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Abstract
Electron temperature as one of the most important characteristic, was estimated by using a
radiofrequency plasma jet at atmospheric pressure. Wide range spectrophotometer has been used
to detect the emission spectral lines of the induced argon plasma. It is possible for a plasma to be in
two different modes; one dominated by ionization process (α) and one dominated by localized
events near the boundary between the sheath and plasma bulk (𝛾). Therefore the temperature will
be different for each mode and can have impact in future research on dust growth. The temperature
dependency of the modes for two different input voltages (20V and 40V) measured on varying height
has been investigated for this reason. The estimation has been carried out by using the Boltzmann
plot method. This has been done for all emission spectral lines, whether it was atomic or ionic. In a
further stage the spectral lines were categorized in three groups; atomic, ionic, and resonance lines.
As the results, the estimated electron temperature are significantly impacted by the resonance lines
regardless of the plasma mode. A linear relation between the temperature and height can be seen in
the Boltzmann distribution function plots as for the atomic as for the ionic spectral lines. Overall it
was found that the temperature in the 𝛼-mode is 213K higher than that of the 𝛾-mode, which was be
estimated on 2310K.
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Abbreviations
LTE

local thermal equilibrium

DC

direct current

MW

microwave

RF

radiofrequency

Sccm

standard cubic centimetres per minute

APPJ

atmospheric pressure plasma jet
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1. Introduction
Plasma is the fourth state of matter known to man, which is also the most occurring state of matter
in the universe (approximately 99%) [1][2]. Electrons are moving freely instead of a certain orbit
among the nuclei of an atom in this state. It cannot be naturally found on the earth's surface.
Nevertheless it can appear in different ways in the atmosphere, for example: lighting and the Aurora
[3, 4]. Plasma has multiple applications depending on the pressure under which it is being created in
the present day. For example high pressure plasma can be used to analyse biological materials [5].
On the other hand there is low pressure plasma which can be used to etch and deposit thin films.
Nevertheless working with low pressures like vacuum, has several disadvantages. Vacuum and other
low pressure processes are limited by its space and need for periodic maintenance and cleaning.
Creating a plasma at atmospheric pressure plasma would solve this problem [6]. Unfortunately it
comes along with some other issues; a higher voltage is needed to breakdown the gas and often it
produces unwanted arcing between the electrodes. Several sources were designed to fix this
problem and lower the plasma's temperature. However these new designs were not able to create a
homogeneous plasma in its volume. Jeong et al in 1998 came with a new design that creates a
uniform plasma at a low temperature, the jet mechanism [7]. Using the jet mechanism at low
atmospheric pressure, also known as APPJ, to create a plasma jet has multiple advantages. Not
requiring a dielectric to produce a plasma is probably the biggest advantage [8]. Another advantage
of using a jet at atmospheric pressure is able to create nanostructures on paper [9]. Producing other
substrates on other materials will also be possible with this. No additional processes are needed to
obtain the desired characteristics of the substrate due to the precise deposition and adhesion of the
jet. In brief, better nanostructures, higher packing density and higher quantity are being created in
comparison to a deposition without the plasma. One real good use of the APPJ is its possible biomedical applications. Burned skins can be healed, cancer treatments can be improved by producing
charged particles, neutral meta-stable species, radicals and UV radiations at biologically tolerable gas
temperatures [10]. Atmospheric pressure plasma jets are getting more popular because the
combination of simplicity and low costs due to no vacuum chamber. It has possibilities for surface
treatment and modification as earlier mentioned [11]. There are different ways to induce plasma at
760 Torr (atmospheric pressure) with a jet [10]. To start with direct current plasma, also known as DC
plasma. It usually generate local temporal equilibrium plasma (LTE-plasma). It is based on the
expansion of arc discharge and generates often high gas temperatures. DC plasma can be generated
at almost all frequencies, normally in kHz. It is also possible to use self-pulsing DC mode to limit the
energy dissipation to avoid thermalization. To obtain this rectangular high-voltages or sinusoidal
driven plasmas in the range of kHz can be used. Another type is the microwave plasmas (MW
plasma). It has a frequency regime between 300MHz and 300 GHz. Microwave power is being
transferred to the plasma field by the use of a coaxial cable. Between these two regimes of DC and
MW plasma is radiofrequency plasma (RF plasma). Its frequency regime is between 1 and 100MHz.
RF plasma temperature depends on the electrons because the heavier particles cannot follow the
electric fields as easy as the light particles, like electrons. A better understanding of how plasma
works and how it can be controlled is needed due to the many possible applications. Any alterations
of input voltages, heights, gas input flow and other parameters could lead to unwanted outcomes in
future research of dust growth with the use of a plasma jet. For this reason the research topic of this
paper will be: ‘How does the electron temperature depend on different input voltages when
measuring it on different heights for the two possible modes?’

