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1. Introduction 

Atmospheric pressure plasmas (APPs) are frequently used 
for both fundamental studies and in a variety of applications, 
ranging from materials processing to microbiology. In the last 
decade, many research teams have focused their efforts on the 
so-called atmospheric pressure plasma jet (APPJ) due to its 
remarkable ability to generate a long effluent, which extends 
in to the ambient air and contains a wide variety of active spe-
cies. Compared to other plasmas sustained in a limited inter-
electrode space, plasma jets have the significant advantage 
of being able to transport reactive species to a remote region 

for treatment [1, 2]. Up to now, many types of cold APPJs 
have been developed, such as those created by dc voltage, ac 
voltage with a frequency up to 100 kHz, RF power in the fre-
quency range of 1 to 50 MHz, microwave, as well as plasmas 
generated by high voltage pulses of sub-nanosecond duration 
[3–7]. In view of the purpose of these plasmas to produce a 
large flux of radicals and other active species, it is impor-
tant to understand the discharge properties; specifically, the 
electron density and temperature (ne and Te). Knowledge of 
plasma parameters and especially electron density is also 
a crucial point in validation of plasma models, where ne is 
usually the main input parameter [7]. The plasmas produced 
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by such sources tend to exhibit similar proprieties, specifi-
cally, a low electron density 1010–1013 cm−3 and a relatively 
high electron temperature. Driven by the need to develop 
ever more portable plasma sources for biomedical applica-
tions that are able to operate in molecular and reactive gases 
researchers are beginning to consider the use of micro-sized 
plasmas. Such discharges can exhibit electron densities in 
the range of 1014–1018 cm−3 with gas temperatures exceeding 
1000 K [8–10].

Atomic line Stark broadening, typically applied to the 
hydrogen Balmer series, is one of the most widely used tech-
niques for ne measurement when considering APPJs. The 
method is popular since it gives a straightforward relation 
between the line width caused by Stark broadening and ne 
[11, 12]. Usually, this method is applied for relatively dense 
plasmas, with electron density in the range ne  >  1014 cm−3 
[13]. In [14] tables of hydrogen Balmer lines for plasma diag-
nostics were extended down to 1013 cm−3, but special care has 
to be paid to the simulation of spectral line fine structure at low 
densities which can add complexity to the analysis. Moreover, 
problems can occur if the gas density is high, such as the case 
at atmospheric pressure, as the van der Waals broadening can 
mask the Stark broadening and a rigorous deconvolution pro-
cedure has to be applied [15].

In this contribution, the use of atomic line Stark broadening 
for the measurement of ne in atmospheric pressure plasmas 
is considered. Applicability of the method for the analysis of 
APPJs is discussed in chapter 2. An overview of the various  
Stark broadening models available is given in chapter 3.  
A deconvolution procedure for the estimation of resonance, 
van der Waals, Doppler, instrumental and Stark contribu-
tions in a spectral line profile is provided in chapter 4 with 
a focus on high electron density discharges. A view on the 
current progress in electron density diagnostics for APPJs is 
completed by considering non-hydrogenated line Stark broad-
ening, which is important when hydrogenated lines are not 
present in the discharge or the electron density is very high. 
In chapter 5 new results of Stark broadening calculations are 
given which take into account fine structure of lines (FSL), in 
order to extend previously available results [14] to the case of 
low electron density plasmas. Finally, recommendations are 
provided for electron density measurements in APPJs with 
conclusions on the Stark broadening method.

2. Methods for the measurement of electron 

density

Techniques to determine the electron density can roughly be 
divided into electrical diagnostics and optical diagnostics. 
The first category comprises the various probe techniques 
(single, double electrical) and measurements of electron 
density from the current density. The second category can 
be subdivided into active and passive spectroscopy. Active 
spectroscopy is mostly based on the use of an external light 
source. Especially important are laser scattering experi-
ments, particularly Thomson scattering (TS) which is a 
relatively straightforward technique allowing simultaneous 

determination of the main plasma parameters: ne and Te. In 
passive spectroscopy, the electron density can be obtained by 
the analysis of intensities and line shapes. An overview of the 
most common techniques for the measurement of ne in low 
temperature APPJs follows.

2.1. Electrical probes

The theory of probe measurements was first established in the 
1920s by Langmuir for a case of low pressure plasma in a col-
lisionless regime [16]. Recently a lot of effort has focused on 
adapting probe theory for ne measurements under the highly 
collision conditions, such as those found in atmospheric pres-
sure plasma [17–19]. Tichy and co-workers [18] estimated ne 
to be about 1.7 × 1013 cm−3 in a Radio Frequency 13.56 MHz 
plasma jet working in He from the saturated ion current. The 
electron density estimation agrees well with the value obtained 
from the discharge resistivity. It has to be mentioned here that, 
even though there are some works related to the application 
of probes in high pressure plasmas, at the present moment the 
use of electrical probes to diagnose APPJs is not well estab-
lished due the fact that information from the probe is strongly 
affected by collisions of charged particles in the probe sheath 
[18, 19].

2.2. Current and voltage

In the case of homogeneous plasma the current passing 
through the plasma cross-section can be presented as [20]:

υ μ= =J n e
E

N
n e Ee e e e

⎜ ⎟
⎛

⎝

⎞

⎠ (1)

where J is the current density in Am−2, e is the elementary 
charge in C, E is the electrical field in Vm−1 and μe is the 
electron mobility of in m2 Vs−1 and υe is the drift velocity of 
electrons in ms−1. The method is only valid for homogeneous 
plasmas; critically, in APPJs estimation of the plasma cross-
section can be very difficult due to the complex geometry of 
the jet configuration or the formation of filaments. In [21] an 
Ar dielectric barrier discharge jet operating at 12 W was con-
sidered, the jet cross-section was that of a single filament and 
ne was found to be 1.5  ×  1013 cm−3. A similar approach to 
estimate the current density was used in [22] where a 30 W, 
350 kHz discharge, formed of 245  ±  21 μm filaments, was 
found to have an electron density inside of the channels of 
approximately 9.9  ×  1015 cm−3. Using the current density 
method to establish the electron density is clearly indicative 
and has numerous pitfalls. In fact, in pulsed APPJs estimation 
of plasma cross-section is almost impossible due to the com-
plex temporal and spatial behaviour of the discharge, with the 
formation of so-called ‘plasma bullets’ [23, 24]. Additionally, 
the electron drift velocity υe strongly depends on the gas phase 
composition, see figure 1. The gas composition varies signifi-
cantly along the axis of the APPJ due to air diffusion and the 
air mole fraction can reach 10% on a distance of 10 mm from 
the nozzle [25] which can result in serious errors in the esti-
mations of ne by the use of equation (1).
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2.3. Infrared heterodyne interferometry

Heterodyne interferometry is based on the measurement of 
the plasma refractive index which is related to a change of 
neutral and electron density in the discharge. In the method, 
the probing laser beam with frequency ω is separated into two 
paths, where the frequency in one of the paths is shifted to ω 
+ Δω. First beam with frequency ω is passed through the dis-
charge region where a phase shift is appeared due to a change 
in refractive index of the medium. After two beams merging 
at the interferometer, a phase shift ΔΦ between the two beams 
can be measured by the heterodyne technique [27, 28]. The 
method is sensitive to change in density of both heavy par-
ticles and electrons. Obviously, there is a requirement to sepa-
rate the two contributions which imposes limitations on the 
method and the technique itself can only be used in pulsed 
plasmas where a fast change of electron density and a slow 
change in heavy particles density are presented. In pulsed 
plasmas the phase shift due to electrons ΔΦe can be measured 
experimentally and is directly related to the density, expressed 
by [29]:

ΔΦ
λ

ε π
= −

e

c m
n l

4
e

e
e

2

2
0

 (2)

where e and me is the electron charge and the mass, respec-
tively, c is a speed of light, ε0 states for the vacuum permit-
tivity, λ is a wavelength of the source light and l is the plasma 
length. The infrared heterodyne interferometry has been used 
in a micro-hollow cathode jet and in a pulsed dc jet where the 
peak electron density of 3.3 × 1014 cm−3 and 2 × 1014 cm−3 
have been obtained respectively [28]. Schoenbach et al [27] 
applied heterodyne interferometry to microhollow cathode 
discharge in air and estimated electron density to be about 
1013 cm−3. The results of laser heterodyne interferometry are 

found to be in good agreement with other methods with a very 
high limit of detection 1 × 1012 cm−3 [29].

