23]. Therefore, one must resort to the continuity
equation to describe the electron balance. Accordingly,
the model couples the EBE (representing the electron
mean power balance equation) with a set of macroscopic
particle rate balance equations for the charged particles
(electron, atomic and molecular helium ions) and the
helium excited states (atoms and excimers), taking into
account the elementary processes given in table 1.
Under steady-state conditions, the rate balance equation
for a given charged/excited species j has the form

~∇r · (nj~vdj) = Sj (5)

where nj~vdj is its flux and Sj its net production rate
per unit volume. In the high-pressure regime consid-
ered here, the plasma is characterized by cross-section
averaged quantities, considering an EEDF in local equi-
librium with the radial average electric field, and the
ambipolar diffusion approximation [16] to write equa-
tion (5) for the charged species as a 0D equation

~∇r · (nj~vdj) ≈
Da,j

Λ2
nj = Sj . (6)

Here, Da,j is the ambipolar diffusion coefficient and Λ ≡
R/2.405 is the caracteristic diffusion length for a cylin-
drical vessel. The expressions of the ambipolar diffusion
coefficients for electrons, atomic and molecular ions are
given, respectively, by

Da,e =
na (µaDe + µeDa) + nm (µmDe + µeDm)

naµa + nmµm + neµe
(7)

Da,a =
nm (µmDa − µaDm) + ne (µaDe + µeDa)

naµa + nmµm + neµe
(8)

Da,m =
na (µaDm − µmDa) + ne (µmDe + µeDm)

naµa + nmµm + neµe
, (9)

where NJ , µj and Dj are, respectively, the density, mo-
bility and the free diffusion coefficient of the given charged
species j (for the atomic and molecular ions see (18a)
and (18b) in table 1); for the electrons µe and De are
obtained as energy integrals over the EEDF. The model
assumes that the loss rate to the wall of electrons and
atomic and molecular ions is nearly the same, so the
previous coefficients must satisfy

naDa,a + nmDa,m ≈ neDa,e . (10)

Using the creation/loss elementary processes presented
in table 1 the homogeneous and steady-state continuity
equation for a given species j writes∑

i 6=j

neniC
j
i +

∑
i>j

niA
j
iΛji +

∑
k,i

nkniK
j
k,i =

∑
i 6=j

nenjC
i
j

+
∑
i<j

njA
i
jΛij +

∑
k,i

ninjK
k
i,j +

Dj

Λ2
nj +

nj
τ
.(11)

Here Cji represents the i → j excitation/de-excitation

electron rate coefficient, AjiΛji the Einstein transition
probability for the i → j transition multiplied by the
corresponding escape factor, Kj

k,i the rate coefficient for
k, i → j atomic collisions, τ = Vd/Q is a residence time
(with Vd the discharge volume and Q the gas flow and Dj

the diffusion coefficient of species j. Therefore, the terms
on the LHS of equation (11) represent, respectively, the
net production rate of species j due to electron-impact
collisions with species i, radiative transitions from the
excited states i and atomic collisions between the species
k and i. The terms on the RHS represent, in order,
the net loss rate of species j due to its collisions with
electrons, radiative transitions to the excited states i,
atomic collisions with the species i, diffusion and flow.
Transport phenomena (diffusion and flow) were taken
into account for the charged particles, the metastable
states and the excimers. Therefore, in equation (11) one
has Dj = Da,j if applied to a charged particle, Dj = DM

if applied to the metastable (23S and 21S) states, and
Dj = D∗ if applied to the excimers, where DM and D∗
are the diffusion coefficients for the metastables and the
excimers, respectively (see (17a) and (17b) in table 1).
Since the ionization degrees, ne/N , are smaller than
10−5 and

∑
j nj � N , the gas density, N , can be calcu-

lated from the ideal gas equation and therefore the rate
balance equation for the ground-state 11S is not solved.
One should also note that the ionization-loss rate balance
equation for the atomic ions can be linearly obtained,
under ambipolar conservative conditions, from the cor-
responding rate balance equations for the electrons and
the molecular ions (see equation (10)).