2. Theory
In this section the basic properties of energy transitions will be explained. On top of this the working
of a jet and how different plasma modes effect the temperature of the plasma will be explained.
Starting with the latter.

2.1 plasma modes
Depending on the discharge triggered by the current density the plasma can be in two different
modes; 𝛼-mode at low current densities and 𝛾-mode higher current densities [12]. The difference
between these two modes is the dominant ionization process [13]. 𝛼-mode is being sustained by bulk
ionization and seems to be volumetric, while the 𝛾-mode is being sustained by localized events near
the boundary between the sheath and the plasma bulk, illustrated in Figure 2.1. The 𝛾-discharge
occurs when the plasma's oscillation amplitude is bigger than the half of the sheath thickness [14].
And because it is sustained by localized events this mode can strongly influenced by secondary
electron emissions. As it can be seen in the undermentioned figure, the plasma bulk is being
dominated by electrons. This results in a higher overall temperature in the plasma bulk than in the
sheath and for this reason the temperature of 𝛼-mode should be higher than that of 𝛾-mode. On top
of this a voltage drop can be seen by 40 percent compared to the 𝛼-mode.

Figure 2.1: Illustration of the plasma bulk and sheath in a chamber [15].

2.2 Argon emission lines
Each substance has its own characteristic emission spectrum. This is caused when an atom, molecule
or any element emits specific wavelengths [16]. This happens when it is in an excited state and the
electrons transit back to a lower state, and while this happens it emits a package of photons. Each
transition has a quantized energy (∆𝐸) and therefore the emitted package is quantized as well.
∆𝐸 = 𝐸𝑓 − 𝐸𝑖

(1)

Here is the 𝐸𝑓 the energy of the final level and 𝐸𝑖 of the initial level. The emitted light will have energy
according to this∆𝐸. Its energy is given by:
𝑐

𝐸 = ℎ𝑓 = ℎ 𝜆

(2)

Here h is the Planck constant, f the frequency (Hz), c speed of light (m/s) and 𝜆 the wavelength in nm.
As each wavelength gives a specific colour, different light packages will be observable. Each atom,
molecule or element have certain possible transitions and thus it is possible to associate the emitted
spectrum to a specific transition. Argon has many transition possibilities and thus the emission
spectrum of Argon contains many colourful emission lines. This can be seen in Figure 2.2.

Figure 2.2: The visible emission spectrum of argon [17].
Some emission lines will be very intense when measuring it with a spectrometer. These are called
resonance lines and are caused by an electron transition between the ground state and the first
energy level [18]. This corresponding energy transition is the least energy needed to make a
transition. Because of this and the fact that most electrons are in the ground state, it is the most
likely transition to happen. Therefore it will be the strongest emission lines in the spectrum.

2.3 Boltzmann theory
2.3.1 Condition
The Boltzmann plot method is a well-known method to abstract the electron temperature from an
obtained emission spectrum. Nevertheless this method cannot always be used. In order to use this
method, the system needs to justify the local thermal equilibrium (LTE) condition [19]. This implies
that electron density is high enough causing collision rates to exceed the radiative rates.

2.3.2 Derivation
As mentioned in Section 2.2 a transition between two energy levels needs to take place, earlier
indicated as 𝐸𝑓 and 𝐸𝑖 . The subscript j instead of f can also be signed to the upper level energy, and i
will still be used to specify the lower level energy. Similar subscripts can be used to correspond the
specific atomic densities (𝑁𝑖 and 𝑁𝑗 ) of different emission lines with the right level. [20]. A relation
between these two atomic densities can be found by using the Boltzmann distribution function, and
it can be stated in the following way:
𝑁𝑗
𝑁𝑖

𝑔𝑗

=𝑔 𝑒

𝐸𝑗 −𝐸𝑖

−

𝑘𝑏 𝑇

𝑖

(3)

In this formula the statistical weights of the two states are being indicated by 𝑔𝑖 and 𝑔𝑗 , the
Boltzmann constant is indicated by 𝑘𝑏 and the temperature in Kelvin by T. When using the total
density population over a state N and the partition function, the abovementioned formula can be
rewritten as:
𝑁𝑗
𝑁

=

𝑔𝑗
𝑍(𝑇)

𝐸𝑗 −𝐸𝑖

𝑒

−

𝑘𝑏 𝑇

(4)

The partition function is denoted by 𝑍(𝑇) is the summation of statistical weighted Boltzmann
function of all possible discrete energy levels in the atomic state and can be formulated the following
way:

𝑍(𝑇) = ∑𝑚 𝑔𝑚 𝑒

𝐸
− 𝑚

𝑘𝑏 𝑇

(5)

