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Abstract
The emission of the Fulcher-α d3Πu → a3Σ+

g transition is well-known for providing access to
the rovibrational population of the hydrogen molecule in low temperature plasmas by means
of optical emission spectroscopy. A revised comprehensive approach is developed for the
evaluation that omits several simplifying assumptions, which are often made. The
rovibrational distribution is directly calculated in the X1Σ+

g state considering the typically
observed hockey-stick population. The projection into the d3Πu state is performed via
vibrationally resolved electron impact excitation cross sections and radiative decay into the
a3Σ+

g is considered via vibrationally resolved transition probabilities. The obtained
steady-state population is fitted to the experimentally measured one via varying the population
parameters in the electronic ground state. The impact of this evaluation routine compared to
the simplified ones is demonstrated both for H2 and D2 at two experiments: a standard CW
low-power laboratory ICP and the pulsed high-power negative ion source plasma of the Linac4
accelerator at CERN. This assessment demonstrates that especially the simplification of
measuring only the first five rotational emission lines (i.e. neglecting the rotational
hockey-stick distribution) can affect the evaluation results significantly. In the application
example, this leads to an overestimation of the gas temperature up to a factor of nine and to an
underestimation of the determined intensity of the full Fulcher-α transition (required for
applying collisional radiative models) up to a factor of three.
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1. Introduction

The rotational and vibrational excitation of the hydrogen
molecule is of high relevance for understanding plasma
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chemistry and kinetics in low temperature discharges. A
change in the rovibrational distribution can significantly affect
several molecular reaction rates. For example, the cross section
of negative hydrogen ion formation via dissociative electron
attachment increases by several orders of magnitude when
the H2 or D2 molecule is excited to higher vibrational states
[1]. The rotational excitation has a similar effect as the rate
only depends on the total internal energy of the molecule and
not on the particular rotational or vibrational excitation state
[2].

0963-0252/20/125019+12$33.00 1 © 2020 The Author(s). Published by IOP Publishing Ltd Printed in the UK

https://doi.org/10.1088/1361-6595/abc085
https://orcid.org/0000-0003-2997-3503
https://orcid.org/0000-0003-2239-3477
mailto:stefan.briefi@physik.uni-augsburg.de
mailto:stefan.briefi@ipp.mpg.de
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6595/abc085&domain=pdf&date_stamp=2020-12-18
https://creativecommons.org/licenses/by/4.0/


Plasma Sources Sci. Technol. 29 (2020) 125019 S Briefi and U Fantz

The vibrational excitation of the hydrogen molecules plays
also an important role in plasma kinetics of the divertor region
in fusion plasmas. Due to the low electron temperature espe-
cially near the divertor target plates, hydrogen molecules can
have a long penetration depth and lead to molecular assisted
recombination [3], a process that requires vibrational excita-
tion [4]. Enhancing the plasma recombination in this region is
beneficial as it reduces the heat load and ion bombardment of
the target plates.

For measuring the rovibrational excitation directly in the
electronic ground state of the hydrogen molecule, rather
sophisticated diagnostic methods are required. For example,
anti-Stokes Raman scattering (CARS) spectroscopy [5–7],
resonantly enhanced multi-photon ionization [8], VUV laser
absorption spectroscopy (where the VUV laser radiation is
generated by four-wave sum-frequency mixing of two pulsed
dye laser beams in a mercury vapor oven) [9, 10] or laser
induced fluorescence (where the laser radiation is generated
via stimulated CARS) [11, 12] were applied. Due to the com-
plexity and high costs of these diagnostics, such investigations
are scarce.

A much more widespread diagnostic technique for obtain-
ing the ground state rovibrational population in an indirect
way is optical emission spectroscopy (OES) of the H2 or D2

Fulcher-α transition (d3Πu → a3Σ+
g ) due to the simple mea-

surement setup [13, 14]. The single emission lines can be
resolved with a high-resolution spectrometer what makes the
determination of the rovibrational distribution in the excited
d3Πu state straightforward (typically the first five rotational
levels within the first four vibrational states are measured).
However, in order to derive information about the rovibrational
population of the electronic ground state from the excited state,
the relevant population and depopulation processes have to be
considered.

Historically, not much data was available about these pro-
cesses and several simplifying assumptions were made for
determining the rovibrational ground state population. Despite
the availability of most of the required data nowadays, these
routines are still often applied due to their simplicity. How-
ever, the validity and consequences of the assumptions have
barely been assessed in literature. This paper establishes a
fundamental and comprehensive approach for evaluating the
Fulcher-α transition where simplifying assumptions are not
required. Furthermore, the impact of each assumption made
with the simpler approaches is assessed in detail.

The focus is also put on the determination of the inten-
sity of the whole Fulcher-α emission (defined as wavelength-
integrated spectral radiance [m−3s−1]) which can be derived
from the excited state population. This quantity is required for
the evaluation of the plasma emission via collisional radiative
(CR) models of the H2 or D2 molecule as such models are
typically not rovibrationally resolved and only the whole elec-
tronic state is considered (see for example [15] and references
therein). In addition, the full intensity is required for determin-
ing the flux of molecular hydrogen emerging from plasma-
facing components in fusion devices [16], yielding insights
into plasma edge fuelling and general plasma properties
[17, 18].

In the first section of the paper, general properties of
the Fulcher-α transition are discussed briefly. The different
approaches typically taken towards determining the ground
state rotational and vibrational distributions are also described
including the necessary assumptions. Afterwards, the compre-
hensive approach is outlined both for H2 and D2: concerning
the rotational distribution, it relies on calculating the full rovi-
brational distribution directly in the ground state and trans-
ferring it to the d3Πu state via vibrationally resolved electron
impact excitation cross sections. The resulting population is
fitted to the experimentally determined one, which is measured
up to high rotational quantum numbers (N′ = 12 in hydro-
gen and N ′ = 13 in deuterium). For determining the vibra-
tional distribution, a vibrationally resolved population model
is set up. This allows in general the consideration of several
population and depopulation channels. In the last section of
the paper, the comprehensive and the simplified approaches
are compared for OES measurements both of H2 and D2 dis-
charges carried out at two different experimental setups: a typi-
cal low pressure low temperature CW ICP and the pulsed high-
power negative ion source plasma of the Linac4 accelerator at
CERN.