2.4. Continuum radiation

Measurements of continuum radiation have been used in sev-
eral studies [30–32] in order to determine the electron density. 
The continuum radiation in plasma is generated by collisions 
of free electrons with atoms, ions and free-bound radiation. 
Due to the low degree of ionization in APPJs most of the 
contribution to the continuum is generated by electron–atom 
collisions [33]. The case of electron–atom collisions has been 
considered in [33] and an equation for ne for the case of low 
ionization degree <10−5 has been obtained as follows:

λ λ=n j g T n( ) / ( , )e ea e a (3)

Where na is the neutral density, λj ( )ea  in Wm−4 sr−1 is the 
emission coefficient of continuum radiation due to electron–
atom collisions and λg T( , )e  can be expressed as:
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With C1 = 1.026 × 10−34 (Jm2K3/2s−1 sr−1), Q(Te) is the mean 
cross section for momentum transfer of electrons [34] in m2 
and Te in K. The method requires absolute calibration of the 
optical system in order to obtain a value for λj ( ) .ea  Recently 
the method was applied to a MW plasma jet working in Ar and 
it was found that in the core of the jet the electron density is 
about 1016 cm−3 [35].

Figure 1. Drift velocity of electrons in Ar and Ar/Air mixtures for reduced field of 0.1–100 Td. Gas temperature 300 K, pressure 760 Torr. 
Results of calculations are based on solution of Boltzmann equation with EEDF software [26].
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2.5. Thomson scattering

Thomson scattering is the scattering of light from free charged 
particles in the plasma, which are predominantly electrons,  
it is one of the few techniques that enables the direct and 
simultaneous measurement of electron density and electron 
temperature [36]. According to the theory, electron density 
can be determined through measurement in absolute units of 
the scattered power dPs arrived at the detector by following 
relation [36]:

σ ω Ω=dP Pn LS k( , )ds i e d
T

F
⃗ (5)

where Pi the incident laser power, σd
T the differential cross 

section for Thomson scattering, L the length of the detection 

volume along the laser path, ωS k( , )F
⃗  the so-called dynamic 

form factor, and Ωd  the solid angle of detection. The theory 
of Thomson scattering is well developed because of the wide 
use of the method in high temperature, high density plasmas 
[37, 38]. In low density plasmas, the method can prove expen-
sive as it demands the use of a triple grating monochromator 
for the subtraction of stray light and the Rayleigh scattering 
component. Thomson scattering is capable of measuring the 
electron density to the limit as low as 5 × 1012 cm−3 with high 
spatial resolution up to μm scale. Sadeghi and co-workers 
[39] have used the Thomson scattering method for electron 
density measurements in an Ar low current micro-discharge. 
Electron density was estimated to be (6  ±  3)  ×  1013 cm−3 
and 3 × 105 laser pulses were used for signal accumulation. 
Recently Thomson scattering experiments have been carried 
out on an APPJ sustained by MW power [40]. The problem 
of disentangling the contributions of Thomson scattering on 
electrons and Raman scattering on molecules of N2 and O2, 
appearing due to air diffusion into the jet, was overcome by 
a newly designed fitting procedure described in [40]. It was 
found that Thomson scattering diagnostics can be applied up 
to 1% admixture of air into the plasma working gas, which can 
be a limit of the method for APPJs diagnostics.

2.6. Microwave radiation scattering

The measurements of radiation scattering from plasmas irra-
diated with microwaves (MW) has been proposed theoreti-
cally as a new method to estimate electron density in 2005 
by Shneider and Miles [41]. The MW radiation scattering can 
be treated in a similar way to Rayleigh scattering of light in a 
case of micro-plasmas having transversal size and skin-layer 
thickness much less than wavelength of the microwave radia-
tion λMW. According to [41–43] microwave scattering from 
the plasma can be calculated by following:

∝E E n t( )m epeak 0 (6)

where Epeak is the time dependent electric field of the scat-
tering signal, Em0 is the incident microwave electric field, and 
ne(t) is the time varying number of electrons in the plasma. 
The coefficient of proportionality in equation (6) can be found 
through calibration of the MW scattering system with dielec-
tric scatterers of well-known properties. In [42] dielectric 
materials: Teflon (ε = 2.1), alumina (ε = 9.2), polyethylene  

(ε = 2.25), and quartz (ε = 3.8) were proposed as calibra-
tors of the MW system. The method was used to study a He 
plasma jet sustained by an ac voltage of 3.8 kV. It was found 
that after discharge initiation the plasma density reaches about 
5–10 ×  1013 cm−3 and then decays with characteristic times 
of a few microseconds. The MW method was used in [43] to 
measure the temporal evolution of electron density with µs 
resolution in a similar He DBD jet. The discharge was driven 
by an ac high voltage source with a discharge voltage of sev-
eral kV and a frequency of 15–30 kHz. The plasma density 
was found to be in the order of 1013 cm−3 which is in good 
agreement with other methods. MW scattering can be applied 
to plasmas of low ionization degree with a minimum ne of 
approximately 109 cm−3 and shows possibilities of obtaining 
the decaying plasma parameters and information about loss 
rates of electrons [41, 44]. It has to be noted here that a draw-
back of the method is that only volume averaged value of ne 
can be measured.

2.7. Broadening of emission lines

Analysis of the Stark broadening of spectral lines emitted by 
the plasma is the most used method to measure the electron 
density [11, 12]. From a technical point of view the method 
is much more affordable then either the Thomson scattering 
or laser heterodyne interferometry techniques and can pro-
vide information on electron density with high accuracy. In 
many works, hydrogen lines are the first choice for plasma 
diagnostic applications because of the linear Stark effect and 
position in visible spectral region where high sensitivity and 
spectral resolution can be achieved with commercially avail-
able spectrometers. Typically, the main limitation of the Stark 
broadening method is that most of the theoretical expressions 
for ne are applicable only for dense plasmas with a lower limit 
for ne in the range of 1016–1017 cm−3 [12] with an error of 
about 7% [13, 45]. Extension of the method to low ionization 
degree, high pressure plasmas, like APPJs with an electron 
density in the range of 1013 cm−3–1015 cm−3 requires consid-
eration of the fine structure of the line (for densities below 
1014 cm−3) and a rigorous deconvolution of the line profile so 
the Doppler, van der Waals, and resonance components can be 
estimated, enabling the Stark contributions to be found.

Table 1 provides an overview of all methods applicable  
to measure electron density in APPJs, highlighting their 
limitations in terms of spatial and temporal resolution. In the  
following chapter a short overview of Stark broadening theory 
is given with analysis of the theory limits.

