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Abstract. In low pressure low temperature plasmas (p~Pa, Tc ~eV) the
upper levels of the Balmer series of the hydrogen atom are populated by several
excitation channels. While electron impact excitation is dominant for so-called
ionizing plasmas (T. — 10€V), dissociative recombination (DR) via the molecular
ion HJ becomes dominant in so-called recombining plasmas (T. — <1eV). In the
intermediate range, several other channels may be relevant as well. The expansion
region of an ECR discharge, which represents such a plasma, is analyzed regarding
the composition of the excitation processes as well as the line profiles of the Balmer
series (for Ho to Hg). Significantly broadened line profiles compared to Doppler
broadening of thermal hydrogen atoms are revealed. The resulting line profiles
resemble two Gaussian components with distinct FWHM (narrow component close
to apparatus profile: & 25-30pm; broad component: =250-100pm), where the
broad part contributes to 10-40 % to the emissivity, depending on the individual
Balmer line and the plasma conditions. Collisional radiative modeling was applied
in order to determine the contributions of the different excitation channels. It
turned out that for each of the lines of the Balmer series, population via DR
contributes to the total excitation with a similar share as the share of the broad
component of the line profile. Hence, it is concluded that DR is responsible for
the broad component in the Balmer line profiles. The implication of this analysis
on the spectroscopic determination of the atomic hydrogen density using a simple
line ratio method (H, /Fulcher) is illustrated.
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1. Introduction

The Balmer series of the hydrogen atom (optical
transition n >3 — n’ =2) is one of the most common
observables of hydrogen discharges since it lies in the
visible spectral range (=370-656nm) and is thus
easily detectable. The entirety of its emission lines
is capable of giving a non-invasive insight into the
occurring plasma processes, since the upper states of
the Balmer series can be populated by several different
channels involving all the hydrogenic species (see [1-5]
for instance).

The relevance of a specific channel depends on
the particular plasma regime and can be determined
by reconstruction of measurements using collisional
radiative (CR) models. For low pressure low
temperature (LPLT) hydrogen plasmas it is known
that electron impact excitation (EE) from the
hydrogen atom, dissociative excitation (DE) from
the hydrogen molecule and dissociative recombination
(DR) from the molecular ion HJ are the dominant
population processes for the Balmer series [4,5].
The detailed analysis leading to this selection is
recapitulated in section 2. Further subdivision of the
prevailing excitation processes can be done by means
of the electron temperature T,: in plasmas with high
Te, which are commonly called ”ionizing plasmas”, EE
and DE via H and Hs, respectively, will dominate
the total excitation rate for Balmer emission. On
the other hand, for the low electron temperatures of
”recombining plasmas”, dissociative recombination via
H3 can be the dominant channel.

The combination of measuring the Balmer series
and CR modeling can moreover give access to the
densities and/or temperatures of the respective educt
species—atoms, molecules, ions and electrons—, which
is widely used as diagnostic tool: optical emission
spectroscopy (OES). As an example, the line ratio
of Balmer lines to the molecular Fulcher transition
is frequently utilized for an assessment of the atom-
to-molecule density ratio and thus of the atomic
hydrogen density [6-11]. Typically, only the EE
channel is considered in the evaluation procedure
and, expectably, severe discrepancies may occur when
further processes like DE or DR contribute to the
measured emission, which will be shown later on.

Apart from the absolute emissivity of a Balmer
line, specific population channels can also have an
influence on its spectral line profile. For instance,
energy release during the excitation process can
result in a hot translational energy distribution of
the emitting state and consequently to a strongly
broadened line profile. This and other effects related to
the line profile are discussed in section 3. Consequently,
besides CR modeling, the line profiles of the Balmer
series are another tool to gain access to the occurring

plasma processes in hydrogen discharges [12-27].

This paper describes the analysis of a hydrogen
discharge in a region of plasma expansion, i.e. in
a situation where all the three channels (EE, DE,
DR) play a role. The emissivities of the first four
Balmer lines H,, through Hs are evaluated by collisional
radiative modeling and the respective line profiles are
thoroughly analyzed. For the latter it will be shown,
that two distinct components (a “hot” and a ”cold”
one) can be identified and the respective widths as
well as the area shares of the two components are
correlated to the occurring plasma processes EE and
DR. The influence of neglecting the DR channel for
the evaluation of plasma parameters (here the atomic
density) via OES will be highlighted.

