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Electron energy distribution functions (EEDFs) play an important role in many different types of 

plasmas. Their shape characterises the degree of thermal equilibrium, while the EEDF mean 

value is proportional to the electron temperature, if the distribution function is Maxwellian. In 

this paper we present the first measurements of EEDFs of electrons inside and outside an 

inverted fireball (IFB) plasma. It turns out that the EEDF inside the IFB plasma shows larger 

contributions from hot electrons, while on the outside there are two distinguished electron 

populations, namely cold bulk electrons and hot tail electrons. The measurements were carried 

out at low pressure of around 5 Pa, which is typical for IFB experiments. The measurements were 

performed with a movable Langmuir probe system, and the obtained I-V curves were used to 

calculate the EEDF. The measurements indicate a spread in the EEDF inside the IFB as well as a 

shift to higher peak values of the electron temperature. It was shown that there are basically two 

populations of electrons. There are the bulk electrons, which are relatively cold and a smaller 

number of hot electrons in the tail of the EEDF. Particularly, the electrons close to the wall of the 

IFB anode show a significantly broader EEDF, which indicates that they deviate from a Maxwellian 

distribution function and deviate, thus, from thermal equilibrium. 
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I. Introduction 

The knowledge of electron energy distribution 

function (EEDF) is fundamental in plasma physics 

because it directly influences key plasma 

parameters such as ionization rates, chemical 

reaction pathways, and energy transfer 

processes. By characterizing the EEDF, the 

behaviour of the plasma can be predicted and 

discharge conditions can be optimized for specific 

applications—ranging from materials processing 

and thin-film deposition to fusion research and 

plasma medicine. Furthermore, deviations from 

Maxwellian distributions, as revealed by EEDF 

measurements, provide critical insights into non-

equilibrium effects and the underlying 

mechanisms governing electron kinetics in 

complex plasmas. A convenient way of 

determining the EEDFs is the second derivative of 

Langmuir probe curves. It is a standard technique 

in plasma physics and has been applied in 

various plasmas, ranging from low pressure 

discharges [1-5] to fusion plasmas [6,7]. If the 

EEDF can be considered isotropic, Druyvesteyn’s 

method [8] can be applied [9]. This method is 

based on the determination of the EEDF via the 

second derivative of the I-V curve of a smoothed 

Langmuir probe trace. However, other authors 

have demonstrated that this evaluation 

technique is also reliable, even in the case of 

plasmas that are slightly anisotropic [10], as long 

as the pressure stays low (i.e., < 500 Pa) [11]. This 

is definitely the case in unmagnetized inverted 

fireball (IFB) experiments, where the typical 
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pressure ranges between 1 mPa [12,13] to 

several Pa in technologically relevant IFBs [14-24]. 

Knowledge of the EEDF allows insights into the 

kinetic behaviour of electrons in the plasma. 

Although the most important plasma parameters 

have been measured in IFB plasmas under 

various conditions, to the best of our knowledge, 

there are no data available for the EEDFs. 

Hydrogen was chosen for this work because it is 

an important working gas in many different 

industrial processes. On the other hand, it is the 

simplest molecular gas. Thus, the measurement 

of the EEDFs with a Langmuir probe system is 

expected to be straightforward and reliable. The 

EEDFs also help in understanding basic chemical 

mechanisms within the plasma. One example of 

such a mechanism is the reaction rate, which is 

calculated based on the EEDF [25]. Furthermore, 

EEDFs are also an indicator of the number of 

electron species (i.e., ‘hot’ and ‘cold’ electrons) in 

the plasma. The existence of these populations 

can be readily seen from the number of peaks of 

the distribution function. Monoenergetic electron 

populations lead to a single peak in the EEDF, 

while super-thermal electrons become visible in a 

second, smaller peak on the high-energy tail of 

the distribution function. 

II. Measured EEDFs 

All experiments in this work were carried out in a 

stainless steel plasma chamber that is specifically 

designed for IFB experiments and described in 

more detail elsewhere [26]. A schematic image of 

the setup is shown in Fig. 1: 

 

Figure 1: Schematics of the experimental setup with a 

movable Langmuir probe system. 

