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Abstract

The atomic hydrogen density has been determined in the nano-PSI setup at DIF-
FER. This plasma parameter is key in research to hydrogen retention in multi-
layer mirrors, focused on preventing damage to plasma-facing mirrors in VUV
spectroscopy systems and EUV lithography applications. In this report, a new
spectroscopic method is verified to measure the hydrogen dissociation degree:
actinometry. By comparing the spectral intensity of hydrogen peaks with peaks
of a known amount of argon the ratio of ground state densities can be obtained,
from which the dissociation degree can be calculated. From spectra measured
at various distances from the source the dissociation degree and requisite elec-
tron temperature are determined. Results are compared with previous TALIF
measurements on the same plasma source. A difference of one to two orders
of magnitude is observed, which cannot be explained by experimental factors.
Fundamental theoretical corrections will have to be made, but this undermines a
main advantage of actinometry over other techniques, it’s simplicity. Therefore it
is questionable whether actinometry has future uses in the nano-PSI.
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1 Introduction

Spectroscopic instruments are important diagnostic tools used in ITER. From
measured spectra information can be gathered to determine important plasma
parameters, such as impurity species and density, ion temperature, input particle
flux and current density. [1] The measured light is redirected with plasma facing
mirrors, which introduces not only problems with material erosion and depo-
sition, but also hydrogen retention within the mirror. Hydrogen atoms can be
retained between mirror layers, causing blistering and thus damaging the mirror.
[2] Preventing this improves the lifetime of diagnostics in future fusion reactors.
Aside from the relevance for fusion research, there are also industrial applications
where blistering of multi-layer mirrors is a problem. Mirrors used in EUV light
sources in lithography are under similar plasma conditions, where blistering is
one of the sources of damage. In both fields, there is also interest in cleaning
the expensive mirrors using hydrogen plasmas. [3, 4] Because this cleaning pro-
cess works by chemical reactions between atomic hydrogen and the pollutant,
the atomic hydrogen density is the key parameter.

The broader scope of this research focuses studying hydrogen retention in
plasma-facing materials under low-pressure hydrogen plasmas in the nano-PSI
setup at DIFFER. This project specifically aims to characterise the hydrogen atom
flux on the surface by measuring the degree of dissociation of hydrogen in the
plasma. In plasma research this is usually done by complicated and expensive
two-photon laser induced fluorescence (TALIF) measurements. [5, 6] There is
however a different method used in the chemical deposition field, actinometry,
which is based on optical emission spectroscopy (OES). [7] This method has seen
very little use in fusion research as of yet, however it has potential to be a cheap
and simple diagnostic method. Verifying this new method is the main goal of this
project:

Can H/Ar actinometry be applied for measuring hydrogen disassociation de-
gree in the nano-PSI?

Actinometry is based on the concept that the intensity of a spectral line reflects
the population density of a certain species. To utilise this relation, a small, known
quantity of an inert gas (Ar in this project) is added as a reference gas. The ratio
of line intensities from H and Ar can then be used to derive the ratio of H and Ar
atoms in the mixture, from which the degree of dissociation is calculated. Knowl-
edge of the degree of dissociation then provides a link between plasma intensity
and damage to multi-layer mirrors.
Validation of measurements using the actinometry method will be done by com-
paring degree of dissociation with previous measurements for a similar plasma,
using two-photon laser induced fluorescence (TALIF). Results are expected to be
similar to results of Vankan et al., though slight experimental differences impede
direct comparison. [6]
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2 Theory

2.1 Introduction to actinometry
Actinometry is a relatively simple optical emission spectroscopy method to mea-
sure ground state density of species in a plasma. A small, known quantity of a
noble gas, the actinometer, is added to the plasma. In this study argon is added
to the hydrogen plasma for reasons described below. Since the spectral line in-
tensity is related to the species density, comparing the intensity of the hydrogen
peaks to intensity caused by the known amount of argon gives a relation between
both densities. This method is quite powerful, but there are a few requirements
for actinometry to work. [7]

1. The actinometer must not disturb the plasma, so only a small amount can
be added.

2. The measured species must be excited by direct electronic impact from the
ground state, and de-excited must be radiative (no quenching), in other
words, the corona model must be valid. [8]

3. Excitation cross-sections must be similar in terms of shape and electron
threshold energy for the considered spectral lines.

If these requirements are not met, corrections can be made to guarantee proper
results in some cases.