2. The Fulcher-α transition of molecular hydrogen

2.1. General considerations

The Fulcher-α spectrum is distributed over a wide wavelength
range between 520 and 770 nm but the most prominent part
lies at 590–650 nm. The emission is typically the most intense
one of the hydrogen molecule being the reason why it is ideally
suited for diagnostic purposes. A description of the detailed
properties of the Fulcher-α transition and the corresponding
electronic states have already been described several times in
the literature (see for example [13, 19]). Hence, only a short
summary is given here.

Because of λ-doubling, the upper electronic state is split
into the d3Π+

u and d3Π−
u states. The Q branch of the Fulcher-

α transition originates from the d3Π−
u state only whereas the

P and R branch originate from the d3Π+
u state due to optical

selection rules. The P and R branch are typically not consid-
ered for diagnostic purposes, as the d3Π+

u state is strongly per-
turbed by other electronic states [20, 21] leading to anomalies
in the intensities of emitted lines [22].

The dissociation limit of H2 to H(1s) and H(2s) is located at
4.75 eV and therefore between the energy levels of the vibra-
tional states v′ = 3 and v′ = 4 in the d3Π−

u state [23, 24]. For
energy levels above this limit, predissociation occurs. This
leads to non-radiative decay of the states and therefore the
Fulcher-α emission gets considerably weaker for transitions
involving states with v′ � 4 [25]. For deuterium the dissocia-
tion limit is between the states v′ = 4 and v′ = 5 and conse-
quently, transitions from v′ � 5 are much weaker [20]. Hence,
the investigations presented in this paper are limited to the first
four vibrational quantum numbers of the d3Π−

u state. In order
to obtain a good signal to noise ratio, the measurement of the
rovibrational population is furthermore restricted to the diago-
nal vibrational transitions (v′ = v′′) as they represent the most
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intense emission bands within the whole electronic transition.
The wavelength of the Q branch emission lines (often abbre-
viated with the letter Q followed by the rotational quantum
number) can be found in tabulated form in [26] for hydro-
gen and in [27] for deuterium up to high rotational quantum
numbers.

In low temperature discharges, the excitation of the d3Π−
u

state predominantly occurs via electron impact excitation out
of the ground state X1Σ+

g [13, 19]. During this process, the
rotational quantum number N (it should be used instead of J as
the electronic states belong to Hund’s coupling case b) is not
altered as the selection rule ΔN = 0 holds. The contribution
of quadrupole excitation that would allow for a change in N is
less than 10% [13]. This means, that the rotational distribution
is preserved during electron impact excitation.

As the lifetime of the considered vibrational levels is only
around 40 ns both for H2 and D2 [28], the rovibrational pop-
ulation in the excited d3Π−

u state is not changed via repop-
ulation processes (like inelastic heavy particle collisions or
other processes) in low pressure discharges. It has been esti-
mated that the population of the d3Π−

u state via radiative decay
of higher electronic levels is around 10% in a discharge with
high electron temperatures and densities of Te = 100–200 eV
and ne ≈ 1018 m−3 [13]. In low temperature plasmas, the
effect of cascades can be considered smaller and there-
fore typically negligible. Nevertheless, it should be kept in
mind that population from radiative cascades might play a
role.

2.2. Evaluating the Fulcher-α emission

2.2.1. Simplified approach: rotational population and Tgas.
The energy difference of the rotational levels in the electronic
ground state of hydrogen is below 0.1 eV. Therefore, they
are dominantly populated via heavy particle collisions in low
pressure low temperature plasmas and a Boltzmann distribu-
tion according to the gas temperature Tgas can be assumed.
Due to the special properties of the population and depopula-
tion processes described in the last section (excitation without
changing N, no redistribution in excited state), the rotational
population determined from the Fulcher-α Q branch emission
is a direct image of the rotational distribution in the electronic
ground state of the hydrogen molecule. This has been exploited
by using it as gas temperature diagnostic (see for example
[19, 29–33]).

The intensity εv
′ ,N ′

of a rovibrational emission line origi-
nating from the level with quantum numbers v′ and N ′ in the
d3Π−

u state is determined from OES. Typically, only the first
five rotational lines (sometimes even less) within a vibrational
state are considered as they provide the best signal-to-noise
ratio. The line intensity is proportional to

εv
′,N′ ∝ gSN′

exp

(
E(N′) − E(N′ = 1)

kBTrot

)
, (1)

where g denotes the degeneracy arising from the nuclear spin
and according to (2N′ + 1). SN ′

is the Hönl–London factor,
E(N′) the energy of the level with quantum number N′, and T rot

the rotational temperature of the Boltzmann population in the

excited d3Π−
u state [34]. Plotting ln

[
εv

′,N′
/(gSN′

)
]

in against

the energy of the states yields the rotational temperature via
the slope of a linear fit. In the typical approach, the deter-
mined rotational temperature Trot

(
d3Π−

u , v′
)

is projected into
the X1Σ+

g , v = 0 state according to the ratio of the rotational
constants Bv of the vibrational states (which can be found in
[35]):

Tgas = Trot
(
X1Σ+

g , v = 0
)

=
Bv

(
X1Σ+

g , v = 0
)

Bv
(
d3Π−

u , v′
) Trot

(
d3Π−

u , v′
)
. (2)

It has been observed, that the back-projection of the four
individual rotational temperatures Trot(d3Π−

u , v′ = 0, . . . , 3)
does not give the same results for Trot

(
X1Σ+

g , v = 0
)

[33]. Typically, the obtained value decreases with vibra-
tional quantum number and the best agreement to indepen-
dently determined gas temperature values is obtained from
Trot

(
d3Π−

u , v′ = 2
)

for H2 and from Trot
(
d3Π−

u , v′ = 1
)

for D2

[33].
During the back-projection of the rotational population

according to equation (2) the simplification is made, that
the population of all d3Π−

u , v′ states solely arises from the
X1Σ+

g , v = 0 state. Contributions from levels with v > 0 are
neglected. An assessment of this simplification yielded that it
may be justified for the vibrational quantum numbers v′ = 2
and 3 but it may fail for v′ = 0 and 1 (both for H2 and D2)
[36].