2. Exciting the Balmer series in low
temperature plasmas

Figure 1 (a) shows exemplarily the population
coefficients for excitation of the level n =25 by several
electron collision processes: electron impact excitation
of hydrogen atoms (H+e), dissociative excitation
from hydrogen molecules (Hs+e) as well as the
different recombination channels from the ionic species
(Hf +e, for z=1,2,3). The coefficients are calculated
with the collisional radiative (CR) model Yacora
H [5] for an electron density me of 3 x 106 m=3.
Redistribution processes within the hydrogen atomic
states are included for each of the population channels.
This means that, for instance, direct population by
dissociative excitation from hydrogen molecules is
followed by optical as well as electron-collision-induced
transitions among the hydrogen states. The depicted
population coefficient "Hy + €” represents the one for
equilibrium population of n =5 due to all the included
and redistributed dissociative excitation reactions (see
[6] for more detail). In part (b) of figure 1 the
corresponding contributions to the effective emission
rate coefficient for the H, line in equilibrium are shown,
assuming a density distribution of the hydrogen species
which is representative for LPLT hydrogen plasmas.
While dissociative recombination via the H; ion
predominantly populates the n =2 state, recombina-
tion from the proton HT (which includes three-body
as well as radiative recombination) mainly leads to
high-n states and furthermore requires high plasma
densities and low electron temperatures to be effec-
tive [1]. Consequently, even after redistribution, those
processes give only a negligible contribution to the ef-
fective emission rate coefficient of the H, line, as can
be seen in figure 1 (b). Moreover, they are in gen-
eral only of minor relevance for a discussion on all the
commonly observed Balmer lines in LPLT hydrogen
plasmas. Hence, for electron densities n, in the range
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(a) Population coefficients for excitation of the state n=5 of the hydrogen atom, calculated with the collisional

radiative model Yacora H [5] for ne = 3 x 1016 m~3. (b) Effective emission rate coefficient (”Sum”) for the Hy line (n=5 — 2,
A =434.05nm) together with the respective contributions from the channels shown in part (a). The following species densities were
used: ng, = 2 X 1029m=3, ng =1 x 1019 m~2 and Mg+ = Nt =Nyt = 1/3 ne =1 x 1016 m=3.

2 3

of 10*®-10'¥ m~3 and electron temperatures 7T, of 1-
10eV, the most relevant channels resulting in Balmer
emission are [5] electron impact excitation (EE) from
the hydrogen atom, dissociative excitation (DE) from
the hydrogen molecule and dissociative recombination
(DR) from the molecular ion Hj:

EE: H +e” — H(n)+e (1)
DE: Hy +e- — HMn)+H1)+e, (2)
DR : Hf +e= — H(n)+H(1) . (3)

The written reaction equations (1)-(3) only
represent the starting reaction, while for each of
the individual channels redistribution processes occur
afterwards within the n-system. However, the share of
these channels to the effective emission rate coefficient
in equilibrium still mainly depends on the rate of
these initial reactions, and thus on the densities of
the involved collision partners (H, Hp, H) and on
the electron temperature. Here, the rate coefficient
of the excitation processes from the neutrals H and
H; show the typical steep dependency from the
electron temperature due to the existing threshold
energies (13.1eV for EE, <17eV for DE depending
on the vibrational excitation of Hs [1,28]). In
contrast, the threshold for dissociative recombination
is negligible [1] and thus, the rate coefficient for this
channel is only slightly depending on T,. These
dependencies can still be seen in figure 1 (b) for
the equilibrium after redistribution. In consequence,
in plasmas with high electron temperatures, EE and
DE will dominate the total excitation rate, while for
low electron temperatures and/or comparatively low
atomic densities, dissociative recombination can be the
dominant excitation channel for the Balmer seriesi.

i Obviously, also the other recombinative processes for

3. Line broadening in low pressure low
temperature hydrogen plasmas

Besides natural line broadening, the line profile of
a particular Balmer line mn—n’ is determined by
the translational energy distribution of the particle
ensemble in the upper state n as well as by possible
disturbances of the energy of the involved levels n and
n/. For the former effect, the actual process populating
the upper state is the determining factor, while for the
latter case, effects like Stark or pressure broadening
and Zeeman splitting might by relevant.