In this case, Argon is chosen as the actinometer because the excited states 2p1
and 2p9 state have a excitation threshold energy close to that of the H(n = 3)
and H(n = 4) states (resp. 13.48 and 13.08 eV compared to resp. 12.11 and 12.76
eV). Radiative transitions from these states give the following significant spec-
tral lines: Ar(750.4), Ar(810.3), Hα(656.2) (Balmer alpha) and Hβ(486.2) (Balmer
beta). The difference in threshold energies is expected to be small enough that re-
sults remain valid. [7] To satisfy actinometry condition (1) a mixture percentage
of about 5-10% can be used. [4, 9]

2.2 Fundamental relations
Since it is assumed that all de-excitations are radiative, the measured intensity of
a spectral line Iik can be directly related to the excitation rate Xi, where i denotes
the excited state and k the state it decays to. This relation is given in eq. 1, where
Aik
Ai

is the branching ratio of the specific transition and Ncal,ik is a wavelength
dependent calibration factor. [5]

Xi
Aik
Ai

∝ Ncal,ik Iik (1)

The proportionality is constant over the entire spectrum, so other factors don’t
have to be taken into account when comparing two spectral lines. [9]
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The excitation rate for transitions from the ground state to state i can be de-
scribed by eq. 2, where n0 and ne are the ion and electron densities, σi is the
excitation cross-section, f (E) is the electron energy distribution function (EEDF)

and v =
√

2E
me

is the electron velocity. [5]

Xi = n0ne

∫ ∞

0
σi(E)

√
2E
me

f (E)dE = n0ne〈σiv〉 (2)

If a Maxwellian EEDF is assumed, the excitation coefficient 〈σiv〉 can be easily
calculated using literature cross-section data.

An expression for the ratio of dissociation can be derived by taking the ratio
of excitation rates of the spectral lines used, using both eq. 1 and eq. 2

XH
i

XAr
j

=
nH

0 〈σiv〉H

nAr
0 〈σjv〉Ar

=
AH

i
AH

ik

AAr
jk

AAr
j

NH
cal,ik IH

ik

NAr
cal,jl I

Ar
jl

(3)

By rewriting this relation and introducing nH2
0 on both sides, an expression for

the ratio of dissociation is found, eq. 4. Because the H2/Ar ratio is known for
the input gas mixture and Ncal is found by calibration, all terms are known so the
ratio of dissociation can be calculated.

nH
0

nH2
0

=
nAr

0

nH2
0

〈σjv〉Ar AH
i AAr

jk

〈σiv〉H AH
ik AAr

j

NH
cal,ik IH

ik

NAr
cal,jl I

Ar
jl

(4)

The dissociation degree β can then be calculated from the ratio with the fol-
lowing equation. [6, 10]

β =
1

1 + 2nH2
0

nH
0

(5)

2.3 Electron temperature

For the calculation of the excitation coefficient 〈σiv〉 mean electron temperature
is essential, as this determines the shape of the Maxwelllian EEDF. Fortunately
electron temperature can also be derived from the measured spectrum, so no ad-
ditional experiments are necessary. Since the H(n = 3) and H(n = 4) states have
a different energy thresholds, the ratio of their excitation rates changes as func-
tion of electron temperature. Therefore the ratio of measured intensity of both
peaks reflects the electron temperature. According to Boltzmann statistics the
population of excited state nm with energy Em is given by eq. 6, where N is the
total population density, Z is the partition function, gm is the statistical weight of
the energy level.

nm = (N/Z)gmexp(−Em/kbTe) (6)
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The population density of the excited states is related to the measured intensity
by the branching ratio: Imn ∝ Nm Amn. This can be used to get a relation between
the ratio of measured intensities and the electron temperature, eq. 7. [11]

Iα

Iβ
=

Aαgmα

Aβgmβ
exp

[
−

Emα − Emβ

kbTe

]
(7)

Solving for electron temperature Te results in eq. 8.

Te =
Emβ − Emα

kb ln
[

Iα Aβgmβ

Iβ Aαgmα

] (8)

It is important to note that this expression is based on the assumption of a Boltz-
mann distribution of the excited states. This assumption is only valid for plasmas
in local thermal equilibrium (LTE). This is the case for high enough electron den-
sity (10× 1023 m−3 for a hydrogen plasma with a Te of 0.5 eV). It is expected that
this does not hold entirely for the experiments at hand, but in this case the as-
sumption of a Boltzmann distribution will give an upper bound to the electron
temperature. [12]

2.4 Relevance of (de)-excitative processes

Because the ground states of the particles are of interest, and the number of
excited atoms can be measured with spectroscopy, it is important to have de-
tailed knowledge about the (de)-excitative processes occurring in the plasma. The
corona model is used as a basic approximation of the physical processes leading
to the intensity of the emitted light, this is a requirement for the relatively simple
equations given in section 2.2. If more complex processes occurring in the plasma
are significant, corrections can and have to be made in order to acquire accurate
results. In this section the most significant plasma processes will be explained,
while in section 5 their influence and relevance will be discussed to verify the
assumptions made in section 2.1.