2.2.3.The gas thermal balance equa-
tion

The average gas temperature, < Tg >, can be calculated
by solving the stationary gas thermal balance equation
which, in the absence of gas flow, writes

~∇·

−λ~∇Tg +
∑
j

mjCpjTg
~Γj

 =
∑
j

e ~Γj · ~Es+neθel ,

(12)

where λ = 1.52 × 10−1 (Tg/300)
0.71

W m−1 K−1 [24] is
the thermal conductivity of helium; mjCpj ' (5/2)kB =

3.45×10−23 J K−1, ~Γj = −Da,j
~∇nj and ~Es = −uk ~∇ne/ne

are, respectively, the heat capacity, the ion particle flux
and the space-charge electric field [25]; uk ≡ DeN/µeN
is the characteristic energy for electrons and θel is the
mean power lost per electron due to elastic collisions
with neutral gas particles.
In equation (12), the first and second terms in LHS rep-
resent, in order, the power transfer due to conduction
and convection (i.e. the transport of thermal energy
due to the transport of particles), whereas the terms
in the RHS represent, respectively, the power gained by
the gas due to the flux of ions under the influence of
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the space-charge electric field and due to elastic coli-
sions with electrons. Note that we have not considered
the power transfer channels between electrons and the
gas due to inelastic and superelastic collisions, which are
negligible in the atmospheric pressure region (see section
4).
In a homogeneous 0D description, the gas thermal bal-
ance equation (12) is averaged over the discharge vol-
ume Vd = 2πR2L (with L the discharge length) which,
assuming axial homogeneity gives−λ dTg

dr

∣∣∣∣
R

−
∑
j

mjCpjDa,j
dnj
dr

∣∣∣∣
R

Tg(R)

 2πRL

= 2πL
∑
j

eDa,juk

∫ R

0

dnj
dr

d lnnj
dr

rdr +

+ θel2πL

∫ R

0

nerdr , (13)

where we have used the hypothesis of congruence∇rnj/nj '
∇rne/ne. Assuming a parabolic profile for the gas tem-
perature and a Bessel profile for the charged-particle
densities (obtained, respectively, from the solution to
~∇·
(
−λ~∇Tg

)
= C and ~∇·

(
−Dj

~∇nj
)

= njνj in cilindri-

cal coordinates, with C a constant and νj the ionization
frequency of ion species j if also assumed constant) one
gets

Tg(r) = Tg0

(
1− r2

R2

)
+ TgW

r2

R2
(14)

nj(r) = nj0J0(r/Λ) , (15)

where Tg0 and TgW are, respectively, the gas temperature
at r = 0 (discharge axis) and r = R (discharge wall); nj0
is the charged particle density of ion species j at r = 0;
and J0 is the 0th-order Bessel function, Jn, of the first
kind. Because the radial average of a given quantity
X(r) is given by

〈X(r)〉 =
2
∫ R

0
X(r)rdr

R2
, (16)

one can easily chek that

dTg
dr

∣∣∣∣
R

=
4

R
(TgW − 〈Tg〉) (17)

dnj
dr

∣∣∣∣
R

= −x
2
W

2R
〈nj〉 , (18)

with xW = 2.405. Using equations (17) and (18) in
equation (13) one obtains

8λ (〈Tg〉 − TgW ) + x2
WTgW

∑
j

mjCpjDa,j 〈nj〉

=

∫ xW

0

J2
1 (x)

J0(x)
xdx

∑
j

eDa,juk
xW

J1(xW )
〈nj〉

+ R2θel 〈ne〉 , (19)

where x ≡ r/Λ. In principle, equation (19) provides a
straighfoward solution to < Tg >. However, the integral

β ≡
∫ xW

0

(
J2

1 (x)/J0(x)
)
xdx , (20)

diverges when calculated numerically, since J0(xW ) = 0.
To solve this problem, one needs to estimate [J1/J0](xW )
by writing the integral β in a discrete form and using the
actual value of the space-charge potential at the wall.
Taking into account that