The IFB cage electrode is a cylinder with 15 cm 

diameter, which was manufactured of a stainless 

steel mesh with 90 microns grid spacing and 20 

microns wire thickness. The positions of the cage 

walls are located at 14.5 and 27.5 cm, 

respectively. 

A moveable Langmuir probe system from Hiden 

Analytics was used for obtaining the I-V curves in 

hydrogen plasma. It has to be noted that electric 

probe measurements are commonly used due to 

their simplicity. However, they have the drawback 

that they are not non-invasive. To mitigate this 

disadvantage, the probe should always be as 

small as possible and have a simple geometrical 

shape. Normally, cylindrical, spherical or flat 

Langmuir probes are used. The probe tip in this 

work was a tungsten wire with 0.15 mm diameter 

and 10 mm length. The voltage range for the 

probe measurements was set from -70 V to + 

100 V with respect to ground. The I-V curves were 

taken with 0.07 V increments over the entire 

voltage range. The working gas was H2 5.0 at a 

constant pressure of 5 Pa. The primary plasma 

source for the IFB experiments was a tungsten 

filament with 7 cm length and 0.3 mm diameter. 

This filament was heated to 2650 K and a voltage 

difference of 137.6 volts was applied between the 

filament and the IFB cage electrode. The distance 

between the filament and the IFB anode was 50 

cm. This distance ensures that the primary 

electrons from the filament can collide several 

times with neutrals before reaching the IFB cage. 

This creates a suitable background plasma for IFB 

experiments in the pressure range between 0.1 

and 10 Pa. 

Within this setup, a radial scan was performed, 

with I-V curves taken every cm. However, for the 

sake of readability, only the data for 4 cm 

intervals are shown in this work. These exemplary 

Langmuir probe curves are depicted in the 

following Fig. 2. 

 

Figure 2: Exemplary I-V curves obtained through a radial 

scan inside and outside the IFB in hydrogen at 

5 Pa. 
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The measurements were performed starting 

from the chamber wall moving inwards. A hole of 

15 mm diameter was cut into one side of the IFB 

cage, to allow the entrance of the Langmuir 

probe. However, it was decided to leave the 

opposite wall of the IFB cage untouched to 

minimize the disturbance of the IFB plasma. As a 

consequence, the measurements were stopped 

at 27 cm, which is only a few mm away from the 

IFB cage back wall. It is also to be noted that the 

electron saturation currents in Fig. 2 are the 

highest at the positions 15, 19 and 23 cm, which 

are located inside the IFB. This means that the 

plasma density is substantially raised in this area. 

Outside the IFB (3, 7 and 11 cm from the chamber 

wall) the electron currents are much lower in 

comparison. 

Following Druyvesteyn’s method, the EEDF can be 

calculated from the second derivative of a 

Langmuir probe curve according to: 

 𝐸𝐸𝐷𝐹 =
2

𝐴𝑝𝑟𝑒²
√
2𝑒𝑉

𝑚𝑒

𝑑²𝐼𝑒𝑙

𝑑𝑉²
 (1) 

Here, Apr denotes the area of the Langmuir probe 

(4.73 mm² in our case), e is the elementary 

charge, me is the mass of the electron, Iel is the 

electron current of the probe and V is the 

corresponding probe voltage. For obtaining the 

EEDF, a linear fit was made to the ion current part 

of the probe curves. The fit function was then 

subtracted from the total probe current. Without 

the ion current considered, the remaining current 

of the probe trace is the pure electron current. 

This remaining electron current was smoothed 

with a Savitzky-Golay filter with an interpolation 

window width of n=191 and a polynomial degree 

of M=6. These parameters were chosen, because 

they have been proven to yield the smallest error 

when interpolating Langmuir probe curves [27]. 

