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Atmospheric helium capillary dielectric barrier
discharge for soft ionization: broadening of
spectral lines, gas temperature and electron
number density

Vlasta Horvatic,a Saskia Müller,b Damir Veza,c Cedomil Vadlaa and Joachim Franzke*b

The capillary helium dielectric barrier discharge (DBD) operating at atmospheric pressure was investigated by

means of optical emission spectroscopy with the aim to determine the dominant broadening mechanism of

the helium spectral lines, gas temperature and electron number density. The dependence of emission profiles

of helium 388 nm, 501 nm, 587 nm, 667 nm, 706 nm and 728 nm lines on discharge voltage, helium pressure

and position along the DBD capillary was investigated. Also, the pressure and voltage dependence of the

profiles of hydrogen H-alpha and H-beta lines was examined. The Lorentzian widths of the normalized

helium line profiles were found to be constant with respect to the applied voltage and the position along

the capillary. The dominant broadening mechanism for all investigated lines was identified to be due to

collisions with ground-state helium atoms, with the Stark broadening being negligible. It was determined

that the temperature of the gas was constant along the capillary and independent of the voltage applied on

the DBD electrodes and that its value coincided with the room temperature. The measurements of the

dependence of the Lorentzian width of hydrogen H-alpha and H-beta lines on helium pressure, combined

with gas temperature determined in the experiment, yielded the following values for the broadening

parameters due to broadening by neutral helium: gnHe(Ha) ¼ 1.56 � 10�9 cm3 s�1 and gnHe(Hb) ¼ 3.16 � 10�9

cm3 s�1. From the analysis of the measured H-alpha and H-beta line profiles the upper limit of the electron

number density in the investigated plasma was obtained as ne # 1.4� 1012 cm�3.
Introduction

In the last decade different types of plasmas were investigated to
serve as ambient desorption ionization (ADI) sources for the
detection and determination of molecular species.1–7 Applied
so ionization techniques (e.g., as chemical ionization) as
offered by ADI sources are attractive because they preserve the
structural integrity of themolecules under study. Among others,
the plasma jet produced by an atmospheric DBD was found to
be a suitable source for so ionization in ion mobility spec-
trometry (IMS) and mass spectrometry (MS).8–11

In spite of numerous investigations dealing with the effi-
ciency of helium DBDs as ambient ionization sources, the rele-
vant ionization mechanisms leading to optimal enhancement of
MS sensitivity are not ambiguously determined. First of all, the
properties of the generated plasmas strongly depend on the
construction and geometry of a particular DBD. Furthermore, for
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a given construction geometry the plasma properties also
strongly depend on the kind of electrodes, the gas ow and the
applied voltage.

The study of He metastables (Hem) in the plasma is essential
not only for better understanding of the mechanism by which
helium-DBDs operate but also for the optimization of their
performance for mass spectrometric analyses. It was also stated
that Penning ionization from metastable helium is not the sole
ionization pathway for the production of N2

+ ions in the low
temperature plasma (LTP) probe.12 The importance of Penning
ionization in the plasma of the dielectric barrier discharge or in
the plasma jet was not refuted but it should be noted that He2

+

ions could also play an important role in helium-plasma-based
ionization sources.

The DBD can be operated in two different modes, homoge-
neous and lamentary modes. These modes can be distin-
guished by measuring the plasma current. Filamentary modes
show multiple current peaks while a homogeneous mode has a
well-dened current peak. The rotational temperature is
constant along the discharge axis from the middle of the
capillary to the positions in the jet where the N2

+ 391 band is
still measurable. In contrast to the homogeneous mode, in the
filamentary mode there is a clear increase of rotational
This journal is © The Royal Society of Chemistry 2014
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temperatures when approaching the anode region and their
values saturate in the jet at about 410 K.13

The aim of the present investigation is to identify the
dominant broadening mechanism of the helium spectral lines,
and to determine the gas temperature and estimate electron
number density in the capillary barrier discharge. To this end
the broadening of the helium and hydrogen lines in a DBD
operating in the lamentary as well as in the homogeneous
mode will be presented. The dependence of the line proles on
the applied voltage, helium pressure and the position along the
discharge has been investigated, yielding important insight into
the characteristics of the generated plasma.
Fig. 1 The experimental arrangement. The arrows labeled with SO and
EO indicate the side-on and end-on observation axes.
Experiment and method
Experimental