2.2.2. Simplified approach: vibrational population. In order
to derive the vibrational population in the excited state, a sum-
mation over the population of the individual rotational levels
within one vibrational state is carried out. This is typically
done based on extrapolating the rotational population accord-
ing to Trot

(
d3Π−

u , v′
)

(which is typically determined from the
first five rotational levels as described in the last paragraph) to
states with N′ > 5.

For connecting the vibrational population in the d3Π−
u state

with the one of the ground state, the electron impact excitation
process X 1Σ+

g → d3Π−
u as well as the transition probabili-

ties for spontaneous emission to the a3Σ+
g state must be con-

sidered. Historically, neither vibrationally resolved electron
impact excitation cross section nor vibrationally resolved tran-
sition probabilities were available in literature. Therefore, the
excitation was assumed to arise solely out of the X1Σ+

g , v = 0
state, and differences in the radiative lifetimes of the excited
vibrational states were neglected as well [37]. A more sophis-
ticated approach is applying the Franck–Condon (FC) approx-
imation both for the excitation and radiative decay into the
a3Σ+

g state [31, 38]. Here, a vibrational population is calcu-
lated in the electronic ground state according to a Boltzmann
distribution and the two population and depopulation pro-
cesses of the d3Π−

u state are considered with the correspond-
ing FC factors. The calculated vibrational distribution in the
excited state is fitted via varying the vibrational temperature
in the ground state.
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The FC approach implies two simplifications: first, it
assumes a constant electron dipole transition moment for the
d3Π−

u → a3Σ+
g radiative decay (however, the dipole transition

moment is not constant, see [39]). Second, the reduced energy
threshold for the excitation process out of higher vibrational
levels of the X1Σ+

g state is not taken into account. In order to
consider the last point, scaling factors for the FC factors were
introduced [38].

In order to avoid both simplifications, vibrationally
resolved electron impact excitation cross sections as well as
vibrationally resolved transition probabilities were calculated
for H2 and applied to the Fulcher-α transition [40]. However,
only a very limited amount of rotational states was considered
(Q1–Q5 for v′ = 0, Q1–Q3 for v′ = 1, 2, 3). Nevertheless, it
has been demonstrated that especially at low electron tempera-
tures where the mean electron energy is close to the excitation
threshold, the FC approximation shows significant deviations
from the vibrationally resolved cross sections [40].

2.2.3. Comprehensive approach. In order to overcome the
above-mentioned assumptions that have to be made for deter-
mining the rovibrational population, a fundamental and com-
prehensive approach is established for H2 and D2. It is based
on calculating both the relative rotational and vibrational dis-
tribution directly in the electronic ground state of the hydro-
gen molecule considering the hockey-stick distribution. The
projection into the d3Π−

u level is performed via vibrationally
resolved electron impact excitation cross sections and radia-
tive decay into the a3Σ+

g state is considered via vibrationally
resolved transition probabilities. In the following, the compre-
hensive approach is described in detail.

In low pressure plasmas, a Boltzmann distribution is usu-
ally present for the vibrational H2 states up to v = 8 in the
electronic ground state [7, 10, 41] whereas for higher lev-
els, a slight overpopulation (maximum for v = 10 by about
a factor of two compared to the Boltzmann distribution) was
measured [11]. However, a small overpopulation in such high-
lying levels does not contribute significantly to the electron
impact excitation rates into the d3Π−

u , v′ � 3 levels and can
be disregarded.

One process among others that can cause both rotational
and vibrational excitation is surface recombination of hydro-
gen atoms (see [12] and references therein). A part of the bind-
ing energy of the formed molecule is converted into internal
excitation leading to Boltzmann distributions with a tempera-
ture in the range of several thousand Kelvin. In order to con-
sider this effect, a two-temperature vibrational distribution is
used (as often applied in literature):

n(v, X1Σ+
g ) = (1 − βvib)

n
(
v, Tvib,1

)
Σvn(v, Tvib,1)

+ βvib
n

(
v, Tvib,2

)
Σvn(v, Tvib,2)

with

n (v, T) = exp

[
−E(v) − E(v = 0)

kBT

]
. (3)

Tvib,1 describes the temperature of the cold vibrational pop-
ulation (arising from plasma processes in general), Tvib,2 the
temperature of the hotter one (arising from the surface recom-
bination) and βvib the weighting factor between them. E(v)
is the energy of the vibrational level with quantum num-
ber v. The vibrational population is normalized according to
Σvn(v, X1Σ+

g ) = 1.
The dominant process determining the rotational popula-

tion in the electronic ground state are inelastic heavy parti-
cle collisions resulting in a Boltzmann distribution accord-
ing to the gas temperature of the plasma. Surface recom-
bination or other processes can leads to a second Boltz-
mann distribution [12] and the rotational levels within the
vibrational state v can be described via a two-temperature
population:

nv(N, X1Σ+
g ) = (1 − βrot)

nv
(
N, Trot,1

)
ΣNnv(N, Trot,1)

+ βrot
nv

(
N, Trot,2

)
ΣNnv(N, Trot,2)

with

nv (N, T) = g exp

[
−E(N) − E(N = 1)

kBT

]
. (4)

In contrast to the vibrational population, the statistical
weight g of the particular level arising from the degener-
acy (2N + 1) and from the nuclear spin (alternating 1 and
3 for hydrogen; 2 and 1 for deuterium) must be considered.
According to equation (4), the population is normalized to
ΣNnv(N, X1Σ+

g ) = n(v, X1Σ+
g ). It has been demonstrated by

an independent determination of the gas temperature that the
population according to T rot,1 reflects the gas temperature [36].