The transition between the two levels depends on the emission coefficient which is associated with
the atomic density, the transition rate and the wavelength analogous to that transition. The emission
coefficient is formulated the following way:
ℎ𝑐

𝜀𝑗𝑖 = 4𝜋𝜆 𝐴𝑗𝑖 𝑁𝑗

(6)

𝑗𝑖

The velocity of light in vacuum is indicated by c in this formula. 𝜆𝑗𝑖 corresponds to the wavelength
(nm) of the light that is emitted and the transition probability per second is being pointed out by 𝐴𝑗𝑖 .
It expresses the probability of the upper state, j, to emit a photon package. Equation 6 can be filled in
Equation 4 to obtain the following equation:
𝜀𝑗𝑖 𝜆𝑗𝑖
𝐴𝑗𝑖 𝑔𝑗

ℎ𝑐𝑁

= 4𝜋𝑍(𝑇) 𝑒

𝐸𝑗
𝑘𝑏 𝑇

−

(7)

After taking the natural logarithm of both sides Equation 7 turns into:
ln (

𝜀𝑗𝑖𝜆𝑗𝑖
𝐴𝑗𝑖𝑔𝑗

)=−

𝐸𝑗
𝑘𝑏 𝑇

+ ln(

ℎ𝑐𝑁

4𝜋𝑍(𝑇)

)

(8)

The last part on the right-hand side of this equation can also be denoted as C, a constant. It is
possible to obtain a linear fit when the left-hand side of the equation the vertical axis, and the energy
of the state j on the horizontal axis. The slope in this fit can be used to estimate the electron
temperature. The program uses I instead of 𝜀𝑗𝑖 and therefore the rest of this paper it will be denoted
as such as well.

2.4 Jet mechanism
There are different types of jets available depending on the kind of research that will be done. The
jet that will be used in this experiment consists of two electrodes, one inner electrode which is a
tungsten needle and a coaxial copper electrode. The inner electrode is coupled with the
radiofrequency power source on the top) and is tuned on 13.56MHz. The argon gas input flow is also
from above. A small screw on the side of the jet tightens the tungsten needle in the centre of the jet.
The black square is just there to mount the jet properly. Furthermore the jet has a nozzle head to
tighten up a quartz tube that will be placed coaxial around the tungsten needle, as depicted in Figure
2.3.

Figure 2.3: A picture of the jet itself on the left, and on the right the mounted jet with the
quartz tube and grounded copper ring.

At a small distance from the nozzle head another electrode is placed, a copper ring that is grounded.
A small tube with an opening is located at the side top of the jet to let air in to cool the plasma and
mix with argon, and thus function as gas feed inlet. To induce a plasma in this system the voltage
difference between the electrodes has to exceed the breakdown voltage [6]. The breakdown voltage
is the voltage that makes the gas electrically conductive [11]. The discharge voltage depends on two
factors: 1. discharge gap 2. working gas. Advantage of an axial APPJ configuration is the direct
injection of the working gas into the discharge region. This results into a higher decomposition rate,
which can be important for complex precursors. Using RF discharge makes it possible to increase the
conversion rate and efficiency of the device. Therefore a cathode must be placed in or nearby the jet.
In this experiment a grounded copper ring is placed just beneath the nozzle head. At the end of tube,
a nozzle head is place whence the plasma and oddments of argon and air mixture will be forced out.

3. Experimental set-up
3.1 General approach
In figure 3.1 the used experimental set-up is shown. It is based on
the RF discharge APPJ, and starts with a function generator. The
output voltage in mV and frequency can be set to induce plasma. In
this experiment a frequency of 13.56MHz will be used. The output
voltage will be varied between 200 and 550mV. This output voltage
is not strong enough to induce a plasma, and therefore the wide RF
amplifier (Kampus model 150c) is being used, which will indirectly
amplify the voltage with a factor 100. Next step is the matchbox
(MFJ Deluxe versa tuner II). This tuner will match the transmitted
radiofrequency to an antenna, which is the tungsten needle in the
experiment. The tungsten needle works as an anode as well. The
coaxial copper functioning as cathode is attached to the top side of
the jet as mentioned in Section 2.4. The grounded copper ring is
being attached just beneath the nozzle head. Furthermore the gasflow of argon can be controlled and varied between 500sccm and
3000sccm, eventually 2000sscm has been used to conduct the
further experiment. The radiofrequency is being used to elevate the
gas into the excited state, so it has enough energy to become a
plasma.
Figure 3.1: Photo of the experimental set-up in
3.2 Jet
which the plasma will be induced.
It is important to keep the jet clean to avoid possible
accumulations of dust or remnants of any kind. Most of the time remnants of previous working
sessions are accumulated on the tube or needle, as can be seen in Figure 3.2. The jet can be
disassembled to clean the needle and quartz tube. Cleaning of these two parts can be done by
placing them in an ultra-sonic water bath. After air drying the reassemble can begin by enlarging the
variable inner-diameter of the nozzle head by rotating it clockwise. Next step is to place the tungsten
needle in the middle. A screw that is located on the side of the tube, can be tighten up with a small
wrench which will directly tighten up the needle in the centre. After this the quartz tube needs to be
manually placed in the centre. This can be done by holding it in the centre and reducing the inner
diameter of the nozzle head.