Es = −uk
J1(x)

J0(x)

1

Λ

= −dV
dr

, (21)

where V is the space-charge potencial drop, and dividing
R into l equally spaced cells of length ∆r (so that xi =
i∆x, ∆x = ∆r/Λ and xl = l∆x ≡ xW ), one can check,
after some algebra, that

J1(xW )

J0(xW )
∆x =

V (xW )

uk
−

l−1∑
i=0

J1(xi)

J0(xi)
∆x . (22)

Therefore, the integral β in equation (19) can be written
in its discrete form as

β ≡
l∑
i=0

J2
1 (xi)

J0(xi)
xi∆x

=

l−1∑
i=0

J2
1 (xi)

J0(xi)
xi∆x+

+ J1(xW )xW

[
V (xW )

uk
−

l−1∑
k=0

J1(xk)

J0(xk)
∆x

]
.(23)

Equation (19) can be solved to yield a finite β-value, if
the wall potential is replaced by its actual value [26]

Vj(R) = −kBTe
2e

ln
(πme

2M

)
' 4.22uk . (24)

By using (23) - (24) into (19) it is possible to solve the
latter for < Tg >, given R, < ne > and the bound-
ary conditions TgW , the obtained densities < nj > and
the characteristic energy uk from the CRM, and know-
ing the values of the different transport parameters and
power-transfer quantities. Notice that the dependence
of λ on < Tg > requires adopting an iterative scheme in
solving (19). In the following, and for the sake of sim-
plicity, the radially averaged quantities < Tg >, < nj >,
< ne > will be denoted simply as Tg, nj , ne, dropping
the symbol < · > whenever this causes no confusion.

3 Experimental setup and work
conditions

Experiments are based on the following OES diagnostics:
the Stark broadening of the Hβ line transition, which is
used to obtain the electron density, ne; (ii) the rotational
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spectrum of the OH radical (present at trace concentra-
tions), which is fitted to deduce the rotational temper-
ature, Trot (assumed to represent the gas temperature
Tg); (iii) the intensities of different spectral lines, related
to the populations of the emitter (excited) states, whose
Boltzmann-plot allows deducing the plasma excitation
temperature, Texc.
The helium (99.999 % purity) plasma column with L ∼ 1
cm length is sustained inside a quartz tube with R =
3 mm radius at atmospheric pressure (p = 760 Torr)
using a constant gas flow Q = 2.1 slm (standard liter
per minute). The microwave power was supplied by a
generator (ω/2π = 2.45 GHz excitation frequency) and
delivered with the help of a surfatron, as shown in figure
1.

Figure 1: Image of the surface-wave discharge in helium
at atmospheric pressure. Courtesy of Belmonte and Nöel
(IJL).

4 Model validation and results

The model was solved for different values of electron den-
sities, ne = (1.0 − 7.4) × 1013 cm−3, and for the ex-
perimental operation conditions discussed in section 3,
i.e., taking as input parameters p = 760 Torr, R = 3
mm, L = 10 mm, ω/2π = 2.45 GHz, TgW = 600 K
and Q = 2.1 slm. The solution of the system formed
by the ionization-loss balance equations for the charged
particles and the rate balance equations for the excited
states and excimers (see equation (11)), coupled with the
homogeneous and stationary electron Boltzmann equa-
tion and the gas thermal balance equation (19) allow
us to determine in a self consistent manner the value of
the reduced electric field, E/N as an eigen value to the
problem together with the EEDF (and all the electron
transport parameters), the gas temperature, the popula-
tion densities of the n < 7 excited states, the atomic and
molecular ions and excimers as well their creation/loss
rate.