The experimental arrangement is basically the same as reported
in our previous works13,14 and it will be described here only
briey. The DBD was produced in a capillary quartz tube
(length: 30 mm, outer diameter: 1 mm, inner diameter: 0.5 mm)
with two electrodes (distance: 10 mm) in tight contact with the
outer capillary surface. The discharge burned in He and was
sustained by a homemade high-voltage generator with approx-
imately sinusoidal output (frequency: 21.5 kHz, voltage ampli-
tudes: up to 6.5 kV).

The emission signals were measured by a 1 m McPherson
monochromator (grating: 1200 grooves per mm). The mono-
chromator was supplied either with an RCA-S20 multiplier for
measurements in the visible region or with an EMI S-11 multi-
plier for UV and visible regions. The photomultiplier current
signals were measured by picoammeter (Keithley 4685) and
stored in a laboratory PC. With our detection system, intensities
of the spectral lines emitted within the period of time of plasma
current duration (about 2 ms) were averaged and recorded as
continuous spectra. The spectra were obtained by scanning the
monochromator, with the fastest scanning speed limited to 1
nm min�1. This speed combined with the actual data acquisi-
tion rate was the highest scan speed at which adequate optical
resolution of the recorded spectra was still maintained.

In the rst part of the experiment, the measurements were
performed at various helium ow rates at atmospheric pressure,
provided by the same gas handling system as in our recent
works.13,14 In contrast to that, a part of the present measure-
ments was performed at helium pressures lower than 1 atmo-
sphere. For this purpose the outlet side of the capillary was
connected with a vacuum system as sketched in Fig. 1. The light
emitted from the capillary discharge was imaged side-on by a
lens (focal length: 10 cm) to the entrance slit of the mono-
chromator. The quartz window of the vacuum chamber enabled
the end-on measurements too.
Registered line intensities

The resulting spectral intensity of a line simultaneously emitted
(2 / 1) and absorbed (1 / 2) in a plasma column (length L) is
given by the expression (see, for instance Thorne et al.15)
This journal is © The Royal Society of Chemistry 2014
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where the frequency-dependent absorption coefficient is given
by
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Here, Dn ¼ n � n21 is the frequency detuning from the line
center, n21 is the central line frequency (units: s

�1), n1 and n2 are
the number densities (units: cm�3) of the atoms in the lower
and upper states, respectively, g1 and g2 are the statistical
weights, A21 is the radiative transition rate (units: s�1) and
P12n (Dn) is frequency-dependent normalized (

Ð
P(n)dn ¼ 1) line

prole (units: s�1).
A registered spectral line intensity is a convolution of the

emitted spectral intensity and the monochromator instru-
mental prole. The measurements were performed in the rst
as well as in the second order of grating dispersion with
different monochromator slits (slit widths: 10 or 30 mm). The
widths of resulting instrumental proles were at least 2 to 3
times smaller than the widths of the registered lines.

For the analysis of the line proles it is important to prove
that the absorption effects along the observation axis are
negligible, i.e. that the emitted lines are optically thin. In the
case of optically thin lines (k12L � 1), expression (1) becomes

i21(n)|thin f hn21n2A21P(Dn)L, (3)

The optical thickness of the measured lines was controlled
by comparison of the end-on and side-on measured line
proles, where the ratio of the effective plasma column lengths
LEO and LSO, respectively, amounts to about 20. It was found out
J. Anal. At. Spectrom., 2014, 29, 498–505 | 499
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that some of the end-on measured helium lines (388 nm, 501
nm, 587 nm and 667 nm) were absorbed between 20% and 70%
in the line kernel. These values for maximum absorption imply
that the corresponding line intensities measured side-on, i.e.
with 20 times shorter optical paths, are optically thin. For the
He 706 nm and 728 nm lines as well as for hydrogen lines
(H-alpha and H-beta) the difference between side-on and end-
on measured intensities was negligible. Thus it was justied
that all side-on measured lines can be treated as optically thin.
Fig. 2 An example for the determination of the Lorentzian FWHM
from the line wings. In (a) part of the figure intensity is expressed in
arbitrary units (a.u.). See further explanations in the text.
The proles of the measured lines