3. Overview of Stark broadening theory and 

application

It is well known that plasma consists of both charged and  
neutral particles; yet, on a macroscopic scale they can be con-
sidered neutral. Due to the distribution of the particles in the 
plasma, atoms at different points in the discharge experience 
different electric fields which may fluctuate in time, due to the 
relative movement between atoms and the charged particles 
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surrounding them. This perturber electric field changes the 
eigenvalues of the energies of the atoms, breaking partially 
the degeneracy of the atomic levels, what is known as the 
Stark effect [46]. This field also affects the selection rules of 
the optical transitions between two states of each atom [47]. 
Considering the distribution of emitters and charged perturbers 
in the plasma, the collective consequence of those changes on 
the observed spectral lines emitted results in a variation of the 
line shape, width and position depending on the plasma elec-
tron density and temperature. For many conditions of electron 
density and temperature the number of charged particles in the 
plasma is much higher than the number of neutrals; under this 
condition the interactions suffered by the atoms are dominated 
by the Stark effect, what makes the analysis of Stark broad-
ened line profiles an ideal tool for plasma diagnostics.

The interactions between charged perturbers in the plasma 
and emitters were described classically using two models, 
quasistatic broadening for the heavy ions and the impact 
broadening for the fast moving electrons. For the quasistatic 
broadening, the characteristic frequencies of the electric 
field evolution are very small in the time scale of the atom 
optical emission, thus the movement of the perturbers can be 
neglected [12]. Under this assumption the line profile can be 
obtained as an average over the profiles corresponding to dif-
ferent static configuration of the heavy perturbers, weighted 
according to the probability of each configuration. One of 
the most successful probability field distribution models used 
for these calculations is described in [48]. On the other hand, 
impact approximation is based on the assumption that the cor-
relation time for the dipole moment of the emitter is much 
longer than the typical duration of the collisions between the 
emitter and the fast perturbers, such that the collisions can 
be considered as instantaneous from the emitter’s point of 
view. These collisions are also considered independent and 
typically weak (in terms of the change produced in the emitter 
wave function) meaning the important parameter to obtain the 
line broadening is the frequency of the collisions [12]. Based 
on this assumption, a broadened line profile for an atom in a 
plasma with fast (impact) electrons and much heavier (static) 

atoms can be obtained, assuming statistical independence 
([49] provides an interesting analysis about this approxima-
tion) between both mechanisms, as the convolution of both 
effects:

∫ω ω=I W E I E E( ) ( ) ( , )d (7)

where I(ω,E) is the broadened profile due to the impact elec-
trons for a given ionic field E with statistical weight W(E). 
From the point of view of the practical use of Stark broadened 
profiles for plasma diagnostics, some of the works based on 
the model described above led to the production of tables of 
hydrogen Stark broadened line profiles by Vidal, Cooper and 
Smith [50], later extended in [51], and also the tables of Stark 
broadening parameters and profiles in [12], work that is still a 
reference for researchers in plasma spectroscopy.

However this relatively simple technique soon showed 
discrepancies when compared against carefully conducted 
experimental studies. The cause proposed as the origin of 
these discrepancies was the so-called ion-motion effect [52], 
now usually called ion-dynamics, what was soon confirmed 
by experiments on the line broadening in plasmas with ionic 
perturbers of different masses [53–56]. Then, important 
efforts were devoted to reduce those discrepancies and, as a 
consequence, different models or calculation methods were 
developed to consider ion-dynamics in the line broadening 
calculations. Three of the more successful approaches will be 
briefly described here, the model microfield method (MMM), 
the computer simulation method (CSM) and the frequency 
fluctuation method (FFM). It is interesting to note that in spite 
of the important work developed along many decades, dis-
crepancies still remain between the results obtained using the 
different methods [57].

The MMM, based on statistical approximations [58–60], 
describes the electric field experienced by the atoms in a 
plasma using a Markovian process. In this process the micro-
field is considered constant along given time intervals and 
then changes instantaneously to a different constant value 
for another time interval. The time interval jumps follow a 

Table 1. Overview of the methods applicable to measure electron density in atmospheric pressure plasmas.

Method
Ne limit 
[cm−3] Spatial resolution Temporal resolution Advantages/Disadvantages Ref.

Electrical probes 109 mm range, depends on 
probe size

ms range Theory does not exist for high 
pressure case

[16–19]

Current and voltage any Cross-section 
integrated

Up to ns, depends on 
plasma

Only rough quasi-quantitative 
estimation of ne.

[20–25]

Infrared heterodyne 
interferometry

1012 Up to µm, depends on 
beam size

µs range Only applicable to pulsed plasmas. 
Line integrated value. Relatively 
expensive.

[27–29]

Continuum radiation 1013 Volume integrated ns range Requires absolute calibration of the 
spectrometer

[30–35]

Thomson scattering 1011 Up to µm, depends on 
beam size

Up to ps Direct measurements of ne and Te. 
Very sophisticated and expensive.

[36–38]

Microwave radiation 
scattering

1012 Volume averaged µs range Requires absolute calibration [41–43]

Broadening of emission 
lines

1013 Line of sign integrated. Up to ps Can requires sophisticated analysis  
in case of low ne

[11–15]
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Poisson law and the jumping frequencies are chosen to repro-
duce the field autocorrelation function. The same process, with 
different characteristic parameters, is used for the electron 
and ion fields in the plasma. The MMM was used to obtain 
profiles of the hydrogen Lyman–alpha and Balmer–alpha and 
-beta lines [61] and to analyze ion-dynamic effects in them 
[62]. More recently the MMM has been used to obtain exten-
sive tabulations of Stark broadened hydrogen line profiles for 
plasma diagnostics [63, 64]. The agreement of the MMM cal-
culations with the experimental profiles noticeably improved 
that of previous calculations due to its consideration, at least in 
an approximate way, of the ionic movement. One interesting 
and innovative contribution of the MMM to the development 
of other line shapes calculation methods was its ‘field-point of 
view’, what was later used by computer simulations. A good 
review of this model and its validity can be seen in [65].

The first paper on the calculation of line shapes using CSM 
was a work fully applied to analyze the ion-dynamics effects 
on the hydrogen Lyman-beta line [66]. For this, the move-
ment of ionic perturbers with different masses was repro-
duced in the computer and the results showed good agreement 
with the available experimental data [67]. In that first work 
the relative movement between the emitter and the heavy 
perturbers was described using the so-called μ-ion model, 
whose validity was later studied in another work [68] and is 
still a common method used in many simulation techniques, 
including those whose results are shown later in this contribu-
tion. The good agreement between these simulations and the 
experiments gave rise to a growth in the number of research 
groups studying line broadening using simulation techniques 
[69–77]. Computer simulations have been used as the basis of 
computer programs for electron density determination from 
experimental profiles [78] and to obtain large tabulations of 
Hydrogen [14, 79] or Helium Stark profiles [80, 81]. CSM 
enables line profiles for a wide range of plasma densities, 
temperatures and compositions to be obtained [82], as well 
as for cases with plasma unbalances or inhomogeneities that 
can occur in experimental studies. The profiles obtained con-
sidering specific experimental conditions allow researchers to 
undertake plasma diagnostics by direct comparison of the line 
profiles obtained in the simulations and those experimentally 
recorded. More details on CSM for line shapes calculations 
can be found in the review [83].

Despite their versatility and general good degree of accu-
racy, computer simulations have an important drawback: to 
obtain a spectral profile using computer simulation neces-
sitates a large amount of calculation, meaning simulations 
can take far longer to obtain line profiles than analytical or 
approximate methods. Consequently, alternative methods that 
are computationally less expensive have recently been devel-
oped in order to be able to supply line profiles for immediate 
comparison with experimental results. The FFM [84] is per-
haps the best of these approximate methods as its results have 
been successfully compared with those obtained using simula-
tion methods for different spectral lines and plasma conditions 
[57, 85, 86]; additionally, it readily enables other phenomena 
to be considered in the calculations, such as radiation redistri-
bution in the plasma [87] or the Zeeman broadening [88, 89]. 

