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1 Abstract: 
+ 

In thermal plasma spectroscopy, Stark broadening measurement of hydrogen spectral lines is 

considered to be a good and reliable measurement for electron density. Unlike intensity based 

measurements, Stark broadening measurements can pose a problem of interpretation when 

the light collected is the result of a spatial integration. Indeed, when assuming no self-

absorption of the emission lines, intensities simply add up but broadenings do not. In order to 

better understand the results of Stark broadening measurements on our thermal plasma 

which has an unneglectable thickness, a Python code has been developed based on local 

thermodynamic equilibrium (LTE) assumption and calculated plasma composition and 

properties. This code generates a simulated pseudo experimental (PE) Hα spectral line 

resulting from an integration over the plasma thickness in a selected direction for a given 

temperature profile. The electron density was obtained using the Stark broadening of the PE 

spectral line for different temperature profiles. It resulted that this measurement is governed 

by the maximum electron density profile up until the temperature maximum exceeds that of 

the maximum electron density. The electron density obtained by broadening measurement is 

70% to 80% of the maximum electron density.  

2 Introduction: 
 

For the experimental characterisation of an electric arc, emission spectroscopy is the 

diagnostic method of choice for the measurement of the plasma temperature or species 

densities. Among the different spectroscopic diagnostic methods, those based on the 

measurement of the Stark broadening of a spectral line are widely used [1–6].  

In order to perform a spatially resolved spectroscopic measurement within the plasma there 

are several methods. When an assumption of plasma axisymmetry can be made, methods 

based on Abel inversion can be used [6, 7]. When this assumption is no longer valid and the 

optical system allows simultaneous acquisitions in different directions, tomographic 

reconstruction methods can be considered [8]. 

However, when none of these methods can be applied, because the plasma is not 

axisymmetric, the time constraints are too great, the intensity of the discharge is not sufficient 



to allow the selection of light rays or because the experimental setup does not allow a complex 

optical setup, it is common to collect the light emitted by the plasma using a focusing optical 

setup or selecting a direction with pinholes [1, 3, 5, 9]. In this case the light is collected over 

the entire thickness of the plasma and the broadening measurement is made on the spectral 

line resulting from the integration over the thickness of the plasma. For inhomogeneous 

plasma and depending on the measurement performed, it can be complex if even possible to 

interpret the measured quantity. 

The presented study was performed in order to interpret experimental results of Stark 

broadening measurements on 𝐻𝛼 spectral line emitted by a water thermal plasma. This 

plasma, considered at local thermodynamic equilibrium (LTE), is generated by a ten 

milliseconds electric arc in a water tank which vaporizes the water. The light is collected in a 

direction selected using a couple of pinholes. We are interested in the theoretical 

determination of the electron density by measurement of the broadening of a spectral line. 

We are interested in the hydrogen spectral line Hα for which we consider the Stark effect as 

the dominant source of broadening in the presence of a high electron density [2].  

In order to study the relevance of the broadening measurement to obtain the electron density, 

we will first define the context of our study. Then, we will present the parameters that govern 

the profile of a spectral line: (1) the emissivity of the transition associated with the Hα spectral 

line which will be calculated from the plasma composition and (2) the Stark broadening of the 

Hα line determined by simulation from the work of Gigosos et al. [10] We will then perform a 

parametric study using different temperature profiles for the water thermal plasma. We will 

focus on the electron density determined from the reconstructed Hα pseudo experimental 

(PE) spectral line for these different profiles assuming that the broadening is only due to Stark 

effect. Finally, we will conclude on the meaning of the obtained measurements. 

3 Context of this study: 
 

We performed experimental emission spectroscopy measurements on a water plasma. This 

plasma was generated between two vertical sharpened rods of tungsten (see fig. 1). In order 

to generate the arc, a half sine wave of current is applied through a fuse wire. The wire is 

vaporized by Joule effect and generates a water vapour bubble which gradually expands 

before collapsing. The duration of the discharge is 10ms and the sinusoidal current wave 

(f=50Hz) has an amplitude of about 1kA. A theoretical study of the phenomenon was carried 

out in our team [11] in order to understand the behaviour of the plasma. A water plasma 

bubble was simulated using the commercial @Fluent software based on the finite volume 

method. Plasma properties have been calculated for water, the theory is presented in Harry-

Solo et al. [12]. First instants of the bubble formation are not described; the simulation begins 

with a conducting channel already established. Using the experimental variations of the 

measured voltage and current intensity, a source term is applied within a volume defined by 

a boundary temperature of 7kK. This arbitrary temperature defines the conducting channel. 