Excited states can be reached by more processes than just direct excitation
from the ground state. Higher order excited states do not necessarily decay to
the ground state immediately. Transitions can also happen step by step, in a so-
called radiative chains. In this way the effective excitation rate of the relevant
excited state is higher than predicted by the corona model. There are also meta-
stable excited states at a lower energy level (The H(n = 2), Ar(3P0) and Ar(3P2))
which can be excited to the relevant state. This excitation path can play a major
role in the population distribution. [7] To take these excitation paths into account
properly, a collisional radiative model could be used, which can describe the dis-
tribution of excited states more accurately. [13]
Secondly, atoms can be left in an excited state when molecular hydrogen dissoci-
ates. These excited states are unaccounted for with the assumption of the corona
model. This can be compensated for as described in Abdel-Rahman et al. [5]
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Another method to reach the excited states is recombination. When electrons re-
combine with ions they don’t necessarily form a ground state atom. This process
might be relevant if recombination rate in the plasma is high.

Excited states can also be lost by processes other than radiation. The main
process here is quenching. Quenching is the loss of excited states by inelastic
collisions with other heavy particles. Energy of the excited state is transferred to
translational, vibrational or rotational energy. Molecular hydrogen is the main
quenching species, due to its relatively high density and large variety of rovibra-
tional states. If the quenching rate is known it can be corrected for in a straight-
forward way, by taking it into account as a new decay branch and correcting the
branching ratio of the measured line. [4, 9]
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3 Experimental Setup

3.1 Nano-PSI
Experiments have been done on the nano-PSI setup at DIFFER. The nano-PSI
generates a low electron temperature plasma with a cascaded arc plasma source.
The setup consists of a spherical vacuum chamber (radius around 30 cm) which
is pumped with a combination of a roots pump and a turbo-molecular pump to
a base pressure of about 1× 10−7 mBar. The source is mounted vertically with a
distance of (85± 1)mm to a sample mount holding a molybdenum plate. Sev-
eral quartz windows are installed on the vessel for optical diagnostics, and 974B
QuadMag pressure transducer (MKS Instruments) is present. The plasma source,
depicted in fig. 2b, is run with a discharge current of 40 A and a voltage of around
150 V. The input gas flow rate is measured with the MF1 mass flow controller by
MKS Instruments. A mixture of 2.0 slm hydrogen with 0.1 slm1 of argon is used,
because this results in a operational pressure (110 Pa) close to the one used by
Vankan et al. Because accuracy of the flow meters is limited, no variations of ar-
gon percentage have been used.

The cascaded arc source generates a plasma expansion characterised by three
zones: a supersonic zone close to the source, a shock zone where the Mach num-
ber approaches unity, and a subsonic zone. The three zones, as shown in figure
1, have different flow and diffusion characteristics, so plasma properties can be
expected to by quite different. [6]

1Standard litres per minute, volumetric flow rate at standardised conditions of 20 ◦C and 1
atmosphere
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Figure 1: Schematic cross-section of the plasma and optical setup. M denotes the
Mach number. The image is not to scale. Adapted from Vankan et al. [6]

3.2 Optical setup

The spectrum has been captured using a Avasoft three-channel spectrometer (see
appendix A for details), with incident light guided from the optical setup to
the spectrometer by a fibre. The optical setup consists of a diaphragm, lens
( f = 75 mm) and the fibre mount. Since only one fibre could be mounted, mea-
surements were done channel-by-channel. The spectrometer has a total range
of 450 to 810 nm with a resolution of 0.3 nm The entire optical setup has been
mounted on a vertical translation stage to measure over the full plasma height
range.

Alignment of the optical setup has been done with a laser by reversing light
direction, so the optical setup images the laser spot at a set distance. The height
has been calibrated with some millimetre paper inside the vessel, with an accu-
racy of ±1 mm. It also has to be noted that spectroscopic diagnostics produce
line-of-site integrated measurements, as all light from a certain solid angle will
be detected. This means that the ratios of peak heights will be line averaged.

Calibration of the spectrometer had been done for previous experiments, us-
ing a Labsphere integrating sphere. The emission spectrum of the sphere is well
known, and was measured with the spectrometer to determine wavelength de-
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(a) The optical setup used. Lens fo-
cal distance is 75 mm, diaphragm
was not used.