As both the hot rotational and vibrational population
arise from surface recombination, T rot,2 is set equal to Tvib,2

and βrot = βvib = β. The rovibrational population is cal-
culated for all 14 (21 for D2) bound vibrational states
and for the first 15 (20 for D2) rotational states within a
vibrational level (or up to the last bound rotational state
for high vibrational levels). The energy levels are taken
from [42] both for H2 and D2. The rovibrational popu-
lation is calculated according to equations (3) and (4) in
a way that the measurements by [12, 43] are reproduced
qualitatively.

The projection of the rovibrational population out of
the X1Σ+

g state into the d3Π−
u level is performed via a

full set of vibrationally resolved electron impact excitation
rate coefficients, which are deduced from the corresponding
cross section assuming a Maxwellian electron energy distri-
bution function (assuming that the rotational population is
unchanged during excitation [13]). As vibrationally resolved
cross sections are not available in the literature, they have been
calculated according to the semi-classical Gryzinski method
[44] both for H2 and D2 [45]. With this approach, the rel-
ative rotational population within the first four vibrational
levels in the d3Π−

u state is determined as this population is
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also experimentally accessible. It should be noted, that the
electron temperature is required as additional input from the
experiment.

In general, it would be possible to use the above approach
also for determining the relative vibrational population by con-
sidering the radiative lifetime of the particular vibrational lev-
els in the d3Π−

u state what has been done by [40]. However,
in some special cases, radiative decay from higher lying states
[13] or stepwise excitation out of the metastable c3Πu(v = 0)
level (see [46] for a more detailed discussion on this point) may
become relevant for the population of the d3Π−

u state. Although
this is not the case for the plasmas investigated in this paper,
one might want to include such effects in the future. There-
fore, a vibrationally resolved population model has been set up
both for H2 and D2 [45] using the flexible solver Yacora [15].
In the current version, it balances electron impact excitation
from the X1Σ+

g into the d3Π−
u state and depopulation via radia-

tive decay into the a3Σ+
g (the vibrationally resolved transition

probabilities are taken from [24]) for all bound vibrational
levels within the three electronic states. As input, the model
requires the vibrational population in the electronic ground
state which is calculated as described in equation (3) and the
electron temperature.

For fitting the measurements with the calculations, an itera-
tive process must be applied: first, a simultaneous least-square
fit of the measured rotational population in the first four vibra-
tional levels of the d3Π−

u state is performed via varying the
parameters T rot,1, T rot,2 and β in the X1Σ+

g state. In the next
step, a summation over the rotational population in each vibra-
tional level of the d3Π−

u state is carried out. The obtained
vibrational distribution is normalized to the d3Π−

u , v′ = 0 level
and a fitting with the population model is performed via vary-
ing Tvib,1 (as input parameters the values of Tvib,2 = T rot,2 and
β determined in the previous step and the electron tempera-
ture are taken). The obtained value of Tvib,1 is used as new
input for the first fitting step and iteratively, the fitting steps
are repeated until convergence is obtained (typically after two
or three iterations).

The full intensity of the Fulcher-α Q branch is calculated
as follows: from the relative rovibrational population of the
d3Π−

u (v′ = 0, 1, 2, 3) states and the absolute intensity of the
intense Q1 emission line (Q2 for D2) in each vibrational state,
the absolute intensity of the four diagonal vibrational transi-
tions (v′ = v′′) is determined. From the population model, a
factor comparing the intensity of these four diagonal transi-
tions to the full Fulcher-α intensity can be derived. It depends
on the rovibrational population as well as the electron tem-
perature and lies between 1.08 (for low values of Tvib,1 and
Te) and 6.5 (for high values of Tvib,1 and low Te). The factor
allows scaling the actually measured intensity of the diago-
nal transitions to the intensity of the full transition. If the CR
model does not distinguish between the d3Π−

u and the d3Π+
u

state, one can also use the determined rovibrational parame-
ters for the d3Π+

u state in order to calculate the intensity in
the P and R branches. However, one should be aware that this
approach neglects the line intensity anomalies due to pertur-
bations present in this state leading to erroneous intensities for
these branches.

Figure 1. Sketch of the experimental setup of the low-power ICP.

Figure 2. Sketch of the experimental setup of CERN’s Linac4 ion
source.

3. Experimental setup and diagnostics

The comprehensive approach for evaluating the Fulcher-α
transition is demonstrated at two different experiments: first,
at a low-power inductively coupled CW plasma consisting of a
cylindrical quartz vessel with a length of 40 cm and a diameter
of 10 cm. Figure 1 shows a sketch of the setup. The experiment
is operated with an RF frequency of 13.56 MHz and a power of
600 W. For the investigations presented in this paper a pressure
of 1 Pa was used. OES measurements are performed at a line
of sight (LOS), which is directed along the central axis of the
discharge vessel. An intensity calibrated high-resolution spec-
trometer is applied, having a Gaussian apparatus profile with a
full width at half maximum (FWHM) of 18 pm at a wavelength
of 650 nm.

The second experiment is the Linac4 H− ion source at
CERN. Its plasma is generated also with inductive RF cou-
pling ( f = 2 MHz) but with a much higher RF power of 50 kW.
The cylindrical discharge vessel is made out of alumina and
has a length of 14 cm and a diameter of 5 cm (see figure 2,
more details on the setup can be found in [47]). OES mea-
surements can be conducted at three different view ports. For
the investigations presented in this paper, only the axial LOS
was used. The discharge at the Linac4 ion source is operated
at 3 Pa pressure in pulsed mode with a repetition rate of 2 Hz.
The discharge duration was set to 900 μs. An intensity cal-
ibrated high-resolution spectrometer equipped with an inten-
sified CCD camera is used for OES. The apparatus profile of
this setup has a Lorentzian shape with a FWHM of 8 pm at
a wavelength of 650 nm. Concerning the evaluation of the
Fulcher-α spectrum, the Lorentzian line profile is rather dis-
advantageous as it causes overlapping of nearby lines due to
the broad wings despite the small FWHM. Therefore, several
lines must be excluded from the evaluation.