Stark broadening results from the interaction of
the excited hydrogen atom—more precisely of its
dipole moment—with the electric field generated by
the charged plasma species [29]. It is a well-known
mechanism for broadening of Balmer lines [20-27], and
its influence depends strongly on the ion or electron
density and the respective emission line (increasing
with increasing quantum number). However, even for
the Balmer line emitting from n = 8 the FWHM due to
Stark broadening for n, = 10¥ m=3 is below 10 pm [23,
26]. Hence, for the Balmer lines analyzed in the current
LPLT plasmas (n < 6, n, < 1017 m~3), this mechanism
is negligible compared to other effects described below.
Collisions of the emitting hydrogen atom with other
neutral particles in the plasma is another cause for
line broadening. Due to the interaction the effective
lifetime of the emitting state is reduced which increases
the energy uncertainty of the state and thus, the
so-called van-der-Waals broadening of the Balmer
emission line may occur [29]. However, due to the

populating the n=2 and high-n states via H;’ and HT,
respectively, gain relevance under such conditions, which is
illustrated in [5] for instance.
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low pressure of LPLT plasmas (typically only several
Pa) together with the short range of the van-der-Waals
force, this mechanism can as well be neglected for the
present considerations. The presence of magnetic fields
can also result in broadening of the emission lines due
to the Zeeman splitting of the fine structure levels
(in the weak-field approximation) [29]. However, for
typical magnetic field strengths of less than 100mT
this effect can again be seen as negligible [28].

The most important influence on the line profile
of emission lines in hydrogen LPLT discharges is thus
the translational energy distribution of the emitting
state, which is discussed in numerous papers [12—
19]. If the energy distribution can be described
by a Maxwell-Boltzmann distribution, the effect is
referred to as Doppler broadening and the resulting
line profile is a Gaussian profile whose full width at
half maximum (FWHM) depends on the temperature
of the emitting state. Consequently, a discussion on
the line profile is directly transferred to a discussion
of the energy distribution of the state m and thus
to its underlying population process. If the upper
state n is populated by several processes with specific
impacts on its translational energy distribution, the
resulting line profile may even be composed of several
components, where the composition depends on the
relative contribution of the different channels.

In the following, the three main excitation
channels for Balmer emission EE, DE and DR are
discussed regarding their fundamental influence on
the line profile. Only the initial direct processes
(1)-(3) are considered due to their presumable
dominant influence on the equilibrium translational
energy distribution, while possible secondary influences
arising from redistribution are neglected here.

EE During an EE process (1) the translational energy
distribution of the atom is directly transferred to
the excited state due to two reasons: (i) electrons
colliding with hydrogen atoms cannot effectively
transfer momentum and (ii) the rate for electron
collision excitation is only negligibly depending
on the translational energy of the hydrogen atom
(the relative energy is still defined by the electron
energy). Hence, independently of the actual
excited state its energy distribution is determined
by the energy distribution of the ground state
hydrogen atoms. The Doppler line profiles should
thus be independent of the specific line (apart
from the dependency from the wavelength). The
FWHM for an atomic hydrogen temperature of
1000 K would for instance be 15 pm for H, down
to 9 pm for Hy.

In LPLT plasmas, atoms are mainly produced
by electron impact excitation of ground state
hydrogen molecules into the repulsive state b3%F,

which leads to immediate dissociation into two
ground state hydrogen atoms. The atoms gain
kinetic energy by leaving the molecular potential
via the anti-bonding curve. This so-called Franck-
Condon-Energy (FCE) reaches up to more than
2eV per atom. In equilibrium an atomic energy
distribution can be obtained, which exhibits a
distinct high-energy tail (see [30] for instance).
Thus, broadened line profiles with FWHM of more
than 70 pm for H,, (45 pm for Hs) can be achieved.
If the energy distribution of the hydrogen atoms
can be described by a ”"cold” and a ”hot” part,
also the resulting line profile is composed of two
components and the share of these components is
constant for all emission lines.

DE Dissociation of hydrogen molecules can also
directly lead to hydrogen atoms in an excited
state via the dissociative excitation channel (2).
This process proceeds via highly excited molecular
states and thus, energetic excited atoms can be
produced by leaving the molecular potentials [14,
28]. As long as the radiative de-excitation rate is
higher than the rate for thermalizing collisions—
which is the case for the present investigations—
, this ”hot” ensemble should be observable in
emission.

Again, the obtained energy is in the range of some
eV, and FWHM of up to more than 100 pm for
H, might be expected [13-15,28]. However, in
this case, the final translational energy gained
by the atom in the excited state depends on
the actual reaction path and the related final
state. Hence, different lines are not necessarily
broadened equally.

If this population process occurs together with the
EE process—which is typically the case—, the line
profile is composed of several components. In this
case, the share of the different components should
reflect the share of the population channels to
the effective emission rate coefficient. Here, the
DE process is a so-called ”bottom-up-process”,
which means that the states are populated
from lower-lying states—the molecular ground
state in this case. This results in decreasing
population coefficients with increasing quantum
number. This is illustrated in figure 2 where
the population coefficients for the states n=3
through n=6 are shown for the DE process
in relation to the EE process (lower part).
The decreasing relative population coefficient for
increasing quantum number can readily be seen.
Regarding the composed line profile, this effect
leads to decreasing shares of the DE-related
component with increasing quantum number.