Naturally, this volume changes during the deposition of energy. The phase transition between 

vapour and liquid was handled using a model based on that of Lees [13]. This study gave us a 



homogenous value for the pressure inside the vapour bubble close to 3 bar at very early times 

of the expansion (t<0.5ms). Therefore, in this article the plasma will be considered to be pure 

water and its properties calculated for a pressure of 3 bar. 

To illustrate, fig. 1 shows the observed bubble with the plasma contained in the saturated 

zone. This image was obtained using a Photron FASTCAM SA5 high-speed camera, the 

exposure time was 1/25000s and three neutral density filters were fitted on the lens with an 

attenuation factor respectively of 64, 32 and 16. The acquisition method is described with 

more details in [14]. The circle in the foreground corresponds to the shape of the observation 

window. A halogen lamp is used as backlighting, its filament is visible horizontally in the 

background. Backlighting is only necessary to improve the observation of the edge of the 

water vapour bubble. Two copper electrode holders support the tungsten rods of 1.6 mm 

diameter vertically. Between the two electrodes is placed a 0.13 mm copper wire. 

 

 

Figure 1: Image of a water vapour bubble. The image is saturated in the centre by the 

emission of light from the arc.  

 

The light emitted by the plasma is collected through two irises which select a beam of light. 

When considering no self-absorption, the light collected is the sum of all emissions on the line 

of sight selected by the two pinholes, see fig. 2: 

 



 

Figure 2: Plasma light selection and acquisition. 

Figure 2 shows the light being collected on the line of sight I(X0). We can consider that the 

profile of one emission spectral line, at a given wavelength, integrated over this string of 

plasma is the sum of the local emissions at that same wavelength along the string. These local 

emission spectral lines can be characterized using the local conditions of emission. We will 

describe this process in sect. 4. 

4 Spectral emission line description: 
 

The shape of a spectral line profile can be characterized using different parameters such as its 

amplitude or its broadening. The area covered by the profile of the spectral line is dependent 

on those two previous parameters but also on the shape of the profile. These different 

parameters are illustrated on fig. 3. The full width half area FWHA of the spectral line is the 

width of the hatched area. The full width at half maximum FWHM is plotted as well. 

 

 



Figure 3: Intensity of a given spectral line plotted against the wavelength; Illustration of 

FWHM and FWHA parameters. 

4.1 Broadening: 
 

The physical causes of spectral line broadening in a thermal plasma are numerous, however, 

a natural broadening (small) as well as a broadening due to the optical system and finite 

resolution of the spectrometer, are always present. In addition, depending on the plasma and 

spectral emission line considered, Doppler, Van der Walls or Stark broadenings can be present. 

Depending on its cause, the broadening profile will be either Gaussian (for the optical and 

Doppler broadenings) or Lorentzian (for the natural broadening and collisional broadenings 

such as Van der Walls or Stark). The different causes of broadening of a spectral line are 

discussed in detail in the work of H. Griem [15]. The resulting spectral line profile is a Voigt 

profile, i.e. a convolution of a Lorentzian and a Gaussian profile. It can lean towards a Gaussian 

or a Lorentzian profile depending on the sources of broadening. If several sources of 

broadening are present, some of them depending on the emission environment and therefore 

the position of emission, reconstructing the profile of the integrated line can be difficult. 

In this work, we are interested in the Hα spectral line for which the Stark broadening is such 

that all other sources of broadening are negligible [2]. The resulting profiles tend to be 

Lorentzian.  