Furthermore, it has also been the basis of other calculation 
methods, such as the Quasicontiguous frequency (QC) FFM 
[90] used to obtain analytically high-n n  >>   1 transitions 
which are typically cumbersome to simulate. The FFM per-
mits researchers to obtain good quality complex line profiles 
with calculation times shorter than those needed for computer 
simulations, without sacrificing data quality. Briefly, the FFM 
considers the usual separation of the line broadening into the 
homogeneous broadening effect of the impact electrons and 
the inhomogeneous broadening effect arising from the slow 
ions and a component mixing effect due to ion dynamics 
through a Markov process.

When comparing calculated line profiles with the pro-
files recorded experimentally we must remember that, unlike 
in a computer simulation, in the real experiments it’s often 
impossible to turn on or off different effects at demand; sub-
sequently, the recorded line shapes are the results of many 
different phenomena. Typically, line shapes emitted by an 
atom or ion in a plasma suffer broadening and shifting either 
due to the interaction of the emitter with other particles in the 
plasma, what is usually called the pressure-broadening that 
includes Stark, van der Waals and resonance broadening, or to 
the movement of the emitters in the plasma, or even to the usu-
ally least important of all, the natural broadening. The plasma 
conditions, electron density, collider nature, electron and gas 
temperature and pressure determine the relative weight of 
each contribution in the broadening of the emitted line. It is 
also important to note that for the same plasma conditions the 
relative importance of those broadening mechanisms can be 
different for different lines. We must also consider how other 
influences, such as the self-absorption of the line as the emitted 
light propagates within the plasma and the instrumental 
broadening, can affect the recorded shape of the line. As such,  
in order to extrapolate accurate diagnostic information from 
the recorded line profiles, an evaluation of the importance of 
the different effects, or even correction, must be performed, 
this process is discussed in detail in several recent reviews [15, 
91–94] and in the context of APPJ’s in this review.

Considering the case of atmospheric pressure plasmas the 
broadening of the line will be a combination of the following 
phenomena:

 • Instrumental broadening

 • Natural broadening

 • Doppler broadening

 • Pressure broadening which is a combination of:

   −  van der Waals broadening

   −  resonance broadening

   −  Stark broadening

 • Self-absorption broadening

Other broadening mechanisms, for example the Zeeman 
effect, aren’t usually present in atmospheric pressure plasma 
jets and so they are not discussed here. However, for a case 
in which other broadening phenomena are present, it’s inter-
esting to notice that different calculation methods, such as 
computer simulation or the FFM mentioned before, allow 
the broadened line profiles to be obtained when the emitter 
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is simultaneously undergoing several broadening mechanisms 
[88, 89, 95]. Depending on the plasma conditions an estima-
tion of the Stark component can be a non-trivial task. The 
choice of the deconvolution procedure as well as uncertainty 
of the final result strongly depends on the ratio of the Stark 
component to all others. In the next section we will consider 
two cases: atmospheric pressure plasmas jets of high electron 

density of ne > 1014 cm−3 with a typical example of a ns pulsed 
discharge and low electron density APPJs with ne < 1014 cm−3.

4. High electron density discharges

The deconvolution of the various contributions in the line 
broadened profile can be carried out based on the fact that, in 
many cases, the experimentally measured line profiles can be 
fitted with the Voigt function which is the convolution of the 
two functions: Gaussian and Lorentzian with the full width at 
half maximum (FWHM) given by ΔλG

1/2 and Δλ .L
1/2  The Voigt 

function can be represented through the combination of the 
Gauss and Lorentz components as follow [96]:

∫
π

= ×
+ −

−∞

+∞
−

V x a
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a x t
t( , )

e

( )
d

t

2 2

2
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−
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where x and a are dimensionless parameters and λ0 is the 
center wavelength of the line in nm. The broadening contribu-
tions with a Gaussian shape will lead to a profile with ΔλG

1/2 
determined as:

∑Δλ Δλ= ( )G
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1/2 1/2
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Whereas for Lorentzian broadening components the final 
contribution to the line profile will also be Lorentzian, with 
FWHM determined as:

∑Δλ Δλ=L

j

L
1/2 1/2

j

 (12)

Here we will give a short overview of the fundamental char-
acteristics of each broadening mechanism with approximate 
formulae for evaluation of their line profile parameter Δλ1/2. 
Further information on the theory of broadening mecha-
nisms can be found in numerous books and articles [11, 12, 
97–99].

4.1. Natural broadening

Natural broadening arises due to the finite lifetime of the excited 
levels and is typically very small, on the order of 10−4 nm and 
can be neglected in the case of APPJs spectroscopy.

4.2. Instrumental broadening

Any optical instrument has its own resolution and emission 
lines will be affected by the instrument. In most spectrometers 
used for the diagnostics of APPJs the instrumental function 
has a Gaussian profile with FWHM ΔλI which can be easily 
measured using single mode laser or a low pressure lamp. In 
the case of a low pressure lamp, the emission lines are limited 
to a Doppler broadened profile with a very narrow FWHM of 
some pm. If the width of the Doppler profile is smaller than 
the instrumental width, then the measured profile of a lamp 
line using the instrument (the spectrometer) is a convolution 
of the instrumental profile and Doppler profile and can be pre-
cisely determined if gas temperature in the lamp is known. 
By subtraction of the Doppler contribution from the measured 
lamp profile in accordance with equations (8)–(12) the ΔλI can 
be determined. It is also worth noting that situations when the 
instrumental function is non-Gaussian can occur, e.g. if an 
interferometer is used to record the line profile. In this case 
equations (8)–(12) cannot be used and a full deconvolution of 
the line profile and the instrumental function has to be carried 
out prior to any other steps. The deconvolution of two pro-
files can be performed by using the Tikhonov regularization 
method with various freely available codes, see e.g. [100] and 
references therein.

4.3. Self-absorption

Self-absorption distorts and broadens spectral lines, this 
leads to an overestimation of the electron density calculated 
from the widths of self-absorbed lines if no correction of 
the recorded profiles is performed [91]. One very common 
technique is the use of a concave mirror behind the plasma 
to double the optical path length and record the signal inten-
sity with and without mirror. As self-absorption becomes 
more important near the center of the line, where intensity 
is higher, a simple self-absorption test consists on measuring 
the proportion of intensities between both signals, with and 
without mirror, along the full profile. If the proportion gets 
smaller as we approach the line center then there is self-
absorption and the measured profile can be corrected if the 
optical depth is not large [101]. Optical thickness of the 
plasma can be tested as well by measurements of the ratio of 
line intensities within multiplet where states are differently 
affected by self-absorption [94]. Presence of self-absorption 
in the case of APPJs can be probed also by measurement 
of the line profile across and along of the plasma jet. In a 
typical plasma jet the difference in radial and axial dimen-
sions can reach two orders of magnitude which leads to a 
stronger self-absorption along the jet yielding an effect sim-
ilar to the concave mirror method. In strongly non-homo-
geneous APPJs the effect of self-absorption is very difficult 
to include in calculations, see e.g. [91, 102] and whenever 
it is possible atomic lines with low absorption coefficients 
have to be used in electron density measurements. It is also 
interesting to note that for lines with forbidden components 
the distance between the allowed and forbidden compo-
nent depends on the plasma electron density while it is not 
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affected by self-absorption, hence plasma diagnostics can 
be done by measuring that distance without the problems 
derived of self-absorbed lines [92]. For example, for He I 
lines with forbidden components different works have per-
formed plasma diagnostics by using approximate formulas 
[81, 103–105] or available tables of Stark broadened profiles 
[80, 81]. One drawback of this technique comes from using 
lines with forbidden components where the forbidden com-
ponent can have a very low intensity; at low electron densi-
ties (a little below 1015 cm−3) the intensity of the component 
can be masked by experimental noise or other lines [92]. 
Furthermore, at such low densities the allowed-forbidden 
distance barely changes with the electron density, as can be 
seen in figure 2; consequently, small experimental inaccura-
cies in the determination of the distance can produce large 
errors in the determination of the electron density. In order 
to see how the relative intensities of both, allowed and for-
bidden, components change with electron density, and the 
small intensity of the forbidden component at low values of 
ne, two profiles of the He 447.1 nm line are shown as inserts 
in figure 2, one corresponds to a relatively low density, ne = 
1015 cm−3, and another to a higher value, ne = 1017 cm−3.