The resulting normalized EEDFs are depicted in 

Fig. 3. It can be seen that most of the distribution 

functions are quite narrow and centred at around 

2 eV, which is a typical value in low-pressure 

plasmas. However, towards the back side of the 

IFB grid, namely at 27 cm the EEDFs become 

broader, which indicates a deviation from the 

Maxwellian case. It is also notable, that in all 

positions, except the one at 27 cm, there is a hot 

tail population of the electrons. Particularly, at 23 

cm, which is close to the centre of the IFB, the 

electron energy is up to 11 eV, while the electrons 

outside of the IFB electrode have only energies of 

about 9 eV. This is important because the hot tail 

electrons are the main driver of electron impact 

ionisation. The presence of electrons with 11 eV 

mean energy near the IFB centre is an indication 

of an increase in ionisation processes and, hence, 

plasma density. This is in agreement with findings 

in other works, like Refs. [15,18,19]. 

 

Figure 3: EEDFs calculated from the Langmuir probe 

traces depicted in Fig. 2. 

In addition to the influence of electric fields from 

the anode wall, the broadening of the EEDF inside 

the IFB plasma is also a sign of increased energy 

exchange between the two populations. 

However, a high collisionality between the two 

species would lead to fast thermalisation, and, 

thus, to a single, well-defined EEDF. Normally, the 

electron collision mean free path in IFB 

experiments is in the order of the anode size. 

Hence, a full thermalisation of both electron 

populations is very unlikely. A more probable 

explanation is the occurrence of many inelastic 

collisions between the fast electrons and other 

particles. Dissociation and excitation events do 

not contribute directly to the shape of the EEDF. 

Hence, the EEDF broadening is attributed to 

ionisation events, which produce secondary 

electrons with rather small kinetic energy. At the 

same time the primary (ionizing) electrons loose 

considerable energy during a ionisation process. 

This shifts their position within the EEDF from the 

high-energy tail to lower values. The fact that 

there is a significant number of ionisation events 

is also reflected in the electron saturation current 

of the Langmuir probes (Fig. 2). One can see that 

the electron saturation current increases about 

tenfold inside the IFB plasma, compared to the 

probe curves taken outside the IFB anode. This 

also shows that the current continuity doesn’t 

hold due to the efficient ionisation within the IFB. 

If current continuity would be fulfilled, the peak 

of the EEDF would shift to smaller values, which is 

clearly not the case. 

In summary, the broadening of the EEDF close to 

the inside wall of the IFB anode indicates efficient 
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ionisation and a deviation from thermal 

equilibrium. However, the EEDF towards the 

centre of the IFB (at 23 cm) narrows again down 

and forms a Maxwellian distribution with electron 

temperatures of about 3 eV and a hot tail with an 

electron temperature around 11 eV. 

III. Conclusion 

The measured EEDFs reflect some important 

properties of IFBs, namely, the high plasma 

density around the core of the IFB and the 

presence of hot electrons in the tail of the EEDF, 

which are responsible for efficient electron 

impact ionisation inside the IFB anode. The 

narrow, well defined shape of the EEDFs indicate 

Maxwellian electron population, except at the 

close vicinity to the anode wall, where the EEDF 

peak is ‘smeared out’ and likely significantly 

disturbed by the strong electric fields from the 

IFB grid. Another factor that broadens the EEDF 

close to the anode is the occurrence of ionisation 

events and the inelastic collisions that cause 

these events. Close to the IFB centre, the thermal 

equilibrium is again intact, which is attributed to 

the high number of electron collisions in the IFB 

centre. Also, the peak value of the EEDF close to 

the IFB centre is about 1 eV higher than outside 

the IFB but still 2 eV smaller than the value close 

to the anode wall. These findings indicate that the 

IFB plasma is in thermal equilibrium (except very 

close to the anode border) and exhibits slightly 

elevated electron temperatures and a smaller 

population of high-energy tail electrons. These 

results underscore the influence of localized 

electric fields and collisional processes in shaping 

the EEDF inside IFB plasma, paving the way for 

further optimization of IFB performance for 

fundamental research and in technical 

applications. 
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