5
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As explained in section 2.2.3, the electron temperature is
required as additional input parameter for the calculation of the
rovibrational populations. It can be obtained from OES mea-
surements of the Balmer series of atomic hydrogen followed
by an evaluation with the CR model Yacora. More details on
the model and the evaluation procedure can be found in [47,
48] respectively.

4. Application of the comprehensive approach

In order to demonstrate the benefit of applying the compre-
hensive approach described in section 2.2.3, exemplary mea-
surements were carried out both in H2 and D2. The obtained
results are described first. It should be noted, that a multitude
of different physical processes leads to the observed rovibra-
tional distributions. These processes are not discussed in detail,
as this is way beyond of the scope of this paper. Exemplary,
such discussions can be found in [12, 49] or [41]. A system-
atic comparison to the evaluation routines used in the litera-
ture up to and the comprehensive approach now is made at
the end of this section in order to assess the impact of the
simplifications.

4.1. Low-power ICP—hydrogen

The OES measurements of the Fulcher-α transition in H2 were
carried out recording the first 12 rotational lines within the first
four vibrational levels of the d3Π−

u state. Only the Q10 and
Q11 lines of v′ = 1 and Q10 of v′ = 2 could not be evaluated
as they overlap with other emission lines, and the Q9 to Q12
lines of v′ = 3 were below the detection limit. Figure 3 shows
the resulting measured rovibrational population together with
the result of the fitting procedure described in section 2.2.3.
For the fit, the rotational levels with N ′ > 10 in the v′ = 2
state and with N ′ > 3 in the v′ = 3 state are not considered
as they are influenced by predissociation leading to a reduced
population density (this effect is not considered in the simula-
tion). The obtained fitting parameters are T rot,1 = 600 ± 25 K,
T rot,2 = 6700 ± 700 K and β = 0.174 ± 0.005 (the values are
rounded to 5 K, 100 K, and 0.001 resp.) It can be seen that
the fit works very well for all considered states. The accu-
racy of the fitting is high for all three parameters as the
two-temperature distribution is clearly evident and enough
data points are present both in the low and high-temperature
part.

Figure 4 shows the vibrational population in the d3Π−
u

state obtained from summation over the extrapolated mea-
sured rotational distribution as well as the one obtained from
the population model for varying values of Tvib,1. Concern-
ing the simulation for the experimentally obtained electron
temperature of 4.5 eV, a large variation of the relative vibra-
tional distribution is obtained for low values of Tvib,1 whereas
at high values, the distribution converges. Therefore, a high
fitting accuracy with low error is only possible for Tvib,1 �
4000 K. Between 4000 K and 6000 K, the accuracy is lim-
ited to ±500 K, for Tvib,1 � 6000 K, only a lower bound can
be given. A good fit between measurement and calculation

Figure 3. Measured (symbols) and fitted (line) rotational population
of the first four vibrational levels in the H2 d3Π−

u state obtained in
the low-power ICP for 1 Pa pressure and 600 W RF power. The
states with N ′ > 10 in the v′ = 2 state and with N ′ > 3 in the v′ = 3
state (open symbols) are not considered for the fit as their population
is reduced due to predissociation.

Figure 4. Measured (full symbols) and simulated (open symbols)
vibrational population of the first four levels in the H2d3Π−

u state
obtained in the low-power ICP. The vibrational population has been
calculated considering the experimentally determined electron
temperature of 4.5 eV (the electron density is 3.4 × 1016 m−3).

is obtained for Tvib,1 = 4000 ± 500 K (result rounded to full
500 K).

For the obtained parameters, the scaling factor from the
measured intensity of the first four diagonal vibrational tran-
sitions to the full Fulcher-α transition has a value of 1.99.
This yields an intensity of 1.25 × 1020 m−3s−1 when both
the d3Π−

u and d3Π+
u states are taken into account and 6.87 ×

1019 m−3s−1, when only the non-perturbed d3Π−
u state is

considered.
The rovibrational population of the X1Σ+

g state determined
by the fitting procedure is shown in figure 5 for the first six
vibrational levels. As already pointed out, this distribution
agrees qualitatively with the ones measured in [12, 43].
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Figure 5. Rovibrational population of the H2X1Σ+
g state determined

from the fitting the experimental data in the low-power ICP. Only
the first six vibrational levels are shown.

Figure 6. Measured (symbols) and fitted (line) rotational population
of the first four vibrational states in the D2 d3Π−

u state obtained in
the low-power ICP for 1 Pa pressure and 600 W RF power.

4.2. Low-power ICP—deuterium

In D2, the first 13 rotational lines within the first four vibra-
tional levels of the d3Π−

u state were recorded. Excluded from
the fitting due to an overlap with other lines were the Q10
line of v′ = 0, Q7 and Q9 of v′ = 1, Q9 of v′ = 2 and Q9
and Q12 of v′ = 3. Figure 6 shows the measured and simu-
lated rovibrational population of the d3Π−

u state. The fitting
results are T rot,1 = 590 ± 25 K, T rot,2 = 6900 ± 900 K and
β = 0.144 ± 0.005 and similar to H2 a very good agreement
between fit and measurement is observed. However, as for deu-
terium the energy difference in the rotational states is lower
due to the higher mass, more levels are populated according to
T rot,1 and less levels follow T rot,2. Therefore, the fitting accu-
racy is high for T rot,1 and β, but the fitting error of T rot,2 is larger
compared to H2.

The vibrational distribution calculated from the measure-
ment and obtained from the population model is shown in

Figure 7. Measured (full symbols) and simulated (open symbols)
vibrational population of the first four vibrational states in the D2
d3Π−

u state obtained in the low-power ICP. The vibrational
population has been calculated considering the experimentally
determined electron temperature of 4.5 eV (the electron density is
4.3 × 1016 m−3).

figure 7 for the experimentally determined electron tempera-
ture of 4.5 eV. The fit yields Tvib,1 = 4000 ± 500 K. Similar to
H2, the relative distribution changes significantly for low val-
ues of Tvib,1 and converges for higher ones. This means that
also in D2, only a lower bound of the vibrational temperature
can be given for Tvib,1 � 6000 K.