DR The DR process (3) proceeds via a doubly excited
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Figure 2. Population coefficients for excitation of the upper
Balmer states by DE and DR reactions relative to the EE
channel. The coefficients are calculated with the collisional
radiative model Yacora H [5] for ne = 3 x 1016 m—3.

state of Hy or via a dissociative auto-ionizing
Rydberg state [1]. The threshold energy for this
process depends on the initial vibrational state of
the H molecule and the final electronic state of
the excited atom. These threshold energies may
also be negative (up to —1.64eV [1]) and thus the
energy release from the process itself can already
easily result in energetic excited atoms. If the
radiative decay from the excited states is again
faster than thermalizing collisions, these energetic
atoms are observable in emission.

Furthermore, due to the fact, that this process
is an electron capture process, the total electron
kinetic energy is transferred to the potential
energy of the intermediate molecular state. Hence,
for fixed initial electron energy, the starting level
in terms of energy is equal for all the possible
succeeding dissociation processes. Atoms in the
final state n =3 will thus gain more translational
energy leaving the molecular potential than atoms
in the state n=6. Consequently, the H, line is
broadened more than the Hg line for the same
electron energy.

Moreover, in contrast to the DE process, the DR
process is a ”"top-down-process”, since the initial
ionic state lies above the final neutral states.
Hence, the population coefficients increase with
increasing quantum number, which is illustrated
in the top part of figure 2. Consequently, the
share to a composed line profile should increase
with quantum number.

Furthermore, the Balmer lines are each composed
of several fine structure (FS) lines, which mostly
overlap due to Doppler broadening already at room
temperature and thus lead to an additional apparent

broadening§ of the lines. For the H, line the seven FS
lines, for instance, are distributed over about 20 pm,
while for Hs the corresponding range is 6 pm (again
seven lines).

In experiment the emission lines are mostly
recorded with a spectrometer that has a finite
spectral resolution. The measured line profile is
thus a convolution of the actual profile with the
apparatus profile of the spectrometer. Consequently,
the apparatus profile has to be chosen sufficiently
narrower than the line profile component of interest.
Typical FWHM of applied spectrometers lie in the
range of 20-40pm, which gives access only to high
energy components. If a low-temperature component
is of interest, enhanced spectroscopic systems or other
diagnostics like laser diagnostics have to be used.

4. Experimental setup

The measurements were taken in the expanding region
of a low pressure hydrogen plasma. The experiment
vessel is depicted in figure 3 on the left. The electron
cyclotron resonance (ECR) plasma HOMER [31]
consists of a cylindrical stainless steel vessel of 15cm
diameter and two magnetic field coils surrounding the
vessel. The microwave (2.45GHz, 1kW max.) is
injected from the top and the heating zone (ECR
condition fulfilled at 87.5mT) is located just below the
first field coil. The prolonged expanding part to the
bottom gives a total height of 41cm. Two lines of
sight (LOS) are used for optical emission spectroscopy
(OES) in the upper, i.e. heated part of the plasma
(LOS I) as well as in the lower, i.e. expanding part
(LOS II). Ports perpendicular to the drawing plane at
the height of the two LOS are used for Langmuir probe
measurements at the cylinder’s axis. Typical plasma
operation is performed at 0.3 Pa of hydrogen pressure
and 300 W microwave power.

The spectroscopic system used for OES measure-
ments consists of an Acton SpectraPro spectrometer
with a focal length of 0.75m and a grating with 1800
lines per mm. It is connected via a 400 um fiber to
a lens tube, which is alined to the center of the dis-
charge. The entrance slit of the spectrometer is set
to 30 pm as a trade-off between light throughput and
spectral resolution and the spectrometer is equipped
with a CCD camera as detector (2500 x 600 pixels,
12 x 26 um?). The apparatus profile was thoroughly
determined by using several different low pressure dis-
charge lamps with rare gases or mercury. Throughout
the wavelength range of the spectrometer its appara-
tus profile resembles a Gaussian profile (digitized by
around 10 pixels per peak) with a FWHM of around

§ In the above mentioned widths the F'S splitting was neglected,
i.e. the given values are valid for a single F'S line only.
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24pm at 400 nm down to 21 pm at 650 nm. Absolute
calibration is performed by using an Ulbricht sphere as
secondary radiation standard and spectra are obtained
in units of [(m3snm)~!]. The emissivity of a line is
thus determined by the area under the line profile.