4.1. Model validation

The solution of the model in the range of electronic
densities considered here, reveals that the best agree-

ment between calculations and experiments stands for
ne = 1.7 × 1013 cm−3. For this value of electronic
density, the solution of equation (19) returns a value
for the gas temperature of Tg = 1727 K which is in
very good agreement with the measured gas temper-
ature (Tg ∼ 1700 K) and the experimental electronic
density of (2.45 ± 1.4) × 1013 cm−3 (being the last ob-
tained using the calculated value of electronic temper-
ature, Te = 1.70 eV). For this conditions, the calcu-
lated power absorbed by the plasma, per unit length,
(see equation (4)) is dPabs/dz = 150 W cm−1, which is
also in very good agreement with the experimental value
of Pabs = 180 ± 10 W for the plasma collum of L = 1
cm. In figure 2(a) is presented the calculated excitation
spectrum, Ln(njg0/Ngj) against the excitation energy
uj for ne = 1.7 × 1013 cm−3 . In this figure the solid
lines represents the best fits to Boltzmann distributions.
One can see that the calculated spectrum does not follow
a Boltzmann distribution and, at least, three excitation
temperatures are needed to describe the distribution of
the different excited states populations. Results suggest
that ground state and excited states with excitation en-
ergies lying between 0 eV and 21.218 eV (i.e. from 23S up
to 23P states) follows a Boltzmann distribution charac-
terized by an excitation temperature Texc ≈ 1 eV, closer
to the electron temperature (Te = 1.7 eV). The excited
states populations with excitation energies lying between
22.718 eV and 24.209 eV (from 33S up to 61D), approxi-
mately follow a Boltzmann distribution at an excitation
temperature Texc = 2717 K. The last fit was performed
for energies lying between 23.972 eV and 24.211 eV (from
53S up to 61P) with a resulting excitation temperature,
Texc = 1577 K, closer to the gas temperature (Tg = 1727
K).
The comparison between the calculated and measured
excitation spectrum is shown in figure 2(b). For com-
parison, it was only taken into account the calculated
values of the excited states populations that were com-
mon to those measured by optical emission spectroscopy
in the energy region between 22.718 eV and 23.972 eV.
It was found that the model prediction of the excitation
temperature, Texc = 2785 K, were in excellent agreement
with the experimental value, Texc = 2793 K.

4.2. Model results as a function of
the electron density

Table (2) shows the values of the different average frac-
tional powers channels tranfered by collisions between
electrons and the atoms as well the values of θ/N , dPabs/dz,
Te and N for various ne. Results show that the power
absorbed from the field, by electrons, is mostly lost by
elastic collisions with the ground state atoms. The power
gain/loss due to superelastic and inelastic collisions is
shown to be negligible. Results support the choice in ne-
gleting the power transfer channels do to inelastic and su-
perelastic collisions when solving the gas thermal balance
equation in the region of atmospheric pressure. How-
ever, one should note that this assumption may note

6



2 2 , 5 2 3 , 0 2 3 , 5 2 4 , 0 2 4 , 5
- 3 4

- 3 2

- 3 0

- 2 8

- 2 6

- 2 4 ( b )

 

 

Ln
 (n

jg 0 / N
g j)

u j  ( e V )

- 5 0 5 1 0 1 5 2 0 2 5- 4 0

- 3 0

- 2 0

- 1 0

0

2 2 , 5 2 3 , 0 2 3 , 5 2 4 , 0 2 4 , 5- 3 5 , 0

- 3 2 , 5

- 3 0 , 0

- 2 7 , 5

- 2 5 , 0

( a )

Ln
 (n

jg 0 / 
Ng

j)

T e x c  =  1 5 7 7  K

T e x c  =  2 7 1 7  K

 

  

u j  ( e V )
 

T e x c  =  1 1 6 2 8  K

 

  