4.4. Doppler broadening

The relative motion of an emitter to the detector leads to a 
shifted line. In plasma with gas temperature Tg the line profile 
due to the presence of Doppler effects can be well described 
by a Gaussian profile with a FWHM (nm):

⎛

⎝
⎜

⎞

⎠
⎟Δλ λ= ln

k T

m c
8 2D

g

a
0

B

2

0.5

 (13)

where kB is the Boltzmann constant (unit: J K−1) and Tg the 
gas temperature in K, and ma the mass of the emitter.

4.5. Resonance broadening

Resonance broadening occurs for transitions involving a level 
that is dipole-coupled to ground state while emitters are sur-
rounded by identical perturbers in the ground state. If g stands 
for the ground state level of the radiative transition the evalu-
ation formula for the FWHM (nm) of resonance broadening 
is given [106]:

Δλ
πε

λ λ≅
e

m c
f N g

g
3

16
R

e
ul lg gl g

g
l

2

0
2

2 (14)

where e and me are the electron charge (unit: C) and mass 
(kg), respectively. ε0 is the vacuum permeability (F/m) and 
f gl is the oscillator strength of the corresponding allowed 
transition between level g and low energy excited level l. gg, 
gl, are the statistical weights and Ng is the density (m−3) of 
the corresponding states. λul and λlg stands for the line centre 
wavelength of the corresponding transition between upper u 
and lower level l and ground level. The resonance broadening 
has a Lorentzian profile. At atmospheric pressure resonance 
broadening for hydrogen Balmer lines is negligibly small and 
can be excluded from calculation. Nevertheless, the use of 
non-hydrogenated lines of Ar or He can require estimation of 
the resonance broadening contribution which can be compa-
rable with other broadening components at atmospheric pres-
sure [107].

4.6. Van der Waals broadening

Van der Waals broadening is a result of the dipole interac-
tion between an excited radiator and the induced dipole of a 
neutral ground state particle with density Ng. According to the 
Lindholm–Foley theory [108] van der Waals broadening has 
a Lorentzian shape and the approximate expression for the 
FWHM (nm) can be given as:

Figure 2. Distance between the allowed (a) and the main forbidden ( f ) component of the He I 447.1 nm and 492.2 nm lines. As this 
distance does not depend on the existence of self-absorption, it can be used as an alternative diagnostic method under those circumstances. 
The two line profiles included in the figure illustrate the difficulty of using this technique at low densities when the forbidden component is 
weak.
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Where v is the average relative velocity between radiator and 
perturber
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with the reduced mass μ = +m m1/ 1/ 1/ .a b

In equation (15) C6 stands for the van der Waals constant 
related to the short-range interaction and can be measured or 
calculated as:

α= −C e a R R[ ]u l6
2

0
2 2 2 (17)

where α and a0 are the average dipole polarizability of the per-
turbers and Bohr radius, respectively. Ru

2 and Rl
2 are the mean-

square radii of levels u and l of the transition, respectively. Ru
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=
*

* + − +R
n

n l l
2

[5 1 3 ( 1) ]j

j

j j j
2

2

2
 (18)

with lj the orbital quantum number and *nj
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where ERyd denotes the Rydberg constant, Eion is the ioniza-
tion level of the radiator, and Ej the energy of the upper or 
lower level of the transition line. When considering the widely 
used hydrogen Balmer lines care is required in the calcula-
tion of ΔλV and the deconvolution of the van der Waals contri-
bution considering all the line components. Following [109] 
for the Balmer beta line the total hydrogen line profile due to 

van der Waals broadening can be well approximated by the 
Lorenz profile if ΔλV > 0.05 nm which is 5 times the separa-
tion between individual components of the unperturbed atom 
(the separation increases if an external field, fixed or due to 
the plasma, acts on the atom). Otherwise the fine structure of 
the line has to be taken into account and the calculated profile 
will have a non-Lorentzian shape. Figure 3 presents the van 
der Waals broadening of the Hβ line in atmospheric pressure 
conditions over a range of typical temperatures in Xe, Ar, and 
He. The region where the profile of the van der Waals compo-
nent of the Hβ line is strongly affected by the fine structure of 
the line depends on the mixture and can be important even at 
low temperatures of 280 K.

4.7. Stark broadening

Deconvolution of all broadening components from the 
experimentally measured profile in accordance with equa-
tions(8)–(12) enables the FWHM of the Stark broadening ΔλS 
to be determined. The scheme of the deconvolution procedure 
without taking into account self-absorption broadening is pre-
sented in figure 4. In plasma with a high electron density the 
Stark broadening ΔλS can be directly related to electron den-
sity and used for estimation of ne. The hydrogen Balmer series 
is commonly used to measure electron density but this can 
often be problematic due to spectral overlap of neighboring 
emission lines in APPJs. Even in noble gas micro-plasmas it is 
not uncommon to observe emission lines produced from metal 
sputtered from the electrodes and subsequently excited. For 
example, Zhu et al [110] observed Cr(I) emission at 487.1 nm, 
overlapping with the Hβ profile and Walsh et al [111] observed 
strong emission from both Cr(I) and Fe(I) making it impos-
sible to determine the electron density from the Hβ emission 
line. Additionally, the presence of hydrogen in such APPJs 
can be minimal, resulting in low emission intensity from the 
Balmer series. Due to these difficulties there is a considerable 

Figure 3. Van der Waals broadening of Hβ line at atmospheric pressure in different mixtures. Zone ‘Lorentz’ corresponds to conditions 
where the profile of the line can be approximated by a Lorentzian shape. ‘Convolution’ zone corresponds to the situation where fine 
structure of the Hβ line has to be considered.
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interest in the use of Stark broadening of isolated non-hydro-
genic lines from neutral atoms and positive ions to determine 
ne. While the hydrogen Balmer series provides a sensitive 
indicator of electron density due to the large linear Stark 
effect; non-hydrogenic lines are considerably less sensitive 
due to the quadratic Stark effect exhibited [112]. Essentially, 
the use of non-hydrogenic lines to measure ne is practically 
limited to discharges where the density exceeds 5 × 1015 cm−3 
[113]. While traditional plasma sources used in biomedical 
applications, such as dielectric barrier jets, exhibit electron 
densities many orders of magnitude below this threshold, the 
recent advent of high-density micro-plasma sources renews 
interest in the use of non-hydrogenic lines for ne determina-
tion. The set of widely used empirical equations obtained the-
oretically and experimentally for lines of He, Ar, Hβ, Hα, Hγ, 
which are important in diagnostics of APPJs, are presented in 
table 2. Tabulated data for ΔλS for different temperatures and 
high electron densities of 1016–1019 cm-3 are available also as 
Griem tables in [11, 12] for hydrogen as well for Ar and He. 
The authors of [14] provided two different line widths versus 
electron density fittings: on the one hand the usual line width 
at half maximum, and on the other hand the line width at half 
area. The fitting equations for Hα and Hγ in table 2 and [11] 
are presented for Stark broadening at full width at half area 
(Δλs

A) which is different from Δλ .S  These fittings were derived 
from those originally calculated in [14] with the only differ-
ence of correcting the mistyping in [14], where it should have 

indicated HWHM instead of FWHM. In [14] it was shown 
that Δλs

A is less sensitive to the ion dynamics in comparison 
to ΔλS and can be considered as more appropriate for calcula-
tions of ne in discharges with a low ionization degree. This 
is especially important for the Hα and Hγ as their peak inten-
sities, and consequently their widths at half maximum, are 
strongly affected by ion dynamics effects. However this effect 
has a nearly negligible influence on the Hβ width.