The width AMjeas of a measured line profile is
determined by the width A\, of the actual line pro-
file (including its F'S splitting) and the FWHM A\,;,
of the apparatus profile. Measurement reproducibility
and fitting accuracy limit the determination of A\ eas
as well as A),pp to about £ 1 pm. This means that for
the present setup, an influence of the temperature of
the emitting ensemble on the measured line profile can
only be considered significant if it increases A peas by
at least 2 pm compared to the case with zero tempera-
ture. Temperatures of at least 750 K are thus required
for H, (1300K for Hy) if the FS splitting is taken into
account. Apart from that, accurate correlations of the
measured widths with the actual temperature can cer-
tainly only be assessed for temperatures well above this
limit.

5. Measurements

5.1. Relative contributions of excitation channels

Plasma parameters for a hydrogen plasma at 0.3 Pa and
300 W are given in table 1 for the two lines of sight. The
electron density is taken from the ion density measured
by Langmuir probe while the other parameters are
derived via OES. ny is thereby evaluated from the
atom-to-molecule density ratio H/Hy, which in turn
can be calculated in different ways: a rather simple line
ratio method [11] or via CR modeling for H and Hs.
For both cases the total emissivity of the molecular
Fulcher system is required. The most intense lines
in this system are the rotational @Q lines (AJ=0) of
the diagonal transitions (Ar=0). Those are measured
and scaled to the total system using scaling factors
calculated by a ro-vibrationally resolved corona model
[5,32].

For the line ratio method of the H/Hjy evaluation,
the effective emission rate coeflicients for the H, line
and the molecular Fulcher transition are calculated
with the CR model Yacora Hs [5] and a simplified
version of the CR model Yacora H; simplified in the
sense that only the EE channel is included here. Like
this, the emissivity of the Balmer line only depends on
ne, Te and ny and any dependency from other species
densities is omitted (as those are usually unknown).
The ratio of the effective emission rate coefficients
for H, and Fulcher is thus solely dependent on the
atom-to-molecule density ratio and is moreover almost
constant for T, ~ 1 — 5eV and n. ~ 10 — 101" m—3
[11]. This makes it a very convenient tool for a
determination of ny from spectroscopic measurements.

Table 1. Plasma parameters determined by OES and Langmuir
probe at the two positions shown in figure 3 for a hydrogen
plasma at 0.3 Pa and 300 W.

-3
n m
ne [m=3]  Te V] i [m™]
H, /Fulcher full CR
LOSI 4 x 106 4.1 5.9 x 1018 5.3 x 1018
LOSII 1x10'6 3.6 2.2 x 1018 1.3 x 1018

However, the assumption that EE is the only—or at
least the dominant—excitation channel for H, has to
be checked.

Another possibility is to use CR modeling for H
and Hs including all the excitation channels. Here,
Yacora [5] is applied and the input parameters ny,
nH,, Nyt and T are varied for a best fit (£10%)
to the measured emissivities and ratios of the Balmer
lines H, through Hs and the Fulcher system, with the
absolute pressure as well as the measured ion density
being respected. In this way the values of T, and
ny “full CR” given in table 1 are evaluated. It can
be seen, that the difference in ny between the simple
line ratio method and the full evaluation using the CR
models is only negligible for LOS I (smaller than the
measurement accuracy of about 420 %) but is around
70 % for LOS II, which will be discussed below. Apart
from that, the temperature and the densities are lower
in the expanding part of the discharge.

Using the CR model Yacora H, furthermore the
contributions of the specific excitation channels to the
total excitation rate for each Balmer line is determined.
The result is shown to the right of figure 3. Any
other channel described in Wiinderlich and Fantz [5],
like for instance mutual neutralization of negative and
positive hydrogen ions, is negligible under the present
conditions.

It can be seen that in the heated plasma region
(LOS 1), excitation from the hydrogen atom is by far
the dominant channel for all the Balmer lines. All other
channels have globally less than 13% contribution,
while the DR channel can even be neglected in the
evaluation procedure without affecting the accuracy
(illustrated by the error bar of the DR column, which
extends until zero). In the expanding region (LOS
IT) however, excitation by dissociative recombination
via H;r shows significant relevance and increasing
contribution going from H, to Hs: The n=6 level
(Hs) is thus populated to 23-40% by DR. This is
mainly attributed to the decreased atomic density and
the correspondingly higher share of the DE and DR
channels. The slightly decreased electron temperature
further shifts the share towards the DR channel.