Figure 3.2: Left overs of plasma reaction and dust on quartz tube on the left and on the tungsten needle on
the right (400x zoomed in).

3.3 Start values
Before the actual experiment took place, the range of voltages and the right input argon gas flow had
to be investigated. A too low voltage will not induce plasma, while a too high voltage will not be good
for the overall system. Therefore the investigation started with a voltage of 300mV and lowering the
voltage by steps of 50mV. It seemed that the lowest possible input voltage was 200mV to induce a
plasma, and after 550mV no visible changes on the plasma length and function generator was shown.
The two voltages with the biggest change compared to each other were 200mV and 400mV, and for
this reason these two will be used to estimate the temperature of the induced plasma.
In addition to check of the optimal contribution of the voltage, the perfect gas flow was been
investigated as well. The input gas flow started with 500sccm till maximum 3000sccm with steps of
500sccm. The plasma length started to increase as the gas flow input increased until 2000sccm. After
that no visible changes were monitored. For this reason the optimal input gas flow of 2000sccm has
been used in the rest of this experiment.
While doing the investigation of abovementioned parameters something special got noticed. It
seems that the plasma could be in two different states depending on which state was triggered
during the first induction of the argon plasma. It appeared that the plasma bulk do have some kind of
memory in which state it previous was for a certain time. Therefore the abovementioned
investigation had to be repeated for the other mode as well, that resulted in the same conclusions.

3.4 Software
Two programs have been used to obtain and analyse data. To obtain the data in the form of emission
spectrum the program SpectraSuite has been used. This program is live connected with the
OceanOptics’ spectrophotometer which measures the spectrum of the induced argon plasma. Before
it is possible to acquire several emission spectra a dark measurement had to be made as well for the
background measurement, so the spectrometer corrects future data with this. SpectraSuite shows a
wavelength range of 410nm to approximately 950nm. The spectrometer had to been aligned
perpendicular with the plasma on a certain height. A loose tripod has been used on which the end of
the optical fibre that is connected with the spectrometer, been mounted and pointing towards the
plasma.
The second program to read out the obtained emission spectra in txt data is Origin. With the
program it is possible to analyse data, input extra data and process it to Boltzmann plots. These fitted
plots are used to estimate the temperature of the plasma in this analytic program as well.

4. Results
In this part the calculated temperature of the argon plasma will be obtained by using the Boltzmann
plot method. This will be done for multiple scenarios, whereby the spectrum will change due to
variation of the optical height and voltage. The results will be compared to each other and split in
Ar-I and Ar-II (ion) of the different modes.

4.1 Spectrum and spectroscopic parameters
Multiple complete emission spectrum of the argon plasma has been measured depending on the
varying voltage and height. As mentioned in Paragraph 3.1 the voltage varies between 200 and 550
mV. The height, measured from the copper ring of the jet, varies between 0 and 2.0 cm. In Table 4.1
the heights and exact place has been stated.
Table 4.1: The height used for measuring the different spectra with the input voltage that has been
used.
Height (cm)
0.0
1.0
1.5
2.0

Location
Copper ring
Quartz tube’s end
0.5 cm from quartz tube
1.0 cm from quartz tube

Input voltage (mV)
200, 400
200, 400
400, 550
200, 400

Due to the different height measurements the intensity of the spectrum varies as well. This is the
result of argon plasma’s length in different modes and corresponding voltage. An example of the
difference can be seen in Figure 4.1. 𝛾-mode with the input voltage of 400mV can be seen on the left
of this figure. The length of the plasma jet is pretty small and therefore it influences the
spectrometer measurements, and thus eventually the calculated temperature. Another point to
consider is the transmission rate of the quartz tube, which can be calculated by a simple
measurement, to correct the spectroscopic measurements of the plasma itself. This will be done for
the two heights, namely 0.0 cm and 1.0 cm.

Figure 4.1: An example in plasma length difference between the two modes at
the same input voltage.