The broadening of Hα is provided to us directly as a function of the electron density ne(x,y,z) 

by the equation determined by Gigosos et al. [10] with the FWHA: 

𝐹𝑊𝐻𝐴 = 0.549 (
𝑛𝑒

1023)
0.67965

     (1) 

 

A Lorentzian is defined as: 

𝑓(𝜆, 𝐴, 𝜎) =
𝐴 

𝜋 

𝜎

𝜎2+𝜆2      (2) 

With: 

 𝜆 wavelength 

 𝐴 amplitude factor 

 2𝜎 FWHM 

 𝑛𝑒 electronic density 

The indefinite integral is: 

𝐹(𝜆; 𝐴, 𝜎) =
𝐴 𝜎 

𝜋 
tan−1 (

𝜆

𝜎
)      (3) 

 

And the area 𝑎𝑙 of the profile is: 



𝑎𝑙 = ∫ 𝑓(𝜆, 𝐴, 𝜎) 𝑑𝜆
+∞

−∞
= 𝐴 𝜎     (4) 
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Which is true for: tan−1 (
∆1

2

𝜎
) =

𝜋

4
 therefore 

∆1
2

𝜎
= 1 and ∆1

2

= 𝜎. 

It should be noted that the FWHA is equal to 2𝜎, which is also the FHWM for a Lorentzian 

profile. 

4.2 Emissivity: 
 

In order to reconstruct the integrated spectral line emitted by the plasma in one direction, the 

amplitude of the spectral line or its intensity (area) is necessary in addition to the broadening 

profile. This information is provided by the emissivity of the spectral line. The emissivity 

associated with an electronic transition from an energy level i to an energy level j is expressed 

as: 

𝐽𝑡𝑜𝑡 = ∫ 𝐽
+∞

−∞
(𝜆). 𝑑𝜆 = 𝑛𝑖(𝑃, 𝑇) 𝐴𝑖𝑗

ℎ𝑐

𝜆

1

4𝜋 
    (7) 

With: 

 𝐽(𝜆) emissivity profile as a function of the wavelength 

 𝑛𝑖  population density of the emitting level i 

 𝐴𝑖𝑗 Einstein coefficient for the electronic transition from level i to j 

 P, T pressure and temperature 

 h, c Planck’s constant and speed of light in vacuum 

 

If the plasma is assumed to be at local thermodynamic equilibrium (LTE) then the density ni of 

the level i is given by Boltzmann law: 

𝑛𝑖(𝑃, 𝑇) =
𝑛(𝑃,𝑇)

𝑍(𝑃,𝑇)
𝑔𝑖𝑒

−𝐸𝑖
𝐾𝑇      (8) 

 

With: 

 𝑛(𝑃, 𝑇) global species density: 𝑛(𝑇, 𝑃) = ∑ 𝑛𝑘 𝑘  with k being the excitation level.  

 𝑍(𝑃, 𝑇) partition function for the considered species  



 𝐸𝑖 energy for the level i 

 𝑔𝑖 degeneracy of the level i 

 𝐾 : Boltzmann constant 

The emissivity can be expressed as: 

𝐽𝑡𝑜𝑡(𝑃, 𝑇) = ∫ 𝐽
+∞

−∞
(𝜆). 𝑑𝜆 = 𝐴𝑖𝑗 𝑔𝑖

ℎ𝑐

𝜆𝑡

1

4𝜋 

𝑛(𝑃,𝑇)

𝑍(𝑃,𝑇)
𝑒

−𝐸𝑖
𝐾𝑇     (9) 

 

And 𝜆𝑡 is the wavelength of the light emitted by the electronic transition considered.  

To summarize, for a Lorentzian profile we have: 

 The area 𝑎𝑙 ∝ 𝐽𝑡𝑜𝑡  and it is equal to : 𝑎𝑙 = 𝐴𝜎 

 𝐹𝑊𝐻𝑀 = 𝐹𝑊𝐻𝐴 = 2𝜎 

 𝐹𝑊𝐻𝐴 = 0.549 (
𝑛𝑒

1023)
0.67965

  

The evolution of the emissivity of the Hα spectral line as a function of pressure and 

temperature, the parameters 𝑔𝑖, 𝐴𝑖𝑗 and the other constants do not vary if we consider a 

single electronic transition. In eq. (9) 𝐽𝑡𝑜𝑡 depends on pressure and temperature via the 

terms 𝑛(𝑃, 𝑇), 𝑍(𝑃, 𝑇), and 𝑒
−𝐸𝑖
𝐾𝑇 . For the electronic transition associated with Hα, 𝐸𝑖  is equal 

to 12.0875 eV [16]. 