Figure 2: (a) Excitation spectrum calculated for ne =
1.7 × 1013 cm−3. The solid lines results from the best
fits to Boltzmann distribution for uj = 0 − 21.218 eV
(Texc = 11628 K), uj = 22.718− 24.209 eV (Texc = 2717
K) and uj = 23.972 − 24.211 eV (Texc = 1577 K). (b)
Comparison of the calculated (•) and experimental (◦)
excitation spectrum common to both model and ex-
periment. The calculated spectrum was performed for
the same value of electron density as in (a) and for
the experimental operation conditions. The lines re-
sults from the best fits to Boltzmann distribution for
uj = 22.718 − 24.209: full line, model (Texc = 2785 K);
broken line, experiment (Texc = 2793 K).

be valid for low pressure regimes, where inelastic colli-
sions take an important role in the power transfer as it
is shown in [22]. The power absorbed by the plasma
per unit lenght is found to increase with increasing elec-
tron density, which is a consequence of a higher plasma
conductivity (see equation (4).
Figure (3) shows the calculated values of the effective
field, Eeff/N and the gas temperature as a function
of the electron density. The points indicates the values
of these quantities for the same experimental conditions
with ne = 1.7 × 1013 cm−3 but with TgW = 300 K. As

ne increases results show a decreasing on the Eeff/N
values. An increasing electron density leads to a higher
efficiency in ionization, hence the electric field needed to
maintain the discharge is lower.
Model results show that the gas temperature depends
strongly on ne, hence on plasma conductivity and the
power coupled to the plasma. This result reinforces the
previous statement regarding the importance of coupling
a thermal model to the CRM. Increasing electron density
leads to very-high values of the gas temperature values,
limiting the space of ne and Tg as input parameters to
the model. In fact, this restrict relationship between Tg
and ne can be better understood when looking to the
different power transfer channels in equation (19). The
solution of the thermal model reveals that the gas power
gain and losses are due to electron-neutral elastic col-
lisions and conduction, respectively, while the flux and
convection terms are negligible in the power balance. Re-
sults also show that decreasing the gas temperature on
the discharge wall TgW from 600 K to 300 K, is reflected
by a decrease of Tg from 1727 K to 1597 K.

0 1 2 3 4 5 6 7 81 , 4
1 , 6
1 , 8
2 , 0
2 , 2
2 , 4
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n e  ( 1 0 1 3  c m - 3 )

T g (1
03  K)

3 , 9

4 , 0
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4 , 3

4 , 4

 Eeff / N (Td)

Figure 3: Calculated gas temperature (full curve) and
effective field (broken curve) as a function of the electron
density, for p = 760 Torr, R = 3 mm, Q = 2.1 slm and
TgW = 600 K (experimental operation conditions). The
dots indicates the values of Tg (•) and Eeff/N (◦) with
Twallg = 300 K for ne = 1.7× 1013 cm−3.

Figure 4(a) shows the calculated reduced population den-
sities of helium atomic and molecular ions as a function
ne and for the experimental operating conditions. One
can see that, throughout most of the considered elec-
tronic density range, the He+

2 is the predominant ion.
For ne = 1.7× 1013 cm−3 the density ratio [He+

2 ]/[He+]
is ≈ 200. However, as ne increases, this ratio becomes
smaller and for ne ≥ 6×1013 cm−3 the ratio [He+

2 ]/[He+]
starts decreasing from 1 to 0.5. These results show that
the atomic ions becomes the dominant ion as ne in-
creases, hence with increasing gas temperature.
The calculated reduced populations densities of the metasta-
bles states 23S and 21S, radiative states 23P and 21P
and the helium excimers He∗2 are plotted, as a function
of ne, in figure 4(b). One can see that the density of
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Table 2: Model results for the different fractional power transfer channels for electron-atom collisions, the average
power absorbed per electron divided by the gas density, the power aborbed by the plasma per unit lenght and the
electron temperature, as a function of ne and for the experimental operating conditions.

ne N θela θine θ/N dPabs/dz Te
(cm−3) (cm−3) (%) (%) (eV cm3 s−1) (W cm−1) (eV)