Theoretically calculated profiles, fitting equations  and 
tabulated data are extensively used in the analysis of 
plasmas related to biomedical applications. In [120] an ac 
discharge generated with frequencies from 10 to 42 kHz 
was investigated by measurement of the Hβ line. By com-
paring the Voigt profile of Hβ and measured line, the ΔλS 
was estimated as 0.107 nm resulting in an electron density 
of 3.9  ×  1014 cm−3. Electron density in a double-power 
electrode dielectric barrier discharge plasma jet operating 
in argon was studied in [121]. A density of 1014 cm−3 was 
measured, which is almost on the limit of theoretical cal-
culations without consideration of fine structure of the Hβ 
line. In other works various different atmospheric pressure 
plasma sources with relatively high electron density were 
successfully studied by the measurements of Stark broad-
ening of hydrogen lines [122–126]. In [126] it was shown 
that the profile of the Hβ line can be strongly affected by 
the high electrical field in micro-plasma jets. At electron 
densities of about 5  ×  1014 cm−3 a high electric field of 

Figure 4. Scheme of the deconvolution procedure for estimation of Stark broadening contribution in a high electron density atmospheric 
pressure discharge.
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15 kV cm−1 can lead to the formation of a dip in the center 
of the line, that wouldn’t appear naturally at such low densi-
ties, shown in figure 5, adding further complication to the 
analysis of the Stark broadening component.

Another application of Stark broadening of hydrogen-
ated lines in diagnostics of APPJs was explored in [127].  
In a plasma jet operating at 27.12 MHz at 8 W in Ar the broad-
ening of Balmer β and Balmer γ lines was measured. The so 
called cross-point method was used to evaluate electron den-
sity and electron temperature simultaneously. The approach 
is based on dependence of the Stark broadening of both lines 
differently on the electron density and the temperature. In a 
quasi-static approximation for the ions and impact for the 
electrons [11, 12] the relation can be presented as:

Δλ

πα
=

×β γ

n
n T

3.75
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2 ( , )
e
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e e
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where ne is in cm−3 and Δλ β γ
S

,  is the Stark broadening in nm 
for the Balmer β and γ lines, respectively. The parameter 
α n T( , )q

e e1/2  depends on the electron density and temperature 
and can be found in Griem’s tables  for different lines [12]. 
The cross-section of equation (20) for Balmer β and γ lines in 
coordinate ne, Te allows estimation of both values. The graph-
ical solution of equation (20) with the crossing-point method 
is shown in figure 6. The cross-point approach used in [127] 
leads to an electron concentration of 2.4 to 3.0 × 1014 cm−3 
and an electron temperature between 20 000 and 30 000 K. 

Table 2. Fitting equations for estimation of electron density based on measured Stark broadening ΔλS of hydrogen Blamer series, He I and 
Ar I lines.

Line, λ0 [nm] ne [cm−3] Fitting equation Ref.

Hα >5 × 1014
Δλ= ×n 10 ( /1.098) ,e s

A17 1.47135  ne in cm−3, Δλs
A in nm [14]

Hβ 1.5 × 1014 ÷ 30 × 1016
Δλ= ×n 10 ( /0.94666) ,e S

16 1.49  ne in cm−3, ΔλS in nm [13]

Hβ 0.03 ÷ 3.16 × 1016
Δλ Δλ= + × − ×

− ×

n

T

log( ) 22.578 1.478 log( ) 0.144 log( )

0.1265 log( )

e S S

e

2,  

ne in m−3, Te K, ΔλS in nm

[103]

Hβ >1014
Δλ= ×n 10 ( /4.8) ,e S

17 1.46808  ne in cm−3, ΔλS in nm [14]

Hγ >1014
Δλ= ×n 10 ( /4.668) ,e s

A17 1.45826  ne in cm−3, Δλs
A in nm [14]

He I, 318.8 1.25 ÷ 6.22 × 1016

Δλ = + × − ×− −n n n0.67 4.95 10 1 4.81 10 ,S e e e
7
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⎛

⎝
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⎞

⎠
⎟

⎤

⎦
⎥  ne 

in m−3, ΔλS in nm

[114]

He I, 4 lines for transitions 
between n = 3, n = 4

1015 ÷ 1018

μ Δλ= + × + + +n a b T
T

T
T

T
T plog ( ) ( ) log ( )e

e
c

c
e

e
m S10 10 ,  

ne in (m−3), μ is reduced mass in units of proton mass.

[115]

He I, 501.6 1 ÷ 16.5 × 1016 Δλ = − + × − ×ln n ln Tln( ) 38.99 1.08 ( ) 0.12 ( ) ,S e e  ne in 
cm−3, ΔλS in Å, Te in K

[116]

He I, 667.8 1 ÷ 10 × 1016 Δλ = − + × − ×ln n ln Tln( ) 34.90 1.04 ( ) 0.35 ( ) ,S e e  ne in 
cm−3, ΔλS in Å, Te in K

[116]

He I, 471.3 0.6 ÷ 13 × 1016 Δλ = − + × + ×ln n ln Tln( ) 39.97 1.05 ( ) 0.13 ( ) ,S e e  ne in 
cm−3, ΔλS in Å, Te in K

[116]

He I, 728.1 1.5÷14.5 × 1016
Δλ = × +− nln( ) 8.96 10 0.282,S e

17  ne in cm−3, ΔλS in Å [116]

Ar I, 7 lines of 4s–4p and  
4s–4p’ transitions

2 ÷ 10 × 1016 ΔλS is presented as a function of ne and Te in Tables [117]

Ar I, 696.5 3 × 1015 ÷ 2 × 1017

Δλ = × + × −−n n T n0.00537 1 5.6 10 1 0.068 ,S e e e e
6
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1
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⎡

⎣
⎢

⎛

⎝
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⎞
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⎤

⎦
⎥  

ne in cm−3, ΔλS in nm, Te in K

[118]

Ar I, 430.0 1.1 ÷ 11 × 1016 Δλ= + × −n ln Tln( ) 44.232 0.992 ( ) 0.612 ln( ) ,e S e  ne in 
cm−3, ΔλS in nm, Te in K

[119]

Parameters a,b, Tc, Tm, p for He lines 388.9, 587.6, 706.5, 728.1 nm are presented in table 3 in according with fitting results of [115].

Table 3. Fitting parameters a,b, Tc, Tm, and p for He I lines 388.9, 587.6, 706.5, 728.1 nm. Publishing copyright permission of Astronomy 
and Astrophysics [115].