For a thermal plasma considered to be in LTE, solving the corresponding equations (Saha-

Eggert, Guldberg-Waage, electrical neutrality, Dalton law) gives us the evolution of the plasma 

species densities as a function of pressure and temperature. The method is detailed in Harry-

Solo et al. [12]. Thus, the species global densities and their partition function are known as a 

function of pressure and temperature. In our study, the composition of a pure water plasma 

is calculated for a pressure of 3 bar according to previous study by Z. Laforest [11]. Using these 

data and the eq. (9) we can determine the evolution of the emissivity of the Hα line as a 

function of temperature (see fig. 4). 



 

Figure 4: Evolution of the normalised emissivity of the Hα line (blue) and the electron density 

(orange) as a function of temperature for a water plasma at 3 bar. 

 

Figure 4 shows that the maximum emissivity is reached around 17 𝑘𝐾. As indicated by eq. (9) 

this evolution results from the combination of different parameters. This maximum occurs at 

higher temperatures than the maximum density of the emissive species, hydrogen. This is 

explained by the contribution of the terms 𝑍(𝑃, 𝑇) and 𝑒
−𝐸𝑖
𝐾𝑇  in eq. (9) which compensate for 

the decrease in hydrogen density. The evolution of the emissivity was calculated using only 

the temperature and pressure dependent terms. The other terms are dependent on the 

electronic transition and have therefore been ignored as we are studying the evolution of a 

single transition. This is the reason why we have represented the normalised emissivity in fig. 

4. It can also be noted on fig. 4 that the maximum electron density occurs at a higher 

temperature (≈ 19.4 𝑘𝐾) than the maximum emissivity of the Hα line (≈ 17 𝑘𝐾). 

5 Results: 

5.1 Different temperature profiles: 
 

We consider an axisymmetric plasma of constant pressure (3 bar) to study the profile of the 

Hα pseudo experimental (PE) spectral line reconstructed from different temperature profiles. 

The composition of a pure water plasma calculated from our model [12] provides the electron 

density profile corresponding to the temperature profile. The objective is to study the electron 

density deduced from measurement of the Stark broadening of this reconstructed PE line with 

eq. (1) provided by Gigosos et al. [16]. This electron density will be compared with the electron 

density profile. 
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We arbitrarily defined four axisymmetric temperature profiles and two asymmetric ones, with 

a maximum temperature in the centre. These temperature profiles are common and could 

correspond to any type of axisymmetric plasma with the light collected in a direction 

perpendicular to the symmetry axis. The maximum temperature (≈ 16 𝑘𝐾) was initially 

chosen to be lower than that of the maximum emissivity of the Hα line (≈ 17 𝑘𝐾). These 

different temperature profiles are given in fig. 5 (left) with the corresponding electron density 

profiles (right). 

 

 

Figure 5: Temperature profiles 1 and 2 are Gaussian, profile 3 is arbitrary and profile 4 is 

linear. Temperature profiles 5 and 6 are asymmetric and are respectively half of profiles 3 

and 4 and half of profiles 1 and 2. The electron density profiles are deduced from the plasma 

composition. 

From these profiles and the elements determined in sect. 4, six Hα PE spectral lines are 

calculated as the sum of Lorentzian spectral lines on a plasma string whose temperature 

follows one of the temperature profile. The reconstruction of this spectral line was performed 

numerically using an in-house developed Python program. A sum of Lorentzian profiles 

calculated on each point of the temperature profile is performed: 



𝑓𝑡𝑜𝑡(𝜆) = ∑ 𝑓(𝜆; 𝐴, 𝜎) =
𝐴 

𝜋 

𝜎

𝜎2+𝜆2 𝑟     (10) 

Using: 

 2𝜎 = 0.549 (
𝑛𝑒(𝑇)

1023
)

0.67965

 

 𝐴𝜎 ∝ 𝐽𝑡𝑜𝑡(𝑇) 

 

Although the sum of Lorentzian profiles with different amplitudes and broadenings does not 

lead to a simple analytical expression of a Lorentzian, it is possible to treat this PE spectral line 

the same way we would an experimental one. It is common to fit integrated experimental 

spectral lines with the best matching Voigt or Lorentzian profile. The Lorentzian profile that 

best matches that of the PE spectral line is calculated using the lmfit library in Python and the 

broadening of this Lorentzian profile is measured.  