As mentioned in Section 3.4 all spectra are automatically corrected with the background intensity.
The spectra of the α-mode with the input voltage of 400mV can be seen in Figure 4.2. In total 10
different spectra are measured. Three spectra with the input voltage of 200mV on the heights of 0.0,
1.0 and 2.0cm. Six spectra with the input voltage of 400mV on all heights, of which two are in the 𝛾 –
mode on the height of 0.0 and 1.0cm. At last, one spectrum measurement has been made with the
input voltage of 550mV on the height of 1.5cm. All spectra are similar to the one that can be seen in
Figure 4.2 but with other intensities.

Figure 4.2: Full width spectrum of the α-mode with the input voltage of 400mV.
After mindful observation, 20 emission lines of argon can be identified which consists out of 15 argon
atomic emission lines (Ar I) and 5 argon ionic emission lines (Ar II). Identification are based on the
relatively strong emission lines using the NIST database [21]. All spectroscopic data of the 15 argon I
emission lines are tabulated in Table 4.2. On top of this, four argon I resonant spectral lines and zero
argon II resonant spectral lines could be identified and are tabulated in Table 4.3 & 4.4. The reason
that Ar I, Ar II and the resonant emission spectral lines are classified in their own group is due to the
fact that in each group the self-absorption condition can be higher and influence the data of the
other groups. These spectra data are used in Equation 8 to calculate the temperature in combination
with the corrected spectra. The influence of the different classified groups on the temperature will
be discussed later on. As mentioned earlier, all spectra are corrected by the quartz tube’s
transmission rate after obtaining the spectra. This is done by measuring the spectrum on the same
spot with and without quartz tube while the plasma is off. These spectra can be found in Appendix 1.

Table 4.2: Spectroscopic parameters of the identified argon I emission spectral lines to calculate the
temperature.
Wavelength (nm)
696.54
706.72
714.70
727.29
738.40
751.47
763.51
772.42
794.82
800.62
810.37
811.53
826.45
842.46
852.14

𝑨𝒌𝒊 (𝒔−𝟏 )
6.40 x 106
3.80x 106
6.30 x 105
1.83 x 106
8.50 x 106
4.00 x 107
2.45 x 107
1.17 x 107
1.86 x 107
4.90 x 106
2.50 x 107
3.30 x 107
1.53 x 107
2.15 x 107
1.39 x 107

𝒈𝒌
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3

Transition
𝑜
𝑜
)4𝑠 → 3𝑠 2 3𝑝5 ( 2𝑃1/2
)4𝑝
3𝑠 2 3𝑝 5 ( 2𝑃3/2
2
5 ( 2 𝑜 )4𝑠
2
5 ( 2 𝑜 )4𝑝
3𝑠 3𝑝
𝑃3/2
→ 3𝑠 3𝑝
𝑃1/2
2
5 ( 2 𝑜 )4𝑠
2
5 ( 2 𝑜 )4𝑝
3𝑠 3𝑝
𝑃3/2
→ 3𝑠 3𝑝
𝑃1/2
2
5 ( 2 𝑜 )4𝑠
2
5 ( 2 𝑜 )4𝑝
3𝑠 3𝑝
𝑃3/2
→ 3𝑠 3𝑝
𝑃1/2
2
2
𝑜
𝑜
)4𝑝
3𝑠 2 3𝑝 5 ( 𝑃3/2 )4𝑠 → 3𝑠 2 3𝑝5 ( 𝑃1/2
2
2
𝑜
𝑜
3𝑠 2 3𝑝 5 ( 𝑃3/2 )4𝑠 → 3𝑠 2 3𝑝5 ( 𝑃3/2 )4𝑝
𝑜
)4𝑠 → 3𝑠 2 3𝑝5 (
3𝑠 2 3𝑝 5 ( 2𝑃3/2
𝑜
)4𝑠 → 3𝑠 2 3𝑝5 (
3𝑠 2 3𝑝 5 ( 2𝑃1/2
𝑜
)4𝑠 → 3𝑠 2 3𝑝5 (
3𝑠 2 3𝑝 5 ( 2𝑃1/2
𝑜
)4𝑠 → 3𝑠 2 3𝑝5 (
3𝑠 2 3𝑝 5 ( 2𝑃3/2
𝑜
)4𝑠 → 3𝑠 2 3𝑝5 (
3𝑠 2 3𝑝 5 ( 2𝑃3/2
𝑜
)4𝑠 → 3𝑠 2 3𝑝5 (
3𝑠 2 3𝑝 5 ( 2𝑃3/2