The differing relevance of the DR channel also
reflects in the difference of the ny determination
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Figure 3. Evaluated contributions of the relevant excitation channels to the total Balmer emission measured at two different plasma
regimes at the laboratory experiment HOMER at 0.3 Pa and 300 W.

methods in table 1. As long as EE is the dominant
excitation path for H,, the simple line ratio method
holds (LOS I). But as soon as other channels are
involved (LOS II), the density via this method is
overestimated. In the presented example, DE and DR
are responsible for about 42 % of the total excitation to
n =25, which would be ascribed to the EE channel and
thus to the atomic density using the line ratio method,
where DE and DR are neglected. ny is consequently
overestimated by around 70 %.

5.2. Line profiles

Line profiles of the H, line for the conditions
presented above are shown exemplarily in figure 4 (a).
The measured spectrum from the mercury line at
435.83nm is depicted as well (shifted by 1.78 nm) to
give the comparison to the apparatus profile. The
measured profiles are analyzed by fitting different peak
functions, comparable to the approaches described in
[15,17-19,25,27]. OriginPro (OriginLab Corporation,
Northampton, MA, USA, Version 2019b) is used for
this purpose with its included fitting routines. Single
peak functions (Gaussian, Lorentzian) are fitted with
four free parameters (offset, center, FWHM, area)
until convergence is reached. For the double Gaussian
function (see below), the parameters ’offset’ and
‘center’ are shared for both Gaussian parts, while the
two widths and the two areas are fitted independently
leading to six free parameters (offset, center, FWHM1,
areal, FWHM?2, area2). Results from different peak

functions|| are rated by eye in view of the best
reproduction of the measured profile, especially in the
wings.

In figure 4 (a) it can be seen that the measured
profile at LOS I is very close to the apparatus profile
and therefore, any kind of broadening mechanisms
cannot be resolved. A (single) Gaussian peak fit yields
very good agreement and a FWHM of 26 pm. For the
expanding region at LOS II, however, the measured
profile is clearly broader than the apparatus profile
and a Gaussian peak fit would give a width of around
30pm. However, considerable deviations between the
fit and the measured profile emerge, as is illustrated in
figure 4 (b), where fits with different peak functions
are shown. The apparatus profile is plotted again
for comparison. The single Gaussian function (green
line) shows the deviation from the measured profile
especially in the wings of the profile. This observation
is true for all the Balmer lines at LOS II and indicates
that in the expanding region the line profile for the
Balmer lines is not only determined by the apparatus
profile of the spectrometer but consists of more than
one component.

Since the deviation from the apparatus profile—
or, conterminously, from the Gaussian peak fit—is
worse in the wings of the peak, a Lorentzian peak fit
or a double-peak-fit are the logical next choices, shown
in figure 4 (b). While the Lorentzian profile (blue
line) clearly overestimates the evolution in the wings,

|| In the following, where not particularly specified, ’Gaussian’
(and ’Lorentzian’) peak fits are meant as single peak function.
The ’double Gaussian’ peak fit is specified at each occurrence.
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Figure 4. (a) Line profiles of the H, line measured at the two lines of sight and compared to the apparatus profile of the spectrometer
(shifted mercury line in black). (b) H, line measured at LOS II in comparison with three different peak fits (Gauss, Lorentz, double

Gauss) and the measured apparatus profile (dotted line).

applying the sum of two Gaussian profiles at the same
central wavelength gives very good agreement with the
measured line profile. The two distinct contributions
of the combined double Gaussian peak fit are shown
in figure 5 (a): a broad component with a FWHM of
60pm and an area share (=areal/(areal+area2)) of
32 % emerges next to a narrow component with a width
of 25 pm and a share of 68 %. The narrow component
furthermore agrees very well with the apparatus profile
and its FWHM agrees well with the one measured
at LOS T if the uncertainty of +1pm is taken into
account.

The double peak fitting can be applied to all the
Balmer lines and the results are shown in figure 5 (b).
The FWHM of the narrow and the broad component
are depicted together with the respective area share
of the broad part. Furthermore, the corresponding
width of the apparatus profile is given and the gray
shaded area illustrates the fine structure splitting as
described to the end of section 3. Additionally, the
FWHM of the Gaussian peak fits for the line profiles
measured at LOS T are given (green diamonds) and
the FWHM of the Q lines of the Hy Fulcher system is
shown (orange circle). For all the Balmer line profiles
at LOS II, the narrow component agrees very well with
the one measured at LOS I. Furthermore, it can be seen
that for the individual Balmer transitions this profile
component is already determined by the convolution of
the apparatus profile with the distributed fine structure
lines. The Q lines of the Fulcher system do not show
such a distribution of lines and thus, their FWHM
for both LOS agree very well with the corresponding
apparatus profile (which is virtually the same as for

the H, line).