The PE spectral line determined this way and the associated Lorentzian profile are plotted in 

fig. 6 for temperature profile number 4 (P4). Figure 6 shows that a Lorentzian profile allows 

most points to be approached correctly, with the exception of those close to the maximum. 

The error on the estimation of the maximum is calculated and tabulated for the different 

profiles. As indicated in the table of fig. 6, the discrepancy between the data and the fit is most 

pronounced for profile number 4. The profile number 4 (P4) is also the least realistic profile. 

 

Figure 6: Comparison between the spectral line determined for the temperature profile 4 

and its Lorentzian fitted profile (Left side). Table of the error in percentage on the estimation 

of the maximum for each profile (Right side). 

We will detail the case of the fourth temperature profile (fig. 5, P4) which shows the largest 
deviation. We have numerically determined the FWHA of the line determined by the 
calculation and compared it to that of the Lorentzian profile: 

  
𝐹𝑊𝐻𝐴𝑑𝑎𝑡𝑎−𝐹𝑊𝐻𝐴𝑓𝑖𝑡

𝐹𝑊𝐻𝐴𝑑𝑎𝑡𝑎
= 14.3%       (11) 



We have calculated the deviation on the electron density measurement presented in the same 

way: 

 
𝑛𝑒𝑑𝑎𝑡𝑎−𝑛𝑒𝑓𝑖𝑡

𝑛𝑒𝑑𝑎𝑡𝑎

= 18.8%      (12) 

This deviation is not negligible, but it has been determined for the profile with the largest 
deviation between the data and the fit (P4). Experimentally, we usually perform the 
broadening measurement (FWHA or FWHM) on the fit, and when several sources of 
broadening are mixed, a Voigt profile is sometimes considered with the assumption that the 
Lorentzian component is solely due to Stark effect. For the different lines determined, a Voigt 
profile does not allow a better fit of the line. However, the difference between the FWHA 
measurement made directly on the PE spectral line data and the fit is too large to be ignored. 
This is why in this study we will perform our broadening measurements on the PE spectral line 
data without using any fit. 

The electron density profiles are calculated with eq. (1) from the broadening measurements 
and presented in fig. 7 (hatched in black is the mean electron density over the profile and 
hatched in white is the density resulting from the broadening measurement).  

 



 

Figure 7: Electron density profiles, average over the profile and electron density measured 

by broadening measurement. 

 

We observe in fig. 7 that the mean electron density for the first profile is 0.49 1023 m-3 and the 

maximum is 4.05 1023 m-3. The density value determined from the line broadening is 2.54 1023 

m-3. This value is closer to the maximum than it is to the mean value of the profile. For all 

profiles, the density determined seems to be driven in greater part by the hottest and most 

electronically dense area (which will also be the most emissive area) than by the other parts 

of the profile. On profile P3, the electron density determined by the measurement is closest 

to the maximum; it is also for this profile that the warmest zone in the centre is the largest. 

For the temperature profile P5, which is a combination of profiles P3 and P4, the broadening 

measurement seems to be driven by profile P3 and less affected by the thinner (especially in 

the warm central zone) profile P4 which results in an electron density measurement rather 

close to the maximum. Profiles P1 and P2 are both Gaussian and are temperature profiles with 

a similar maximum temperature (and therefore with a similar maximum value of the electron 

density), differences exist in the peripheral zones of the plasma where profile P2 presents a 

higher electron densities as it is defined by a wider Gaussian profile. On the profiles P1 and P2 

the densities obtained by broadening measurements are almost identical and represent the 

same fraction of their respective electron density profile maxima, although the average 

electron density is higher for profile P2. It is also true for profile P6, unsurprisingly, given that 

it is a combination of profiles P1 and P2. Excluding the highly unrealistic fourth profile P4, all 

electron densities obtained by broadening measurement represent a similar fraction of their 

respective electron density profile maxima, i.e between 63% and 73%.  