2 𝑜
𝑃3/2 )4𝑝
2 𝑜
𝑃1/2 )4𝑝
2 𝑜
𝑃1/2 )4𝑝
2 𝑜
𝑃3/2 )4𝑝
2 𝑜
𝑃3/2 )4𝑝
2 𝑜
𝑃3/2 )4𝑝
2
5 ( 2 𝑜 )4𝑠
2
5 ( 2 𝑜 )4𝑝
3𝑠 3𝑝
𝑃1/2
→ 3𝑠 3𝑝
𝑃1/2
2
5 ( 2 𝑜 )4𝑠
2
5 ( 2 𝑜 )4𝑝
3𝑠 3𝑝
𝑃3/2
→ 3𝑠 3𝑝
𝑃3/2
2
2
𝑜
𝑜
)4𝑝
3𝑠 2 3𝑝 5 ( 𝑃1/2 )4𝑠 → 3𝑠 2 3𝑝5 ( 𝑃1/2

𝑬𝒊 (𝒆𝑽)
11.55
11.55
11.55
11.62
11.62
11.62
11.55
11.72
11.72
11.62
11.62
11.55
11.83
11.62
11.83

𝑬𝒋 (𝒆𝑽)
13.33
13.30
13.28
13.33
13.30
13.27
13.17
13.33
13.28
13.17
13.15
13.08
13.33
13.09
13.28

Table 4.3: Spectroscopic parameters of the identified argon II emission spectral lines to calculate the
temperature.
Wavelength (nm)
750.52
779.54
801.75
810.37
841.19

𝑨𝒌𝒊 (𝒔−𝟏 )
4.50 x 107
8.30 x 10-2
9.00 x 105
2.50 x 107
2.23 x 107

𝒈𝒌
5
7
3
3
7

Transition
3𝑠 2 3𝑝4 ( 3𝑃)4𝑝 → 3𝑠 2 3𝑝4 ( 1𝐷)3𝑑
3𝑠 2 3𝑝4 ( 3𝑃)4𝑑 → 3𝑠 2 3𝑝4 ( 3𝑃0 )4𝑓
3𝑠 2 3𝑝4 ( 1𝐷)4𝑠 → 3𝑠 2 3𝑝4 ( 3𝑃)4𝑝
3𝑠 2 3𝑝4 ( 3𝑃)3𝑑 → 3𝑠 2 3𝑝4 ( 3𝑃 )4𝑝
3𝑠 2 3𝑝5 ( 3𝑃 )4𝑑 → 3𝑠 2 3𝑝5 ( 3𝑃)4𝑓

𝑬𝒊 (𝒆𝑽)
19.97
22.79
18.43
17.78
22.84

𝑬𝒋 (𝒆𝑽)
21.62
24.38
19.97
19.31
24.31

Table 4.4: Spectroscopic parameters of the identified argon I resonant emission spectral lines to
calculate the temperature.
Wavelength (nm)
696.54

𝑨𝒌𝒊 (𝒔−𝟏 )
6.40 x 106

𝒈𝒌
3

763.51
772.42
811.53

2.45 x 107
1.17 x 107
3.30 x 107

3
3
3

Transition
𝑜
𝑜
)4𝑠 → 3𝑠 2 3𝑝5 ( 2𝑃1/2
)4𝑝
3𝑠 2 3𝑝 5 ( 2𝑃3/2
2
2
𝑜
𝑜
)4𝑠 → 3𝑠 2 3𝑝5 ( 𝑃3/2
)4𝑝
3𝑠 2 3𝑝 5 ( 𝑃3/2
2
5 ( 2 𝑜 )4𝑠
2
5 ( 2 𝑜 )4𝑝
3𝑠 3𝑝
𝑃1/2
→ 3𝑠 3𝑝
𝑃1/2
2
5 ( 2 𝑜 )4𝑠
2
5 ( 2 𝑜 )4𝑝
3𝑠 3𝑝
𝑃3/2
→ 3𝑠 3𝑝
𝑃3/2

𝑬𝒊 (𝒆𝑽)
11.55

𝑬𝒋 (𝒆𝑽)
13.33

11.55
11.72
11.55

13.17
13.33
13.08

4.2 Boltzmann plots
Due to the fact that the spectrum has been measured on different heights with varying voltage, ten
spectra are obtained. This in combination with the classification of different groups many Boltzmann
plots have been acquired. In total 40 plots: argon I, argon I resonance, argon I without resonance (to
see the influence of it) and argon II, ten of each. For convenience only the plots with the input
voltage of 400mV with the height of the copper (0.0cm) will be shown. Other plots can be found in
Appendix 2.This specific voltage and height has been chosen for the reason that it does not only have
the α-mode but also the 𝛾-mode. Results of argon I with and without the resonance lines can be
found in Figure 4.3, here is 𝐸𝑗 denoted as 𝐸𝑘 as well in the rest of the report.

Figure 4.3: (a) On the left the Boltzmann plot of Argon I with all identified emission lines, and (b) on the right
without the resonance lines.