The factor for scaling the measured diagonal transitions to
the full Fulcher-α emission is 2.97, yielding a total intensity of
1.62 × 1020 m−3s−1 when both the d3Π−

u and d3Π+
u states are

considered (8.18 × 1019 m−3s−1, when only the non-perturbed
d3Π−

u state is considered).

4.3. High-power ICP—deuterium

For the high-power discharge of the Linac4 ion source, the
same rotational lines are acquired as for the low-power ICP.
However, as described in section 3, the problem of line overlap
is larger due to the Lorentzian apparatus profile of the spec-
troscopic setup. This leads to more scatter in the determined
rotational population what can be seen in figure 8, where the
measured rovibrational population of the d3Π−

u state of D2 is
plotted together with the resulting fit (several lines have to be
excluded due to overlap). In addition, the signal-to-noise ratio
is worse as for the low-power ICP, for example, the rotational
lines above Q4 of the v′ = 3 state are all below the detec-
tion limit. Nevertheless, also for the high-power discharge, the
two-temperature distribution is evident. For the fit, some spe-
cial characteristics of the plasma have to be considered: due to
the short discharge duration of only 900 μs heating up of the
heavy particles is prevented [50]. This is reflected in the cold
rotational temperature of T rot,1 = 275 ± 40 K obtained from
the fitting. This agrees within the error bars with the ambient
temperature of 300 K, which reflects the temperature of the
inlet gas. The fitting furthermore yields T rot,2 = 5800 ± 400 K
and β = 0.908 ± 0.005. Compared to the low-power ICP, the

7
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Figure 8. Measured (symbols) and fitted (line) rotational population
of the first four vibrational states in the D2 d3Π−

u state obtained in
the high-power ICP for 3 Pa pressure and 50 kW RF power.

Figure 9. Measured (full symbols) and simulated (open symbols)
vibrational population of the first four vibrational states in the D2
d3Π−

u state obtained in the high-power ICP. The vibrational
population has been calculated considering the experimentally
determined electron temperature of 4.5 eV (the electron density is
3 × 1019 m−3).

share of the hot population is more than a factor of six higher
leading to a high fitting accuracy also for T rot,2 in D2.

Figure 9 shows the vibrational distribution determined from
the measurement and the population model for the experi-
mentally obtained electron temperature of 4.0 eV. The mea-
sured values can be fitted with Tvib,1 = 6000 K. However, as
this is close to the insensitive range it must be considered
as lower bound. It should be noted, that this value is simi-
lar to the one of T rot,2 = Tvib,2. For the vibrational popula-
tion, a two-temperature distribution is therefore barely present.
The calculation of the full Fulcher-α intensity yields 1.39 ×
1022 m−3s−1 (7.03 × 1021 m−3s−1, when only the d3Π−

u state
is considered).

The strong differences in the rovibrational distributions
determined in the high-power and the low-power ICP point

Figure 10. Measured (symbols) and fitted (line) rotational
population of the first four vibrational states in the H2 d3Π−

u state
obtained in the high-power ICP for 3 Pa pressure and 50 kW RF
power.

towards different processes being relevant for the rovibrational
population in the electronic ground state what is reasonable
due to the short discharge duration vs CW operation. However,
a detailed discussion of these processes is beyond the scope of
this paper.

4.4. High-power ICP—hydrogen

For the H2 isotope, the rotational lines of the v′ = 3 levels
could not be recorded as they were below the detection limit.
In contrast to D2, the hockey-stick distribution is only weakly
present in the rotational population (see figure 10). This
arises from the fact that the energy difference of the particular
rotational levels is larger compared to deuterium. As only the
N′ = 1 state in each vibrational level follows the cold rota-
tional temperature this point might be erroneously considered
as outlier. Therefore, the rovibrational distributions of D2 have
been discussed first where the rotational population according
to the ambient temperature is clearly present. Nevertheless,
a fit of the distribution measured in H2 can still be carried
out when T rot,1 is manually set to the ambient temperature
of 300 K. The resulting values are T rot,2 = 7600 ± 400 K
and β = 0.965 ± 0.005. For the vibrational distribution, only
a lower bound of Tvib,1 = 6000 K can be given similarly to
D2 (see figure 11). Fulcher-α intensity is 1.14 × 1022 m−3s−1

(5.88 × 1021 m−3s−1, when only the d3Π−
u state is

considered).

4.5. Assessment of the simplified approaches

In the following, the evaluation with the comprehensive
approach described in the last sections is compared to those
typically performed in the literature up to now. In general, there
are five major differences or simplifications:

(a) Fitting the rotational temperature only at the first five Q
lines compared to the full hockey-stick fitting up to Q12
(Q13 for D2). The back-projection after equation (2) is

8
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Figure 11. Measured (full symbols) and simulated (open symbols)
vibrational population of the first four vibrational states in the H2
d3Π−

u state obtained in the high-power ICP. The vibrational
population has been calculated considering the experimentally
determined electron temperature of 4.5 eV (the electron density is
3 × 1019 m−3).

performed in both cases for determining the gas temper-
ature. For the simplified approach, Tgas is evaluated from
the d3Π−

u , v′ = 2 state in H2 (v′ = 1 in D2) according
to [33].

(b) Performing the back-projection of the rotational temper-
ature to the ground state according to equation (2) in
order to determine Tgas versus calculating the rotational
population directly in the ground state (in both cases the
hockey-stick fitting is performed).

(c) Determining the relative vibrational distribution in the
d3Π−

u state by extrapolating the rotational population fit-
ted to the first five Q lines compared to the full hockey-
stick fitting.