Hence, taking account of the further considera-
tions in section 3, it can be stated that the narrow
component of the Balmer lines in the expanding re-
gion of the plasma (as well as the profile in the heated
region) most certainly emerges from electron impact
excitation from ”cold” atoms (equation (1)). The res-
olution of the spectroscopic system is not sufficient to
give an accurate statement about the actual temper-
ature Ty, but the upper limit is already described in
section 4, hence Ty < 750K. The lower limit can be
defined by the gas temperature, i. e. the temperature of
the hydrogen molecules, which is evaluated using the
rotational lines of the Fulcher system [33]. Ty, is thus
determined to be around 450K in the expanding re-
gion (480K at LOS I), which agrees well with the fact,
that no broadening beyond the apparatus profile could
be detected for the rotational lines. Consequently, the
temperature of the cold atoms, responsible for the nar-
row component of the Balmer line profiles, can be es-
timated to be in the range 450-750 K.

The broad component of the Balmer line profiles
in the expanding region is, however, much wider than
the apparatus profile: The FWHM of this component
ranges from 102 pm for H,, to 51 pm for Hy, while the
respective area shares increase from 12 % to more than
35%. Such broad line profiles have to be correlated to
energetic excited atoms with energies in the eV range
and their origin is discussed in the next section.
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Figure 5. (a) Double Gaussian peak fit of the Hy line measured at LOS II. The measured apparatus profile is again depicted as
dotted line, normalized to the peak value of the narrow component. (b) FWHM of the narrow (green circles) and broad component
(red triangles, left axis) as well as area share of the broad part (red triangles, right axis) for the Balmer lines H, through Hs at
LOS II. For comparison the respective apparatus profile (black squares), the FWHM of the line profiles at LOS I (green diamonds),
the FWHM of the Fulcher Q lines at LOS I & II (orange circle) and the fine structure splitting (grey shaded area) are depicted.

6. Discussion and implications of the broad
component

As described in section 3, several processes can
lead to energetic excited atoms with translational
energies in the range of some eV, namely excitation
of energetic ground state atoms (produced by the
dissociation process) through the EE channel (1),
direct dissociative excitation of hydrogen molecules
(DE (2)) and dissociative recombination of Hj ions
(DR (3)). While each channel leads to decreasing line
widths with increasing quantum number (in agreement
with the line profile analysis in figure 5 (b)), they differ
in their expected relative share to the total line profile
among the Balmer lines: for the EE channel, the share
of the energetic ensemble should be constant for all the
lines, whereas for the DE channel it should decrease
going from H, to Hs. The reason is the expected
relative population contribution of the channels for
each Balmer line; for DE this is confirmed by the
CR analysis of the measured emissivities illustrated in
figure 3: for LOS II the blue bars show a decreasing
relevance of DE for increasing quantum number. As
those two mechanisms are thus in contradiction to
the measured evolution of the share of the broad
component of the Balmer line profiles, DE as well as EE
can be ruled out as being responsible for the broad line
profile component. A ”top-down-process” like the DR
channel, however, increases its share from H, to Hs,
which is confirmed by the red bars at LOS II in figure 3.
This behavior agrees very well with the analysis of the
broad component.

The indicated correlation is emphasized in fig-
ure 6, where the share of the broad component (black
line) is depicted together with the evaluated excita-
tion contribution from dissociative recombination (red
shaded area) and—for comparison—{rom dissociative
excitation (blue shaded area). The agreement of the
DR share with the determined share of the broad com-
ponent for each of the Balmer lines is excellent. Hence,
the observed behavior of the broad component of the
line profiles of the Balmer series is traced back to the
DR process for exciting the upper Balmer states: in-
creasing share at the line profile from H, to Hs due
to increasing population contribution via DR and de-
creasing line width from H, to Hs due to decreasing
energy release during the DR process.

This observation is true for a wide pressure range,
which is demonstrated in figure 7 for measurements
between 0.3 and 3Pa. For this purpose a meshed
grid was introduced just below the first field coil of
the ECR plasma. In this configuration the heating
zone is slightly shifted upwards and the expanding
region of the plasma is already located at LOS I. The
setup in this configuration is described in detail in
Kurutz et al. [31]. At 0.3Pa the plasma conditions
for this configuration are practically identical to the
conditions at LOS II without the meshed grid, which
was described above. Part (a) of figure 7 depicts in the
bottom part the corresponding electron temperatures
and atomic densities, confirming comparable values at
0.3 Pa to those given in table 1, LOS II. The parameters
are evaluated using the full CR models for H and Hy as
described in section 5.1. Furthermore, over the entire
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Figure 6. Measured area share of the broad component of
the Balmer line profiles (black line, taken from figure 5 (b))
in comparison with the evaluated contributions of dissociative
excitation (DE, blue shaded area) and dissociative recombination
(DR, red shaded area) to the total emissivity of the particular
Balmer lines via the CR model Yacora H (taken from figure 3,
LOS II).

pressure range all the Balmer lines show a broadened
line profile, which is nicely fitted by a double Gaussian
peak fit.