(b) Schematic cross-section of the
cascaded arc source. [14]

Figure 2: Details of the experimental setup.

pendant spectrometer sensitivity. The measured spectrum was corrected for stray
light, dark current, readout noise an normalised with the integration time. Re-
sults were averaged over 1000 measurements with integration times of up to 100
ms. The added optical components (quartz window and lens) have flat transmis-
sion curves in the used spectral region. The correction factor is determined as the
ratio of emitted spectral intensity to measured spectral intensity. This was com-
pared between all spectral lines used, which resulted in equal correction factors
(deviation of only 5%). With this result the fraction of correction factors Ncal,ik

Ncal,jl
is

concluded to be unity for results using both Hα and Hα.
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4 Results

4.1 Measured intensities
To get the ratio of peak heights, first the peaks had to be identified. From figure
3 the main spectral characteristics can easily be identified. The Ar(810.3) peak
could not be used unfortunately, because it is too close to the range limit of the
spectrometer, and measurements could not be trusted. Interestingly enough, the
resolution is high enough for the Fulcher-α band to be resolvable, which enables
other spectroscopic methods with this setup. [5, 10, 15] The spectrum is nor-
malised by subtracting the dark spectrum from the data. All spectra are averaged
over 10 measurements, with integration times between 100 ms and 2 s.

Figure 3: Overview of measured spectrum, with the relevant peaks labelled.
Spectra are shown of all measured heights to show reproducability of the spectra.
Please note that the Balmer alpha (Hα) peak is cut off.

Peak intensities

Peak intensity is assumed to have the same relation to peak height for all peaks,
so the ratios are the same. This can be assumed because previous research on this
setup determined instrument resolution as the main broadening factor. Therefore
it is sufficient to look at the peak heights, instead of integrating the peaks to get
the peak intensity. In figure 4 the peak heights of Hα, Hβ and the Ar(750.3) peak
are shown as a function of distance from the source. An exponential decay in in-
tensity is observed, which is to be expected. Peaks have been measured with and
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without (5.0± 2.5)% argon added. A relative uncertainty of 10% has been taken
for the peak heights, based on observations of visible fluctuations of the plasma.

It can be seen that the added argon has a small influence on the hydrogen peak
intensity, especially close to the source. This brings doubts to the actinometry
conditions described in section 2.1, but this influence is seen as negligible. More
noteworthy is the small ’bumb’ in intensity around 45 mm from the source. This
could be attributed to shock formation in the plasma expansion, as described
in Vankan et al.. [6] Interestingly enough the addition of a bit of argon seems
to change the properties of the shock formation, as hydrogen intensity shows a
much smaller ’bump’ when argon is added. The ’bump’ is even more pronounced
in the argon intensity profile.

(a) Peak heights of Hα (b) Peak heights of Hβ
(c) Peak heights of Ar(750.3)

Figure 4: Measured peak height of the respective spectral lines as function of
vertical distance from the source nozzle. Operational pressure of 110 Pa, source
current of 40A, mixture argon percentage is about 5%.

Intensity ratios

With the peak heights defined, the next step is to look at the ratio of peak heights.
All three combinations are relevant in this case, since the Te can be calculated
from the intensity ratio Hα

Hβ
and the degree of dissociation β from the ratio of both

Hα and Hβ to the Ar(750.3) peak. In figure 5 these ratios are displayed over the
measured height range.
In figure 5a it can be seen that the ratio of Balmer lines displays the same trend
with and without argon added, but there are significant differences. Again the
shock formation can be seen around 45 mm. The ratios with argon, shown in fig.
5b and 5c, behave similarly though the Hα curve is a bit more smooth. The ratios
break the trend close to the source, where the ratio starts dropping again. This
could be attributed to complicated plasma behaviour in the cascaded arc source.
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(a) Ratio of Hα/Hβ. (b) Ratio of Hα/Ar(750.3) (c) Ratio of Hβ/Ar(750.3)

Figure 5: Ratios of the measured peak heights. Mixture argon percentage is about
5%.

4.2 Electron temperature
The electron temperature is essential in the determination of the dissociation de-
gree with actinometry. It is however also an important plasma parameter in its
own right, which has been measured relatively accurately.
As described in section 2.3, the electron temperature Te can easily be calculated
from the intensity ratio of the hydrogen lines, under the assumption of a Boltz-
mann distribution for the excited states (eq. 8). This has been done with the data
in figure 5a, to be able to calculate the excitation coefficients in the next section
(sect. 4.3). For the energy levels of the H(n=3) and H(n=4) states, the transition
rates and statistical weights of Hα and Hβ data from Wiese et al. is used. [16] This
results in the electron temperature given in figure 6. The average electron tem-
perature in the plasma region near the sample holder is (0.28± 0.04) eV. This is
in accordance with the electron temperature given by Vankan et al. (0.3 eV), but
preliminary Langmuir probe measurements indicate a Te of 0.20 eV, so accuracy
of this result is questionable.