(d) Modelling the vibrational population in the d3Π−
u state via

applying the scaled FC principle as described in [38] ver-
sus the full vibrationally resolved population model. The
rotational hockey-stick distribution is considered in both
cases.

(e) The evaluation of the full Fulcher-α intensity when the
hockey-stick rotational population is not considered and
the FC approximation is applied compared to the intensity
obtained from the comprehensive approach.

Concerning point (a), the comparison between the compre-
hensive and simplified approach is summarized in table 1. In
general, the rotational temperature and therefore Tgas is over-
estimated when the hockey-stick distribution is neglected [36].
The amount of overestimation strongly depends on the weight-
ing factor β. For low values of β, all first five rotational levels
follow the cold rotational distribution and the fitting yields the
same temperature for both the comprehensive and simplified
approach. This is the case for the low-power ICP in D2. In H2,
the value ofβ is only 20% higher but this is enough that the lev-
els N′ = 4 and 5 are already influenced by the hot part of the
distribution. Therefore, the gas temperature determined with

Table 1. Tgas obtained from the comprehensive approach
(abbreviated CA) and the simplified approach (abbreviated SA). The
values of the weighting factor of the hot part of the hockey-stick
distribution are also given. For the high-power ICP in H2, the gas
temperature was manually set to 300 K as explained in section 4.4.

Tgas (K)

Discharge Gas With CA With SA β

Low-power ICP H2 600 750 (+25%) 0.174
D2 590 590 (±0%) 0.144

High-power ICP H2 300 (set) 2650 (+883%) 0.965
D2 275 890 (+324%) 0.908

the simplified approach is overestimated by 25%. For very high
values of β, the rotational temperature derived from the simpli-
fied approach is much higher (by 883% for the high-power ICP
in H2) than the one obtained with the comprehensive approach.
In this case, most of the rotational levels actually follow the hot
distribution and thus the rotational temperature does not reflect
Tgas any more.

For point (b), no difference in the gas temperature values
is present when applying the simplified or the comprehensive
approach within the error bars for all exemplary investiga-
tions. This means, that the excited states are dominantly popu-
lated from the X1Σ+

g , v = 0 state even for higher vibrational
temperatures as in the case of the high-power ICP.

The deviation of the relative vibrational populations in the
d3Π−

u state derived with the comprehensive and simplified
approaches (point (c)) is summarized in table 2. Only the lev-
els v′ = 1 to 3 are contained as the distribution is normalized
to the population of the v′ = 0 level in each case. In general,
neglecting the hot part of the hockey-stick distribution leads
to an underestimation of the relative vibrational population.
However, for low values of β as obtained in the low-power ICP,
the contribution from this part to the over-all population is low
and virtually the same vibrational distribution is determined.
The small deviation of a few per cent arises from the fitting of
the rotational distribution, which is done in the ground state
for the comprehensive approach and in the excited state for
the simplified approach. An exception is the d3Π−

u , v′ = 3
state in H2 where the simplified approach underestimates the
population density by 18% because fitting the rotational tem-
perature to the first five Q lines includes the levels N′ = 4 and
5 which have a reduced population density due to predissocia-
tion. For high values of β as in the case of the high-power ICP,
disregarding the hot part of the rotational distribution means
neglecting a considerable share of the over-all population. This
is partly compensated by the overestimated rotational temper-
ature (this effect is stronger in H2 than in D2, see table 1). In
total, the underestimation reaches more than 20% in the case
of H2 and more than 30% for D2.

For point (d), the vibrational population derived from the
measurement can both be fitted with the FC approximation
and the newly set up population model for H2 (the popula-
tion model represents the relative trend slightly better). How-
ever, as summarized in table X, the vibrational temperature
obtained from the FC approach yields values that are 25%
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Table 2. Deviation of the relative vibrational population obtained
from the simplified approach where hockey-stick distribution is
neglected (abbreviated SA) to the one from the comprehensive
approach (abbreviated CA). The values of the weighting factor of
the hot part of the hockey-stick distribution are also given.

Deviation of SA from CA

Discharge Gas v′ = 1 v′ = 2 v′ = 3 β

Low-power ICP H2 +1% +5% −18% 0.174
D2 +1% +3% +4% 0.144

High-power ICP H2 −20% −25% n.a. 0.965
D2 −3% −32% −33% 0.908

Table 3. Vibrational temperature obtained from the comprehensive
(abbreviated CA) and the simplified approach (abbreviated SA).

Tvib,1 (K)

Discharge Gas With CA With SA

Low-power ICP H2 4000 5000 (+25%)
D2 4000 4500 (+13%)

High-power ICP H2 � 6000 7500 (+25%)
D2 � 6000 Fit not possible

higher than the ones obtained from the population model (a
similar trend has been reported by [40]). For D2, fitting of the
vibrational population using the FC approach is difficult as
the trend of the measured normalized population is not well
reflected in the calculation. In the case of the low-power ICP,
the population of the v′ = 1 level fits well to Tvib = 4000 K
whereas at higher v′ values, the calculation with Tvib = 5000
K is matched. Increasing the tolerance level for accepting a
fit, a value of 4500 ± 1000 K can still be given. This is not
the case for the high-power ICP: for v′ = 1 the fit would yield
Tvib = 6000 K whereas for v′ = 3 it would be 9000 K (the con-
vergence of the vibrational population with high temperatures
is not so strong with the FC approach). This makes a fit of the
vibrational temperature impossible. It should furthermore be
noted, that for the high-power ICP, fitting the experimentally
determined relative vibrational distribution with the simulated
one requires the consideration of the hockey-stick rotational
distribution. If the hot part is neglected, a fit is not possible
as the relative populations of v′ = 2 and 3 derived from the
measurements are below the converged vibrational population
obtained for high values of Tvib,1.

A comparison of the simplified and comprehensive
approach concerning the intensity ε of the full Fulcher-α tran-
sition (point (e)) is compiled in table 3. In the case of the low-
power ICP and H2, the simplified approach yields an intensity
which is slightly higher than the one of the comprehensive
approach. In general, the factor for scaling the intensity from
the measured vibrational diagonal transitions to the full transi-
tion is only very weakly dependent on the vibrational temper-
ature. This means that the small deviations of Tvib,1 as sum-
marized in table 4 have basically no impact on the determined
value of ε.