1.0× 1013 4, 96× 1018 99.95 0.05 4.67× 10−11 105 1.72

1.5× 1013 4, 41× 1018 99.94 0.06 4.59× 10−11 137 1.71

1.7× 1013 4, 25× 1018 99.93 0.07 4.57× 10−11 150 1.70

2.5× 1013 3, 79× 1018 99.90 0.10 4.49× 10−11 193 1.69

5.0× 1013 3, 07× 1018 99.80 0.20 4.32× 10−11 300 1.67

7.4× 1013 2, 73× 1018 99.77 0.23 4.14× 10−11 379 1.64

the helium excimers population is not neglegible when
compared to the most populated excited states popula-
tions. In fact, for ne = 1.7 × 1013 cm−3, the density
ratio [He(23S)]/[He∗2] it is found to be ≈ 1.2. These re-
sults justify the inclusion in the model the kinetics of
helium excimers in the region of atmospheric pressure.
Figure 5 shows the fractional production and destruction
rates of electrons as a function of ne and for experimen-
tal operation conditions. One can see that electrons are
mainly created by associative ionization and destroyed
by dissociative recombination with the molecular ions.
In figure 6 the fractional production and destruction
rates of helium atomic ions are plotted against ne. One
can observe that atomic ions are mainly destroyed and
created by the 3-body ionic conversion and its reverse re-
action, respectively. Direct ionization by electron impact
becomes, however, an important mechanism in creating
He+ ions for low electronic densities.
The fractional production and destruction rates of he-
lium molecular ions are showned in figure 7. Associa-
tive ionization and dissociative recombination play, re-
spectively, an important role in the production and de-
struction of He+

2 in the region of low electronic densities.
Similary to the atomic ions, and for ne ≥ 3×1013 cm−3,
molecular ions are mainly created and destroyed by the
3-body ionic conversion and its reverse reaction. These
results, together with the ones shown in figure 4(a), in-
dicates that the mechanism of ionic conversion becomes
more efficient in creating atomic ions with increasing
electronic density, hence with increasing gas tempera-
ture.
Although we decided no to depicte the production/destruction
rates for 23S metastable state, model results shows that
this state is mainly produced by superelastic electron
collisions and radiative transitions involving all the ex-
cited states above it (which show that metastable states
can be regarded as an energy reservoir), and destroyed
only by stepwise inelastic collisions with electrons (indi-
cating that stepwise inelastic processes from metastables
are important in the plasma kinetics).
The 23P state is mainly created, throughout most of
the considered range of electronic densities, by inelastic
electron collisions with the metastables and mainly de-

0 1 2 3 4 5 6 7 81 0 - 1 0

1 0 - 9

1 0 - 8

1 0 - 7
( b )

 

 

n e  ( 1 0 1 3  c m - 3 )

n j / N
0 1 2 3 4 5 6 7 81 0 - 1 0

1 0 - 8

1 0 - 6

1 0 - 4
( a )

 

 n j / N
n e  ( 1 0 1 3  c m - 3 )

Figure 4: (a) Atomic (full curve) and molecular ions
(broken curve) densities divided by the gas density as a
function of the electron density. (b) 23S (dotted curve),
21S (dashed curve), 23P (full curve), 21P (dashed dotted
curve) and excimers (dashed dotted dotted curve) popu-
lation densities divided by the gas density as a function
of the electron density.

stroyed by radiative trasitions (for low ne values) and
by collisions with neutral in the mechanism of excimers
production (for higher ne). These results show that the
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Figure 5: Fractional production/destruction rates for
electrons as a function of the electronic density. The
different curves correspond to the following produc-
tion/destruction mechanisms (see table 1): dashed
curve, reaction (3); full curve, reaction (9); dashed-
dotted curve reaction (5) and dotted curve, diffusion.
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Figure 6: Fractional production/destruction rates for
atomic ions as a function of the electronic density. The
different curves correspond to the following produc-
tion/destruction mechanisms (see table 1): full curve,
reaction (12b); dashed curve, reaction (3); dotted curve,
reaction (12a) and dashed-dotted curve, reaction (18a).

kinetics of the 23P state play an important role, besides
the role played by a particular radiative state, in the ki-
netics of the He∗2 state. In fact, the He∗2 state is mainly
created from the 23P state and destroyed by the reverse
reaction (for low ne values) and by dissociation (for high
ne values).