The electron temperature turns out to be fairly constant throughout the plasma,
except near the plasma source, which can be expected due to non-equilibrium in
the source. It is surprising however that the electron temperature appears lower
at the source than in the main volume. Since only near the source the Balmer
gamma peak was also observed, electron temperature has to be higher near the
source. This gives reason to believe that the EEDF is not Maxwellian in this re-
gion. Naturally effects of the shock formation can also be seen in these results.
Interestingly enough the electron temperature seems to lower when adding ar-
gon. This is not expected, as a pure argon plasma has a higher Te in the nano-PSI.
A higher Te could be explained by the increased energy transfer to electrons in
elastic collisions considering the higher atomic mass of argon.

13



Figure 6: Measured electron temperature as function of vertical distance to the
source.

4.3 Excitation Coefficients

The total cross-section can be calculated using equation 2,

〈σiv〉 =
∫ ∞

0
σi(E)

√
2E
me

f (E)dE (9)

where f (E) (the EEDF) is assumed to be Maxwellian:

f (E) = 2
√

E/π
( 1

kbTe

)3/2
exp(−E/kbTe) (10)

Using these expressions with the Te shown in figure 6 and cross-section data σi(E)
from the IST-Lisbon database [17], the excitation coefficients for each excitation
reaction have been calculated. The calculated ratios of the coefficients are shown
as a function of distance to the source in figure 7. Both ratios follow the exact
same trend, although on a different order of magnitude. Again the shock forma-
tion can be seen, as well as the effect of lower Te relatively close to the source. Due
to the high sensitivity to uncertainty in Te and uncertainty in cross-section data,
results have a relative uncertainty of 80%, based on an analysis of sensitivity to
electron temperature.
The coefficients have also been calculated at 1 and 2 eV (table 1) to compare the
accuracy of cross-section data and calculations to literature values given by Gic-
quel et al. [7] Calculated values differ from literature values by about a factor of
two, but differences can be explained by uncertainty in the cross-section data set.
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(a) Coefficient ratio Ar(750.3)/Hα (b) Coefficient ratio Ar(750.3)/Hβ

Figure 7: Excitation coefficient ratios of Ar(750.3) with Hα and Hβ in the mixed-
gas plasma. Relative uncertainty of 80%.

Table 1: Calculated excitation coefficients of all relevant excitations (from the
ground state) compared to literature values at 1 and 2 eV. All values in cm3 s−1.

2 eV 1 eV
Calculated Gicquel Calculated Gicquel

H(n=3) 8.7877E-12 4.8E-12 1.6808E-14 1.9E-14
Ar(2p1) 1.2306E-12 2.52E-12 7.4306E-16 5.3E-15
Ar(2p9) 1.2154E-12 7.31E-13 7.204E-16 3.26E-15

4.4 Branching ratios

Branching ratios are calculated with transition rate data from Wiese et al. [16, 18],
the results can be found in table 2. Uncertainty of transition rates is relatively
low, especially for the well-studied hydrogen transitions. The branching ratio for
the argon excited state approaches unity, which is reflected in the absence of a
spectral line at 667.7 nm.
Again the ratio of branching ratios is relevant in the calculation of the degree of
dissociation:

• Ar(2P1)
Hα

= 2.3± 0.3

• Ar(2P1)
Hβ

= 3.6± 0.5
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Table 2: Branching ratios for all relevant transitions. Transition rates from Wiese
et al. [16, 18]

Name Transition Rate [s−1] Branching ratio

Balmer alpha 3 -> 2 4.41E-7 0.442± 0.002
Lymann beta 3 -> 1 5.58E-7 -

Paschen alpha 4 -> 3 8.99E-6 -
Balmer beta 4 -> 2 8.42E-6 0.279± 0.001
Lymann gamma 4 -> 1 1.28E-7 -

Ar(750.3) 4p′[1/2]0 -> 4s′[1/2]1 4.45E+7 1.0± 0.1
Ar(667.7) 4p′[1/2]0 -> 4s′[3/2]1 2.36E+5 -

4.5 Degree of dissociation
As described in section 2.2 the degree of dissociation can be calculated using only
the ratios of intensities, excitation coefficients, branching ratios and gas inflow.
The ratio of detector sensitivity has been determined at unity by relative calibra-
tion (sect. 3.2). Applying the previously presented data, β is calculated using
both the Hα and Hβ peaks, shown in figure 8a. Statistical uncertainty of the calcu-
lated degree of dissociation is determined at 48%, with as main uncertain factors
the input gas ratio (50%) and cross-section ratio (80%).

(a) Actinometry results (1̃10 Pa) (b) Vankan et al. TALIF results [6]

Figure 8: Dissociation degree as function of height.

Comparison with Vankan et al.

These results can be directly compared with results of Vankan et al. who mea-
sured the degree of dissociation using TALIF. [6] For these measurements the
same type of source was used, so experimental circumstances can be assumed to
be very similar. Main differences are the type of nozzle and source current. The
source nozzle design has been improved so an increase of β of a factor 2 is ex-
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pected, [6] and due to the lower source current (40A vs 60A) β might be lower.
All in all, the dissociation degree is expected to lie just below the 100 Pa measure-
ments of Vankan et al., shown in figure 8b.