Table 4. Intensity of the full Fulcher-α transition derived with the
comprehensive (abbreviated CA) and the simplified approach
(abbreviated SA). Both the d3Π+

u and d3Π−
u states are considered.

ε(m−3s−1)

Discharge Gas With CA With SA

Low-power ICP H2 1.25 × 1020 1.33 × 1020 (+6%)
D2 1.62 × 1020 1.26 × 1020 (−22%)

High-power ICP H2 1.14 × 1022 6.64 × 1021 (−42%)
D2 1.39 × 1022 3.96 × 1021 (−72%)

Starting from the full intensity derived from the comprehen-
sive approach and neglecting the hot part of the hockey-stick
distribution reduces ε by 18%. However, setting the cold rota-
tional temperature to the higher value of the gas temperature
determined with the simplified approach raises ε again more
or less by the same factor. Therefore, the two opposed effects
present in the simplified approach cancel each other in this
case. Coincidentally, the same intensity is obtained as with
the comprehensive approach for the low-power ICP in H2. For
the low-power ICP in D2, the gas temperature is not underesti-
mated with the simplified approach as explained above. There-
fore, the observed underestimation of ε by 22% can directly be
attributed to the missing hot part of the rotational population.

Disregarding the hot part for the high-power ICP leads to an
underestimation of ε by 52% in H2. This is only partly compen-
sated by the higher gas temperature and in total, the simplified
approach underestimates the intensity of the full Fulcher-α
transition by 42%. The same general trends are observed for
D2, but the compensation due to the higher gas temperature is
much smaller than in H2.

5. Summary

A comprehensive approach for evaluating the rovibrational
population of the H2 and D2 electronic ground state via
OES measurements of the Fulcher-α transition has been out-
lined. It relies on the calculation of the rovibrational distri-
butions directly in the X1Σ+

g state by considering the typi-
cally observed hockey-stick populations. The projection into
the upper d3Π−

u level of the Fulcher-α transition is per-
formed via vibrationally resolved electron impact excitation
cross sections that have been calculated according to the
semi-classical Gryzinski method. Radiative decay into the
a3Σ+

g state is considered via vibrationally resolved transition
probabilities.

This comprehensive approach omits several assumptions
and simplifications that are typically made up to now during
the evaluation of the Fulcher-α emission. In order to quantify
the impact of these assumptions, the simplified and compre-
hensive approaches were applied to two different discharges
(both for H2 and D2), a typical CW low-power laboratory ICP
and the pulsed high-power ICP of CERN’S Linac4 ion source.
In general, the comprehensive approach can be applied for all
cases and the measured rovibrational populations can be fitted
very well.
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The first simplification typically made is evaluating only
the first five rotational states (sometimes even less) within
a vibrational level of the d3Π−

u state. In the comprehensive
approach, the first 12 rotational states for H2 (13 for D2)
are included in the evaluation allowing for a consideration
of the rotational hockey-stick distribution. The investigations
showed that the simplification leads to an erroneous determi-
nation of the rotational temperature and therefore of Tgas in
general. Depending on the relevance of the hot part of the rota-
tional population, the gas temperature can be strongly overes-
timated by almost a factor of nine in the case of the pulsed
high-power ICP in H2. Neglecting the two-temperature dis-
tribution also leads to an underestimation of the population
in the single vibrational states (in maximum by more than
30%), which is derived from summation over the rotational
levels. This makes it impossible to fit this population by mod-
elling in some cases. In turn, the calculated intensity of the
full Fulcher-α transition, which is required for further eval-
uation by CR models, is underestimated up to a factor of
three.

The assumption that the d3Π−
u state is dominantly popu-

lated out of the X1Σ+
g , v = 0 level holds for the investigated

cases. However, the validity of this assumption depends on the
vibrational distribution of the ground state and on the electron
temperature and electron density in general. Therefore, this
assumption should be carefully checked for each application
case.

The simplification of using the FC principle both for the
electron impact excitation and the radiative decay leads to an
overestimation of the determined vibrational temperatures in
general (for H2 by 25%). Furthermore, the trend of the mea-
sured relative vibrational population is not reflected in the sim-
ulation for D2 what made the evaluation impossible in the case
of the high-power discharge.

In summary, it can be stated that the comprehensive
approach provides a much better insight into the rovibra-
tional population of the hydrogen molecule compared to
the simplified approaches taken up to now. Especially con-
sidering only the first five rotational levels can lead to a
significant error on the determined rovibrational population
and the calculated full intensity of the Fulcher-α transition.
Although it increases the experimental effort—but still by
far not to the level of the direct measurement methods as
described in section 1, it is highly advisable to take the
rotational emission lines up to high quantum numbers into
account.
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[6] Péalat M, Taran J P E, Bacal M and Hillion F 1985 J. Chem.

Phys. 82 4943–53
[7] Wagner D, Dikmen B and Döbele H F 1998 Plasma Sources Sci.

Technol. 7 462–70
[8] Bonnie J H M, Eenshuistra P J and Hopman H J 1988 Phys. Rev.

A 37 1121–32
[9] Stutzin G C, Young A T, Schlachter A S, Leung K N and Kunkel

W B 1989 Chem. Phys. Lett. 155 475–80
[10] Stutzin G C, Young A T, Döbele H F, Schlachter A S, Leung K

N and Kunkel W B 1990 Rev. Sci. Instrum. 61 619–21
[11] Mosbach T, Katsch H-M and Döbele H F 2000 Phys. Rev. Lett.

85 3420–3
[12] Vankan P, Schram D C and Engeln R 2004 Chem. Phys. Lett.

400 196–200
[13] Farley D R, Stotler D P, Lundberg D P and Cohen S A 2011 J.

Quant. Spectrosc. Radiat. Transfer 112 800–19
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