It can be seen that the slope of the Boltzmann plot on
the right is just a bit steeper than the one on the left.
This is the result of excluding the resonance lines,
which are much more intense than the other lines. In
Figure 4.4 the Boltzmann plot of the resonance lines
only can be seen. This supports the earlier statement
of the influence on the slope of the argon I. It is quite
steep and therefore enhances the slope of the
emission lines on the left in Figure 4.3.
A similar comparison of the influence of different
groups can be made by comparing the plot of Figure
4.3.b with the Boltzmann plot in the 𝛾-mode and with
the plot of argon II. These are shown in Figure 4.5 and
Figure 4.6.
Figure 4.4: Boltzmann plot of the resonance lines.

Figure 4.5: (a) On the left the Boltzmann plot of Argon I without resonance lines, and (b) same for Argon I but
in the 𝛾-mode on the right.

Figure 4.6: (a) On the left the Boltzmann plot of Argon I without resonance lines, and (b) same for Argon II on
the right.

The Boltzmann plots looks quite similar to each other in the first figure (Figure 4.5: comparison
between the two modes). Nevertheless a small difference in the slope will result in a total different
temperature which will be shown in the next part. In the second Boltzmann plot comparison Figure
4.6: between argon I and argon II, differences are more clearly visible. Argon II needs a higher energy
and on top of that the range of the energy of the Ln()-function on y-axis is much larger, which results
in a much steeper slope.

4.3 Temperature results
With the earlier shown Boltzmann in addition to the plots in Appendix 2, the temperature of the
argon plasma can be estimated and compared in different situations and groups. The temperature
results of the calculation according to Formula 8 is shown in Figure 4.7 for argon I. Nevertheless all
Boltzmann plots should have a negative slope. Therefore the absolute value has been taken to
calculate the temperature.

Figure 4.7: Temperature results with the input voltage of 200mV in grey, with the input voltage of 400mV
including the resonance lines in red, and without in blue.

Similar can be done for argon II (Figure 4.8) and comparison between the two modes for argon I
(Figure 4.9).

Figure 4.8: Temperature results with the input voltage of 200mV in grey, with the input voltage of 400mV in
red. (Both excluded resonance lines)

Figure 4.9: Temperature results with 𝛼-mode in grey, with 𝛾-mode in red. (Both excluded resonance lines)
All these results can also be combined to make an even clearer overview by using bar charts.
Therefore the averages of each mode and element have been taken over the voltages and heights.
So it is possible to make comparisons between them all. This bar chart is shown in Figure 4.10.

Figure 4.10: Bar chart overview of all modes in both Argon I and Argon II.
As can be seen, the resonance lines do in fact have a big impact on the estimated temperature of
argon I. In case of the 𝛼-mode; the average temperature with resonance (depicted in orange) is
2710K, while without the temperature is estimated on 2523K. In case of the 𝛾-mode; the average
temperature with resonance (depicted in orange) is 2786K, while without the temperature is
estimated on 2310K. Because no resonance lines were found of argon II the average temperature will
be the same; 2372K in case of the 𝛼-mode and 2681 in case of the 𝛾-mode.

5. Conclusion
The influence of different plasma modes and heights on the estimated temperature of
radiofrequency induced argon plasma at atmospheric pressure has been investigated by using the
Boltzmann plot method. The obtained spectra were clearly dominated by argon emission lines, as
expected. In total there were 20 spectra lines established and arranged in different groups; atomic,
ionic and atomic resonance lines. Boltzmann distribution function could be plotted by using the
spectroscopic data and obtained spectra for each different group and an extra group all atomic lines
including the resonance lines. On the basis of these obtained Boltzmann plots the influence of
heights, voltages on the estimated temperature in different modes could be investigated.
Firstly, it was found that including the atomic resonance lines increases the estimated temperature
drastically, as can be seen in Figure 4.10. This average increase for the atomic temperature by
including resonance lines was 187K in case of the 𝛼-mode (from 2523K to 2710K), and 263K in case of
the 𝛾-mode (from 2310K to 2786K). The higher temperate average of the 𝛼-mode is a consequence
of ionization domination in that mode as mentioned in Section 2.1. Nevertheless is this not the case
for the argon ion as can be seen in the same figure.
Secondly, it was found that the estimated temperature seems to act linearly with the height in
different modes according to Figure 4.9. The estimated temperature at the height of 0.0cm appears
to be 1951K and at the height of 1.0cm it is 2669K in case of the 𝛾-mode, an increase of 718K over
one cm. In case of 𝛼-mode it appears to be 2375K at height 0.0cm and 2988K at the height of 1.0cm,
an increase of 613K. The difference is approximately 100K.
The third conclusion that can be made of the obtained Boltzmann plots of Ar II is the estimated
temperature increases approximately linearly with the height and drops significantly when the RFinduced argon plasma leaves the quartz tube come in touch with the air in case of a 200mV input
voltage. From 3089K to 2233K over two centimetres. This finding results from Figure 4.8 and
supports the first finding. This happens on the contrary of a 400mV input voltage. This is because the
higher the input voltage is, the longer the plasma bulk will be as result of more available energy.
Nevertheless in this figure it is also clearly visible that something went wrong at the height of 1.0 cm
with the 400mV input voltage, which is probably too low. On top of this, the other measurements of
this voltage is not similar linear as the measurements of the 200mV input voltage. It seems that not
only the measurement of the 400mV input voltage at the height of 0.0cm is wrong, but also the
measurement in case of 200mV input voltage, when you compare this figure with the figure of Ar I. In
this figure (Figure 4.7) you can clearly see how the temperature should depend on the height and this
is quite similar for the 400mV input voltage in case of argon II. Therefore it can be concluded that the
linear behaviour should be less steep in case of argon II with the 200mV input voltage. From the
Boltzmann plot of argon I can also be concluded that the 400mV input voltage estimated
temperature at the height of 1.5 and 2.0cm should be a little higher as result of a longer and more
intense induced plasma.
So in brief, the temperature should act linearly as with the voltage as for the height independent of
the plasma’s mode and whether it the argon atom or ion. Atomic and/or ionic resonance lines should
be excluded in the temperature estimation as result of its extensive impact. The temperature of the
𝛼-mode is caused by the ionization domination in the plasma in contrast to the 𝛾-mode which is
dominated by localized events between the sheath and plasma bulk.