When comparing the actinometry data to Vankan’s results, a few things need
to be considered. Actinometry is only expected to be valid past the shock front
in the subsonic part of the expansion, see figure 1. Based on the observed ’bump’
in the peak heights (sect. 4.1), this is the region between 60 and 90 mm from the
source. In this region the linear trend in the data is similar to Vankan’s results,
only the dissociation degree is a factor of 5 lower than expected (taking into ac-
count the experimental differences).
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5 Discussion

5.1 Discussion of theory
As described in section 2.1 the actinometry method is based on 3 assumptions:
no disturbance due to the addition of argon, the corona model must be valid and
excitation cross-sections of used spectral lines have to be similar. Of these criteria,
the assumption of the corona model is most complicated, since detailed knowl-
edge of plasma processes is required. This assumption will be discussed here,
while the other two will be discussed with the results in section 5.2.

• Quenching
Quenching of excited states by H2 can play an important role in their pop-
ulation balance. In general quenching cross-sections are dissimilar between
excited states, and therefore this effect doesn’t cancel out with the actinom-
etry method. [19] In this application quenching is expected to be negligible
due to multiple reasons. First of all, pressure is relatively low. Therefore
there are few heavy particle collisions, especially for H2-atom collisions, be-
cause the percentage of atoms is low. Thus, the radiative lifetime of excited
states is short (H(n=3): 10ns, H(n=4): 30ns, Ar(2p1): 22 ns), compared to the
timescale for heavy particle collisions (240 ns at 110 Pa and 400 K). [16, 18]
All in all, the influence of quenching on the population of excited states is
deemed very small.

• Excitation through metastable states
The second process which might disturb the corona model assumption is
excitation through the metastable 4s states of argon (4s′[1/2]1 and 4s[1/2]1)
and the 2s state of hydrogen. Since metastable states have considerably
longer lifetimes, they will be quenched more efficiently than the relevant
excited states. If these transitions do provide major paths to the relevant
excited states, they should be accounted for in order to correctly calculate
the degree of dissociation. The details of these processes have not been
researched, as the influence is probable to fall within the uncertainty of
the current results. Should more accurate measurement require account-
ing for metastable excitation, more rigorous population models will have to
be made.

• Excitation through radiative chains
In general the relevant excited states can also be reached by decay from
higher states. This has been neglected on the basis of the low electron
temperature, which makes the odds of significant amounts of atoms exist-
ing in such high excited state very low. This is verified experimentally by
the absence of the Balmer gamma peak in most of the measured spectra.
The Balmer gamma peak was observed near the plasma source, indicating
higher Te there.
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• Dissociative excitation
Dissociative excitation is seen as a process which could be very relevant in
the population equilibrium. In the experimental circumstances in nano-PSI
it is probably negligible. This is because the dissociation energy of 4.5 eV
increases the threshold energy for the excited state, combined with a much
smaller cross-section, makes the excitation rate orders of magnitude lower
compared to direct excitation. [7, 20] In the case that dissociative excitation
proves to be relevant, simple corrections can be found in Abdel-Rahman et
al.. [5]

There are many more processes possible within a H2 − Ar plasma, such as
recombinative excitation or collisional mixing, but these are not expected to be
important for the results of this study, as their influence is expected to be negli-
gible compared to the experimental uncertainty. When considering the relevance
of these processes it is important to note that the differences for the used excited
states is the only thing that matters. If both are affected in the same way, this does
not impact the accuracy of the results.

5.2 Discussion of results

In this section the results shown in section 4 will be discussed and the main causes
of systematic and statistical uncertainty will be given.

Experimental factors

Before discussion of the results, a brief insight will be given in a possibly major
experimental factor. Actinometry uses line-of-sight integrated spectral intensi-
ties, resulting in a line averaged degree of dissociation. This differs from TALIF
(the method used by Vankan et al.), which only measures one single point, in this
case at the plasma axis. [6] Since at the axis the plasma is most intense, the line
average will underestimate the degree of dissociation at the centre. Since surface
association is the main loss factor for hydrogen atoms at low pressure, significant
gradients could be expected in the radial atom density profile. [4] Because the
radial profile is so dependent on surfaces and flow geometry, it can vary quite a
bit between experimental setups. It is therefore necessary to measure the radial
hydrogen atom density profile in the nano-PSI. This is possible with the current
setup, as the line integrated values can be decomposed into a radial profile using
a reversed Abel transform. [7, 12] Unfortunately this has not been done as of yet
due to project limitations.