In the top part of figure 7 (a) the evaluated
shares of the broad component of the H, line
are shown together with the respective evaluated
contributions of dissociative recombination via the CR
model. The decreasing electron temperature with
increasing pressure shifts the excitation equilibrium
further towards the DR channel, while the increasing
atomic density acts in the opposite direction (towards
the EE channel). The result is a nearly constant
contribution of DR with increasing pressure, which
agrees well with the virtually constant area share of
the broad component of the line profile. Part (b) of
the figure shows this analysis for all the Balmer lines
at three different pressures: for all the pressures and
for all the Balmer lines the contribution of DR clearly
agrees well with the share of the broad component of
the line profile.

Since it is shown that DR is responsible for
the broad component of the Balmer line profile, the
information can be used for spectroscopic diagnostics.
More specifically, the simple line ratio method for
determining the atomic density via OES in LPLT
hydrogen plasmas can be enhanced. Figure 8 shows the
evaluation of the atomic density for the pressure scan
via three different methods. (A) and (B) are already
described in section 5.1 and relate to the simple line
ratio method [11] and the full evaluation via the CR
models Yacora H and Hsy [5], respectively. The values
from the latter evaluation are also shown in figure 7 (a).
Neglecting the population channels besides EE in the

evaluation (method (A)) consequently leads to an
overestimation of nyg of up to more than a factor of
two (at 3Pa).

For method (C) it is considered that the broad
component of the Balmer line profiles arises from DR
and is thus not correlated to the atomic density, which
in turn should only be responsible for the narrow
component, as described in section 5.2. Consequently,
using only the narrow component for an evaluation
of ng via the line ratio method H,/Fulcher, the
agreement with the full CR evaluation is excellent.
Only at high pressure a deviation between methods
(B) and (C) emerges. Here, the contribution of
DE is getting relevant, which is still neglected with
method (C) since it cannot be assessed via the line
profile. Thus, a slight overestimation still occurs at
high pressure. This demonstrates that the simple line
ratio method together with an analysis of the Balmer
line profile can be used to determine the atomic density
with high accuracy, even without the full evaluation
of the Balmer series and the Fulcher emission via
CR models. The prerequisite is an observable broad
component of the line profile and the confirmation that
this component can be related to processes aside from
EE.

7. Conclusions

In low pressure low temperature hydrogen plasmas
electron impact excitation, dissociative excitation and
dissociative recombination are prominent excitation
channels for the Balmer series. Furthermore,
these processes can have a specific influence on
the translational energy of excited atoms which is
correlated to the width of the respective line profiles.
The expanding region of a LPLT hydrogen plasma
was analyzed in this regard spectroscopically: the
combination of evaluating the absolute emissivities of
the first four Balmer lines (H,-Hs) by CR modeling
and analyzing the respective line profiles, revealed that
the DR channel has a significant contribution to the
excitation of the Balmer series and that it gives rise to
a broad component in the line profile of all the Balmer
lines.

This paper thus confirms the well-known fact,
that a thorough analysis of the Balmer line profiles
can reveal excitation channels besides electron impact
excitation. Furthermore, it emphasizes, that simple
line ratio methods may lose their validity if such
processes are neglected. Using the line profile analysis
it is, however, illustrated, that the validity range of the
line ratio technique to determine the atomic hydrogen
density (H,/Fulcher) can be extended to the class
of expanding hydrogen plasmas, for which formerly
full collisional-radiative modeling of the Balmer series
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Figure 7. (a) Electron temperature and atomic hydrogen density for varying pressure (at 300 W) at LOS I with introduced meshed
grid (see [31]) and corresponding shares of the broad component of the line profile of the Hy line (black line) together with the
contribution of the dissociative recombination channel (DR) to the total emission (red shaded area). (b) Shares of the broad line
component and the DR channel for the measured Balmer series for selected pressures.
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Figure 8. Atomic hydrogen density evaluated by different

methods: (A) Line ratio method taking the H, line and the
Ho Fulcher system, (B) evaluation using the full CR models for
H and H», and (C) line ratio method as in (A), but taking only
the narrow component of the Hy line.

as well as the Hy Fulcher emission was necessary.
Here, the broad component of the line profiles, which
is ascribed to dissociative recombination, is omitted
for the line ratio technique and the results virtually
coincide with full CR modeling.
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