6. Discussion & recommendation
6.1 Points of attention
As mentioned in the previous part, some measurements were not that perfect as it should be. Some
were probably too strong or too weak. This can have multiple causes; alignment, plasma bulk
memory, shortage of data points and considering O2 reactions.
Firstly the alignment of the spectrometer. It was clearly visible that some measurements in the
Boltzmann distribution function plots were too weak and some probably too strong. Not aligning the
spectrometer perfectly at different heights could have led to these irregularities.
The second point, plasma bulk memory, causes multiple unwanted outcomes. As mentioned in
Section 3.3 the plasma seems to have a sort kind of memory, in the way that the plasma mode have a
higher chance to have the same state over and over again after turning the input voltage off for a
small time. And even after a while one state can still become the other state if some irregularities
happen. This causes the emission spectrum to drift in intensities. This results in a shortage in some
data points, which is also the third point of causes. It was hard to get the 𝛾-mode for different
voltages and heights due to the memory of the plasma bulk. It was not the first intention of this
research to estimate the temperature of the plasma, and therefore not enough attempts have been
made to realise this. Nevertheless the obtained results was still enough to see the bigger picture, but
to get a better picture of what is happening more attempts should have been made. For the same
reason as just mentioned, more explicit measurements could have been executed to obtain as many
results for argon II as for argon I at all heights. With this better comparisons and clearer conclusions
could have been made.
The fourth point, also the last point, to be addressed is considering Ar-O2 reactions. When the plasma
particles leave the quartz tube it will come in touch will air and mostly with O2 and therefore it can
undergo specific reactions. For this reason it is possible that not all identified emission lines are
purely argon, but also any reaction product of argon and oxygen.
These four points together can have an effect on the Boltzmann distribution function plots, and thus
directly and/or indirectly the estimated temperature. A clearer linearity between atomic and ionic
temperature in different modes depending emission lines and heights could have been established.

6.2 Recommendations
Some recommendations to address the different causes can be made.
Number one; A laser could be added just beneath the spectrometer to be certain the spectrometer is
aligned perpendicular to the plasma jet or an adjustable spectrometer tripod that is mounted in the
middle of a side of the iron layout, to align it more precisely next time.
Number two; the function generator should be turned off for at least 10 min to be certain the
memory of the plasma bulk has been ruled out. It will take more time to get more measurements for
each mode, nevertheless it will be assured that better comparisons between argon I, argon II and
resonance lines can be made.
Number three; Reaction product with air should be included when identifying each spectrum
emission lines to be certain that estimated temperature is purely of the induced argon plasma.
A future research on ‘How to ensure which plasma mode it starts with.’ would help many researches
on plasma and the influence of it on creating materials for instance on dust growth
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Appendices
Appendix 1: Transmission rate
Transmission rate: Quartz tube in blue, Pink without.

Appendix 2: Boltzmann plots
2.1 Ar I Boltzmann plots
All plots have title with the according input voltage, height and mode.

2.2 Ar I without resonance Boltzmann plots
All plots have title with the according input voltage, height and mode.

2.3 Ar I – resonance Boltzmann plots
All plots have title with the according input voltage, height and mode.

2.4 Ar II Boltzmann plots
All plots have title with the according input voltage, height and mode.