It should be noted that the maximum temperature of these profiles (≈ 16 𝑘𝐾) is lower than 

the maximum emissivity temperature for the Hα spectral line (≈ 17 𝑘𝐾) as well as the 

temperature of the maximum electron density (≈ 19.4 𝑘𝐾). In sect. 5.2 we will study the 

influence of the maximum temperature, especially when it exceeds these two maxima. 

5.2 Different values of the maximum temperature: 
 



We defined four Gaussian temperature profiles with the same width at half height but with 

different amplitudes. The four temperature profiles (P1-P4) and the associated electron 

density profiles (N1 – N4) are shown in fig. 8: 

 

 

Figure 8: Gaussian temperature profiles presenting identical width at half height but 

different maxima. The electron density profiles are deduced from the temperature profiles. 

 

Figure 8 shows that the maximum temperature of the first two profiles is chosen lower than 

the maximum emissivity temperature of the Hα spectral line. Profile P3 has a maximum 

temperature very slightly above the maximum electron density, while profile P4 has a much 

higher maximum temperature. We also observe in fig. 8 a dip in electron density in the centre 

with profile N3 which is even more pronounced on profile N4. This dip is a consequence of the 

temperature in the centre exceeding that of the maximum electron density. In the same way 

as in sect. 5.1, the measured electron density is determined from the broadening of the Hα 

spectral line calculated from these temperature profiles. These results are presented in fig. 9 

with the electron density profiles (hatched in black is the mean electron density over the 

profile and hatched in white is the density resulting from the broadening measurement). 



 

Figure 9: Electron density profiles, mean value over the profile and density obtained by 

broadening measurement. 

 

The measured electron density (fig. 9) increases up to and including profile 3 (N3). Thus the 

maximum emissivity of the Hα spectral line does not seem to limit the measurement; it is still 

possible to measure electron densities corresponding to higher temperatures. Conversely, we 

do not observe an increase in electron density determined by broadening measurement on 

profile P4/N4 compared to that of profile P3/N3 even though the average electron density on 

the profile has increased. As soon as the temperature of the maximum electron density is 

exceeded, the electron density measured stops increasing (for a Gaussian profile maintaining 

the same width at half-height) which seems to indicate a similar temperature when in fact it 

has increased. If we consider fig. 4, we could also assume that we have exceeded the 

temperature of the maximum electron density (which is the case) and interpolate with higher 

temperatures. In this case, the temperature is overestimated. For example, we would 

measure more than 30 𝑘𝐾 for profile P4. Despite this, just as in sect 5.1, for all four profiles 

the electron density determined by broadening is somewhere between 61% and 71% of the 

maximum of the profile.  

6 Conclusion: 
 

The electron density measured from the broadening of the Hα PE spectral line determined as 

a sum over a temperature profile was studied. The study was conducted for temperature 



profiles with different shapes and maxima. It seems that the electron density obtained this 

way is governed by the maximum of the electron density profile and that it is only marginally 

affected by the rest of the electron density profile. The measurement is therefore rather 

uncorrelated with the average electron density. It was also observed that exceeding the 

maximum emissivity temperature of the spectral line considered did not present any 

particular problem. In our study, the problem lies with profiles whose temperature is such 

that it exceeds that of the maximum electron density at the core of the profile and induces a 

density dip. For these profiles, the broadening measurement is hardly usable.  

It is interesting to note that the electron densities determined by broadening of the PE spectral 

lines represent, for all but one unrealistic profile (P4), a similar fraction of their respective 

electron density profiles maxima. This result is true for temperature profiles of different 

shapes, as shown in sect. 5.1, and for Gaussian temperature profiles with the same width at 

half height but with different maxima, as shown in sect. 5.2. The electron density measured 

by broadening measurement is 60% to 75% of the maximum electron density. 
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