Line, nm p a b Tc Tm

He I 728.1 0.973601 22.786715 0.118086 42124 539893
He I 388.9 0.980886 23.411952 0.089655 18807 293037
He I 587.6 0.988943 23.287156 0.083064 11648 132390
He I 706.5 0.983379 23.093489 0.076227 100848 171832
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Unfortunately, the sensitivity of the cross-point method is not 
very high and Te can only be determined with a large uncer-
tainty of about 0.5 eV. The Standard Theory of Stark broad-
ening [12] used in this calculation is an old one with a high 
inaccuracy in the Hγ calculation due to its treatment of ion 
dynamics, which are strongly dependent on the gas tempera-
ture. There are also several works, for example works by Sola 

et al [128, 129], that use the crossing-point method from the 
line widths in [14], but even using these results the crossing 
point method is not very accurate, this is due to inaccuracies in 
the experimental measurements, inaccuracies in the calculated 
widths (around 5–7%) and to the flat dependence of the Hβ 
width with the temperature.

As already mentioned, for many atmospheric pres-
sure plasmas hydrogen appearing as an impurity due to air 

diffusion in to the discharge zone is not a primary choice 
for measurements of electron density. Other non-hydrogen-
ated lines have been used in many works where measure-
ments of hydrogen Balmer lines have met certain difficulties. 
An atmospheric pressure Ar plasma torch generated with 
a hollow needle-to-plate dielectric barrier discharge was 
studied in [130]. The electron density estimated from broad-
ening of Hα and Ar I (696.54 nm) lines was about 1.0 × 1015 
and 3.78  ×  1015 cm−3, respectively. The difference between 
the two values was explained by the origin of the Hα line 
coming from the dissociation and excitation of H2O at the 
plasma torch surface, whereas Ar I emission was mostly from 
the inside of the plasma where the density is expected to be 
higher. Subsequently, a similar source was studied in [131] 
using the profiles of both Hα and Hβ resulting in a self-con-
sistent electron density of about 5.8 × 1014 to 6.0 × 1014 cm−3. 
In [132] the non-hydrogenated Ar I line at 696.54 nm was 
used to estimate the electron density in a 23 kHz atmospheric-
pressure dielectric barrier discharge working with Ar. It was 
found that the Stark broadening ΔλS was about 0.00337 nm 
which corresponds to an electron density 3.05 × 1015 cm−3 in 
the filaments forming the DBD. In principal, the procedure 
to extract electron density information from non-hydrogenic 
emission lines is similar to that used for hydrogenic lines as 
presented in figure  4. A deconvolution of the emission line 
profile is required to first separate the Gaussian profile from 
the Lorentzian profile. Unfortunately, in practice the measure-
ment of ne from non-hydrogenic emission lines can be sig-
nificantly more problematic than envisaged from the simple 
procedure detailed above. It is well known that line profiles 
from many neutral atoms exhibit an asymmetric profile in high 
electron density plasmas; this significantly complicates the 
deconvolution procedure yielding high levels of measurement 
uncertainty. Djurovic and co-workers attribute the asymmetry 
to the effects of ion broadening and provide a comprehensive 
procedure to extract ne information from an asymmetric line 
profile [112].

An additional source of asymmetry in the line profile can 
occur in plasma sources that are not spatially homogenous. 
Zhu et al examined a nanosecond pulsed Ar microplasma 

Figure 6. Application of cross-point method for estimation of 
electron density and temperature from the Stark broadening of Hβ 
and Hγ lines. Springer copyright permission 2014 [127].

Figure 5. Split of Hβ line in dc micro-plasma jet due to high value of electrical field. Springer copyright permission 2014 [126].
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[110]; through iCCD imaging they observed an intense cen-
tral discharge region surrounded by a less intense edge region, 
shown in figure  7. Spatially averaged optical emission pro-
files of the Ar 696.5 nm line obtained during the application 
of a nanosecond duration voltage pulse showed a consider-
able level of asymmetry. This asymmetry was attributed to 
the presence of the two distinct discharge regions, each with 
considerably different electron densities. Using a double Voigt 
fitting procedure the temporarily resolved ne in both regions 
was determined; the results indicated that a peak density of 
9.4 × 1017 cm−3 was reached in the central region with a cor-
responding density of 3.0  ×  1016 cm−3 in the edge region. 
Following application of the nanosecond duration voltage 
pulse the discharge cooled and a rapid decay in electron density 
occurred; during the cooling period alternative methods (Line 
ratio, Hα and Hβ broadening) were also applied to measure ne 
and showed close agreement with the results obtained from 

the Stark broadening of the 696.5 nm line in figure 7(c)) [133]. 
Similar to [133] in [134] distortion of Hβ and He I lines in 
a pulsed plasma jet working in He has been observed. The 
theoretical profile was calculated using computer simula-
tion taking into account ion dynamics. The resulting Stark 
broadening profile consists of two contributions as shown in 
figure 8. From the composition of the two profiles, a low elec-
tron density of 2.0 × 1016 cm−3 corresponding to the edge of 
the discharge and high ne of 2.0 × 1017 cm−3 in the core region 
of the jet have been found.

5. Low electron density discharges

Through necessity, plasma sources developed for biomedical 
applications are typically designed to generate a low-den-
sity, low-temperature discharge that is suitable for the direct 

Figure 7. (a) iCCD image of nanosecond pulsed microdischarge (0–10 ns), (b) asymmetric Ar 696.5 nm line profile, (c) evolution of 
electron density following application of a nanosecond pulse determined using various methods. IOP Publishing copyright permission 2014 
[110].

Figure 8. Comparison of single fit of Stark broadening component of Hβ with superposition of two profiles for He discharge working at 
15 kV applied voltage. IOP Publishing copyright permission 2014 [134].
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treatment of thermally liable living substrates. Noble gases 
such as helium and argon are often used combined with various 
techniques to actively restrict the discharge current, yielding a 
plasma source that operates close to ‘room-temperature’ with 
a low electron density. At low densities, when Stark broad-
ening does not dominate the line broadening, and the Stark 
width is on the order of the other broadening effects, like the 
van der Waals or resonance broadening a common technique 
is to obtain the Stark width from a deconvolution of the exper-
imental profile [91], as discussed previously. Unfortunately, 
large errors up to an order of magnitude can be induced in the 
determination of the electron density if inappropriate decon-
volution methods are used, as demonstrated in [15].

An additional problem appears in some investigations that 
conduct plasma diagnostics at low densities using hydrogen 
Balmer lines. If the plasma density is below, approximately 
6 × 1014 cm−3 for Hα or 4 × 1013 cm−3 for Hβ, the separation 
of the fine structure components of the line is larger than 
their Stark broadening and correctly calculated line profiles 
including the fine structure should be used for comparison 
with the experimental ones. This is not a recent problem [135] 
and the practical difficulty comes from the lack of calculated 
tables of line profiles including fine structure; this has pushed 
different experimentalists to explore some approximate 
methods to obtain calculated profiles to compare with their 
results. The first calculation of the Balmer alpha line with 
fine structure was published in [136] using the MMM model. 
Later on, results for the same line were obtained using com-
puter simulations [137, 138] and a notable improvement in the 
agreement with experimental profiles at low electron densities 
was obtained [139]. The only available tables of Stark broad-
ened line profiles calculated taking into account fine structure 
correspond to the hydrogen Lyman-alpha line [79]. However, 
many APPJs are working at a very low ionization degree cor-
responding to the electron density well below the fine struc-
ture limit and various attempts have been made in order to 

extrapolate the available calculation results to ne < 1014 cm−3. 
In [140] an electron density as low as 4.0 ×  1013 cm−3 was 
obtained through measurement of the Hβ line profile in a He 
direct current microplasma of 8 mA. Mu-Yang Qian et al 
[141] used the Hβ line to estimate ne in an Ar 30 kHz DBD jet 
and obtained a low electron density of about 8.9 × 1013 cm−3 
with an applied voltage of 7.5 kV; this value is below the 
applicability of the fitting equations  from table  2 and tabu-
lated calculation results for the Stark broadening. The atmos-
pheric pressure helium capillary dielectric barrier discharge 
has been studied in [142] through Hβ line detection and an 
electron density of 1.4  ×  1012 cm−3 has been obtained with 
following equation:

Δλ = × ×− −n4.60 [ (cm ) 10 ]S e
3 17 0.681 (21)

which was originally derived in [14] for ne > 1014 cm−3.
Obviously, such a low electron density obtained through 

Stark broadening of the Hβ line without consideration of the 
fine structure of the line and ion dynamics can be used only 
as a rough and indicative value and as such requires additional 
confirmation by alternative methods. Some experimentalists 
[109, 143] have employed approximate methods to obtain 
Stark profiles below the fine structure limits. In [143] a cor-
rection to the deconvolution procedure has been proposed in 
order to take into account the fine structure of the Hβ line. The 
fine structure of Hβ has been convoluted with an instrumental 
function which was then used in the calculations. The approach 
used fixed wavelength positions and intensities of the fine 
structure components of the unperturbed atom (pertuber elec-
tric field E = 0) while assuming a Lorentzian shape for each 
of the line components with line widths linearly extrapolated 
to lower values of ne from the tables of calculated line shapes 
without structure [14]. The Stark broadening ΔλS was deter-
mined and attributed to electron density of 0.5 × 1013 cm−3.  
A similar procedure was used in [144] for the Hβ line detected 

Figure 9. Full width at half maximum of Hβ line. Results of calculations considering fine structure (FS) and without FS are compared. For 
illustration the inset figure illustrates the fine structure components (the seventh component is hardly seen due to its weak intensity) for an 
unperturbed atom.
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in an RF 11.7 MHz plasma jet in He and Ar/He mixtures with 
extension of the simulation to low electron density [14]. The 
effects of fine structure have been considered by fitting the 
theoretical spectra with a double Lorentzian profile with com-
ponents separated 8 pm from each other. The procedure has 
been applied to measure ne at the range of 6 × 1014 cm−3 > 

ne  > 1 × 1013 cm−3. This approach can introduce relatively 
large errors in ne estimations, as can be seen, for example, in 
the discussion section of [15] and the only correct procedure 
would be to use extended, below fine structure limit, tables of 
line profiles calculated with fine structure.

For an illustration of the effect of fine structure on the Stark 
broadened Balmer beta line at low densities, some results of 
the simulated profiles obtained considering fine structure are 
shown in this work. These profiles were obtained using the 
simulation technique described in [14]. The line profiles were 
obtained including fine structure of level n = 4 and n = 2, as 

well as the interaction with the plasma through the dipole 
interaction. In this way the dependence of the positions and 
intensities of the fine structure components on ne, as well 
as the broadening of the line, is obtained correctly. Figure 9 
shows the dependence of the full width at half maximum of 
the line as the electron density decreases. At high densities the 
results without fine structure are shown together with the linear 
dependence of the line width with the electron density. As 
can be seen, for densities below approximately 4 × 1013 cm−3 
the fine structure calculation shows a higher width than the 
extrapolation of the non-fine structure results, demonstrating 
much weaker dependence on the electron density. Figures 10 
and 11 show different effects of the temperature on the line 
profile. Figure 10 compares profiles obtained assuming kinetic 
equilibrium in the plasma, Te = Tgas, but with different tem-
peratures. As can be seen, as temperature increases the heavy  
perturbers move faster and their broadening decreases, 

Figure 10. Example of the dependence of the line profile with the plasma temperature showing how the interactions with the heavy 
perturbers become less effective as they increase their temperature. For comparison, the three profiles are area normalized.

Figure 11. Comparison of the effect of thermal unbalances between electrons and ions in the plasma on the line profile. The three profiles 
are normalized in area for comparison.
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which is a typical behavior of the impact regime, and the line 
becomes narrower. Figure 11 shows the effect of differences in 
temperatures between electrons and ions in the plasma, which 
is kinetically unbalanced. For this, different reduced masses µ 
were considered in the simulation [145]. As can be seen, as the 
ion temperature decreases, they begin to show a less dynamic 
behavior affecting the line shape. Finally, figure 12 shows the 
pure Stark profile at a lower electron density, close to some of 
the experimental conditions in [143]. As the electron density 
decreases, the Stark width of each component becomes of the 
order of, or smaller, than the separation between components 
for that density, and a higher structure of the line is observed.

6. Summary and conclusions

This review paper is focused on the analysis of electron density 
by Stark broadening in atmospheric pressure discharges. Two 
particular cases of atmospheric pressure plasmas relevant to 
biomedical applications are considered: high ionization degree 
discharges with ne > 1014 cm−3 and low ionization degree dis-
charges with ne  <  1014 cm−3. The use of hydrogen Balmer 
series lines is proposed as the most reliable way to estimate 
electron densities in the range 1 × 1014 cm−3 < ne < 1016 cm−3 
where the effect of fine structure splitting of line compo-
nents does not play an important role. The simple procedure 
to estimate Stark broadening by fitting of the experimental 
profile of the line with a Voigt function and deconvolution 
of Doppler, van der Waals, resonance and self-absorption is 
discussed including fitting equations for the estimation of the 
electron density. In high electron density APPJs the use of 
non-hydrogenic emission lines instead of hydrogen Balmer 
series to determine ne is proposed as both convenient and 
highly attractive. The principal of electron density measure-
ment from such lines is in theory very similar to that under-
taken when considering hydrogenic lines; however, great care 
must be taken when adopting the approach. Non-hydrogenic 
lines are considerably less sensitive than their hydrogenic 

counterparts; in essence, this limits the applicability of the 
approach to discharges where the ne is expected to exceed 
1016 cm−3, conditions that are consummate with atmospheric 
pressure micro-plasma discharges. In practice, a high degree 
of asymmetry is observed in the experimental line profiles and 
the procedure to extract an accurate measure of ne from such 
profiles is complex, demanding an accurate knowledge of the 
other broadening mechanisms and an appreciation of the elec-
tron temperature in the discharge.

In low electron density plasmas with ne < 1014 cm−3 only 
the hydrogen Balmer lines can be used due to the strong Stark 
effect. The fine structure of lines and ion dynamics strongly 
affects the Stark contribution. New fine structure calculations 
of Hβ lines demonstrate that for densities below 4 × 1013 cm−3 
the Stark contribution has higher width than the extrapola-
tion of the non fine structure results, showing much weaker 
dependence on the electron density. At the lower density of 
ne = 5 × 1012 cm−3 the Stark width of the components in the 
Balmer beta line are small enough, so that the fine structure 
of the line begins to appear. Additionally, thermal imbalances 
between electrons and ions in the plasma has a pronounced 
influence on the line profile. The only good practice at such 
low electron density is the calculation of the Stark compo-
nent and comparison with experimental results. The use of 
the widespread practice involving the extrapolation of Stark 
broadening tables calculated for ne > 1014 cm−3 to lower elec-
tron density can lead to serious misinterpretation of the exper-
imental results and has to be used with great care after proper 
validation with independent methods like laser Thomson scat-
tering or heterodyne interferometry.
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