5 Conclusions

In this thesis surface-wave capillary plasma discharges
produced in pure helium, at atmospheric pressure, were
studied using both simulations and experiments. Exper-
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Figure 7: Fractional production/destruction rates for-
molecular ions as a function of the electronic density.
The different curves correspond to the following produc-
tion/destruction mechanisms (see table 1): full curve, re-
action (12a); dashed curve, reaction (9); dashed-dotted
curve, reaction (12b), dashed-dotted-dotted curve, reac-
tion (5), reaction (18a) and dotted curve, reaction (18b).

iments were based in optical emission spectroscopy diag-
nostics to obtained the electron density, the gas temper-
ature and the population of different excited states. Sim-
ulations used a stationary and homogeneous collisional-
radiative model (CRM) coupled with the electron Boltz-
mann equation and the gas power balance equation in
order to calculate, in a self-consistent manner, Eeff/N ,
Tg, Pabs and the population densities of the atomic ions,
the molecular ions and the n < 7 excited states of he-
lium, as well as their creation/destruction rates, as a
function of ne and for the discharge parameters p = 760
Torr, (ω/2π) = 2.45 GHz, L = 1 cm, R = 0.3 cm and
Q = 2.1 slm.
All elementary processes included in the model were ex-
tensively discussed and an up-to-date information has
been presented. In particular: (i) the set of electron
scattering cross sections with helium (ground-sate and
excited) atoms was upgraded and extended to energies
up to 1 keV, with respect to a previous data set [15, 16];
(ii) the kinetic mechanisms with the CRM were revised
and extended to atmospheric-pressure conditions, to in-
clude molecular species (He∗2 and He+

2 ) and to consider
gas temperature dependences (whenever possible) for the
main rate coefficients and transport parameters with the
heavy-species.
Model calculations (for ne = 1.7× 1013 cm−3) were vali-
dated by comparison with experiments and a very good
agreement was found (within the experimental uncer-
tainties) for the gas temperature, the power coupled to
the plasma, the excitation temperature and the excited
states densities. A further validation can be envisaged,
focusing on the variation of results with changes in the
tube radius.
It was found that for the experimental conditions (i.e.
for ne = 1.7 × 1013 cm−3): (i) He+

2 is the predominant
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ion and it is mainly created and destroyed, similarly to
the electrons, by associative ionization and dissociative
recombination, respectively; (ii) the He∗2 density is com-
parable with that of the most populated excited states,
the radiative 23P state playing an important role in its
production/destruction; (iii) Penning reactions and elec-
tron assisted recombination mechanisms do not play a
significant role in the creation/loss of He(2) states and
helium ions.
Model results exhibit a strong dependence on ne, hence
on the plasma conductivity and the power coupled to the
plasma. The coupling of a thermal model to the CRM:
(i) revealed that the gas power gain and loss mecha-
nisms are due to electron-neutral elastic collisions and
conduction, respectively; (ii) was crucial to ensure self-
consistent meaningful results. Indeed, increasing the
electron density leads to very-high gas temperatures,
which limits the region of electron density values as input
parameter. Hence, CRMs should include also gas power
balance equation (especially at atmospheric pressure),
instead of imposing both ne and Tg as free parameters,
a strategy adopted in many works. With this respect,
dedicated measurements addressing the gas temperature
dependence of rate coefficients and/or transport parame-
ters are required to improve the quality of model results.
The self-consistent model and the corresponding vali-
dated simulation tool developed in this work should be
regarded as part of a wider research program, on the
study of microwave-driven atmospheric-pressure micro-
plasmas. In this context, the characterization of electri-
cal discharges in gas mixtures containing helium (usually
as dominant buffer element), with strong potential for
applications, can directly benefit from the tool and re-
sults obtained here, to be used as starting point in future
studies.model.
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