Measured intensities

The peak heights shown in section 4.1 have been averaged over 10 measurements
for integration times between 100 ms and 2 s. Still a conservative uncertainty of
10% has been taken, to account for fluctuations in operational pressure, calibra-
tion accuracy, and plasma stability. (Intensity fluctuations could be visibly ob-
served at some point.) The relative calibration measurements of the spectrometer
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were assumed to be done correctly, but this was not checked. This might intro-
duce some systematic uncertainty. The transmission curve of the quartz window
is flat, but there could be some pollution interfering with optical transmission.
Noise intensity appeared to be dependent on wavelength and integration time,
trends have been corrected for by subtracting a dark spectrum. In general the
signal to noise ratio, as can be seen in figure 3, was very high. The assumption of
a proportional relation between peak height and peak area (intensity) is expected
to be quite accurate, but in future simple peak integrations could be done to re-
duce possible uncertainties.

The resulting peak heights and ratio’s display mostly expected results (fig. 4),
as the intensity drops exponentially and effects of the shock front are visible at
reasonable distance from the source. Surprisingly, the addition of argon does re-
duce the measured intensity for the hydrogen peaks. This is most likely because
of the decrease of electron temperature caused by the addition of the argon, as de-
scribed in section 4.2. This observation seems to endanger actinometry criterion
1 (sect 2.1), however the effect is minor, especially in the subsonic region (60-90
mm from the source), which is the only region where actinometry is expected to
be valid anyway.

What is very interesting in in the results, is how the addition of just 5% of ar-
gon effects the shock formation. The shock front observed in the hydrogen peak
height data becomes much less pronounced compared to in the pure hydrogen
plasma. This suggests possibly major changes in the dynamics of the shock front,
even when a little bit of argon is added. The shock front is also much more clearly
visible in the argon peak heights, indicating differences in transportation through
the plasma for both atomic species. Lots more research on this subject is done by
Vankan et al., though the results in this report show that optical emission spec-
troscopy could have research applications in this field. [6]

Electron temperature

The average electron temperature measured at (0.28± 0.04) eV is in good accor-
dance with Vankan et al., where an electron temperature of 0.3 eV was mentioned.
However, preliminary Langmuir probe data result in an electron temperature of
0.20 eV. This indicates that the Boltzmann assumption might not hold in the re-
gion near the sample mount. This is supported by the electron density measured
by the Langmuir probe (around 1× 1016), which is much too low for low thermal
equilibrium (LTE) to be reached (1× 1023 eV necessary). This also might influ-
ence the validity of the Maxwellian EEDF. [12] The observed decrease in electron
temperature closer to the source seems to be wrong, as the Balmer gamma peak
has been observed only close to the source. This indicates the Maxwellian is prob-
ably invalid in this region (the supersonic plasma region).
It should be noted that OES gives a line-integrated results, while the Langmuir
probe measurement is localised in the centre of the plasma. The Langmuir probe
is an intrusive method, so some differences can be expected between both meth-
ods. The Langmuir probe measurement is deemed to be more accurate because
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it is not reliant on an assumption like the Boltzmann state distribution for OES.

The electron temperature measured by OES has been used to calculate the de-
gree of dissociation, because it was preferred to keep the method non-disruptive,
as this is one of it’s main advantages. Estimates have been made about the influ-
ence of this overestimation on the degree of dissociation.

Excitation coefficients

The used ratio of excitation coefficients form the main statistical uncertainty source
for the dissociation degree. This has multiple reasons. First and foremost is the
uncertainty in cross-section data, especially for argon. Differences in data sets are
enlarged because of the low electron temperature requiring accurate data near
the threshold energy. Variation between results using different argon data sets is
on average 50%. To keep uniformity of data, all coefficients were calculated us-
ing experimental data from the IST-Lisbon database. [17] Secondly, the calculated
coefficients are very sensitive to electron temperature at this low Te, magnifying
uncertainty. This problem could be circumvented by choosing different peaks,
with a closer threshold energy.
As a result, the possibility for improvements in uncertainty of the ratio of exci-
tation rates is limited. Work is being done to unify the cross-section data, so in
future accuracy may be increased. [21]

Degree of dissociation

The main results in the subsonic plasma region, 0.2% at 60 mm from the source
(fig. 8a), can be described as a factor 5 lower than the results from Vankan et al.
(around 1% at 60 mm), while the same linear relation is observed. The statistical
uncertainty of the results is 48%, while the uncertainty of the TALIF measure-
ments by Vankan et al. is unknown. [6] The uncertainty is mainly because of
uncertainty in ratio of excitation coefficients (80%), but also due to limited accu-
racy of the used flow meters resulting in an uncertainty in the gas ratio of (50%).

It has to be said that the results presented here are directly applicable to a pure
hydrogen plasma, since the influence of the added argon is negligible. It is shown
that the peak intensities lower slightly, but the ratio remains close as can be seen
in the calculated electron temperature. In any case, the percentage of argon can
be lowered to increase accuracy, as long as the relevant argon peaks keep a proper
signal-to-noise ratio.

The accuracy of the results by Vankan et al. is unknown, but TALIF in gen-
eral is deemed as quite accurate. [5] Although Vankan et al. studied the same
type of plasma source, some modifications have been done since, and the over-
all setup and plasma parameters are not the same. For example, the presence of
the sample mount in the nano-PSI might lower the degree of dissociation due to
surface recombination, compared to Vankan et al.. The magnitude of this effect is
expected to be little due to similarities of the linear trend of results of this report
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and Vankan et al.. The source was also operated at slightly higher pressure (110
Pa vs 100 Pa) and a lower source current (40 A vs 60 A). The differences due to
line average (actinometry) versus point average (TALIF) also give a probable rea-
son for a lower degree of dissociation than measured by Vankan et al..

Because the Langmuir probe measurements indicate overestimation of the Te,
the true degree of dissociation is expected to be lower by one order of magnitude
more. This makes for a total difference of 1 to 2 orders of magnitude, which is
unlikely to be explained by experimental differences. This means that actinome-
try could be invalid to measure dissociation degree in the cascaded arc plasma in
nano-PSI, as it certainly does not confirm the method. However, it does not nec-
essarily disprove that actinometry as a method is valid, as it is possible that other
(de)excitation processes have influence on the state populations, which might be
corrected for. Further theoretical research is necessary to determine which factors
are of influence, so corrections can be made.
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6 Conclusion

In order to obtain the degree of dissociation, first the electron temperature had to
be determined using OES. The measured electron temperature ((0.28± 0.04) eV)
is in agreement with literature values for this source [6], however preliminary
Langmuir probe measurements show that this is inaccurate. This gives a strong
reason to believe that the assumption of a Boltzmann distribution of excited states
in the atomic hydrogen is not valid, which is in agreement with the observed
overestimation of Te by OES. [12]

In this study the degree of dissociation of a hydrogen plasma in the nano-PSI
(at 40A and 2 slm H2 flow) has been determined at (0.2± 0.1)%. However, due
to the expected deviation in electron temperature, a true degree of dissociation of
around one order of magnitude lower can be expected. From literature a dissoci-
ation degree of around 1 % is expected, measured using TALIF. [6] The difference
with these previous measurements is too significant to be explained by experi-
mental differences, such as the slightly different operational parameters, or the
effects of line averaging. The difference is most likely because of systematic un-
certainty in fundamental assumptions of actinometry, a Maxwellian EEDF and es-
pecially the corona model, could not be verified. The assumption of a Maxwellian
EEDF could be verified experimentally by future Langmuir probe measurements,
but this is not so easy for the corona model. It can be concluded the actinometric
method as described in this report cannot be verified experimentally.

For actinometry to be applicable relevant (de)excitative processes outside of
the corona model will need to be taken into account. Currently, excitation through
metastable states is deemed as a likely factor, but also recombinative excitation
could play a role. Further theoretical research is necessary to accurately deter-
mine the significance of these processes in the cascaded arc plasma. However, at
some point such complicated models might have to be implemented to correct
for other factors, that the whole point of actinometry as a simple non-intrusive
method is lost. Therefore it is possible that actinometry based on just the corona
model is not applicable on the expanding cascaded arc plasma in the nano-PSI.
Optical emission spectroscopy as a general method will work eventually, but the
question is how complicated the required models will be, and if the method will
still be advantageous compared to other techniques.

In future theoretical work will have to determine which processes should be
taken into account and if a more comprehensive model of these processes is worth
it. Apart from that there are a few experimental improvements which can be
made to strengthen the current results. The radial profile could be determined
using Abel inversion, so the results can be better compared with Vankan et al.
With better mass flow meters the gas mixture ratio will be more accurate, but
moreover the mixture ratio can be varied to verify the influence of the added
argon on the hydrogen plasma. The most improvements to the validation of acti-
nometry can be made by using a different measurement technique to eliminate
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experimental differences with Vankan et al.. When verified by another method,
actinometry could be used as non-intrusive in situ method for monitoring atomic
hydrogen density in plasma material interaction experiments in the nano-PSI.
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Appendix A. Avantes 3-channel spectrometer

Table 3: Details of the Avantes spectrometer. Housing type: AVS-DESKTOP-
EVO-USB3. More information can be found on www.avantes.com.

Wavelength range Grating type Options
300-457 nm UD DCL-UV/VIS-200, Slit-50
455-592 nm VD DCL-UV/VIS-200, Slit-25, OSF-550
590-810 nm NC DCL-UV/VIS-200, Slit-50, OSF-395-2
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