The broadening of the spectral lines under the present experi-
mental conditions is expected to be governed by collisions of
emitting atoms with the surrounding particles leading to
homogeneous pressure broadening with Lorentzian proles
and non-homogeneous broadening by the Doppler effect with
Gaussian proles. The normalized Lorentzian prole can be
written as

PnL
21 ðDnÞ ¼

1

2p

DL

ðDL=2Þ2 þ ðDnÞ2 (4)

where DL (Hz) is the Lorentzian full width at half-maximum
(FWHM), which is given as the product of perturber number
density np and the impact broadening parameter gn

P (cm3 s�1).
In the monoatomic medium, such as the investigated DBD
burning in pure helium, the Lorentzian shape of helium lines is
expected to be governed by collisions with neutral helium atoms
and electrons. Then, the resulting Lorentzian FWHM is the sum
of both contributions:

DL ¼ gn
HenHe + gn

ene. (5)

The normalized Doppler prole is a Gauss function given by:

PnD
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2
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where DD ¼ ð2 ffiffiffiffiffiffiffiffiffi
ln 2

p
=l12Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kT=M

p
is the Doppler FWHM. Here,

k, T and M label the Boltzmann constant, the gas temperature
and the mass of an emitting particle, respectively.

In general, both Lorentz and Doppler broadening mecha-
nisms are present and the resulting proles are their convolu-
tions, which are well known as the Voigt proles. Finally, the
registered signals I21(n) are given by the convolution of the
instrumental proles and the intrinsic Voigt proles.
Table 1 Basic data for the investigated helium spectral lines16

l (nm) Transition Ei (cm
�1) Ek (cm

�1) gi gk Aki (10
8 s�1)

388.8 2s 3S1–3p
3PoJ 159 856 185 565 3 9 0.095

501.5 2s 1S–3p 1Po 166 278 186 210 1 3 0.13
587.6 2p 3PoJ–3p

3DJ 169 087 186 102 9 15 0.71
667.8 2p 1Po–3d 1D 171 135 186 105 3 5 0.638
706.5 2p 3PoJ–3s

3S1 169 087 183 237 9 3 0.278
728.1 2p 1Po–3s 1S 171 135 184 865 3 1 0.18
Determination of the Lorentzian line widths

The Lorentzian widths of the measured lines were determined
from their wings, which is demonstrated here for the case of the
He 667 nm line. In Fig. 2a the frequency-dependent intensity
I667 of the He 667 line measured near the anode at atmospheric
pressure is plotted together with the actual monochromator
instrumental prole IIP. This measurement was performed in
the rst order of the monochromator dispersion and the slits
widths were 40 mm yielding the FWHM of the instrumental
prole of 28 GHz at 667 nm.
500 | J. Anal. At. Spectrom., 2014, 29, 498–505
In general, in the line wings at detuning larger than 3
Doppler FWHMs, the Voigt proles follow the shape of the
Lorentzian component. Also, at detuning of about 3–4 FWHMs
of the instrumental prole the registered line prole becomes
directly proportional to the actual line prole. To get the insight
in the present case, the normalized intensity I667

n ¼ I667/
Ð
I667dv

was calculated and plotted in the double logarithmic scale in
Fig. 2b.

Fig. 2a shows that at detuning of about Dn ¼ 100 GHz the
measured intensity of the He 667 line acquires a linear depen-
dence on (Dn)2 in the double logarithmic scale with a slope
equal to �2. This frequency dependence corresponds to the
wings of the Lorentzian prole:

I667
nhPnL

21 ðDnÞ ¼
1

2p

DL

ðDnÞ2 ðDnÞ2[ðDL=2Þ2 (7)

which can be used to determine the Lorentzian line width. The
averaged values forDL¼ 2pI667

n(Dn)2 obtained from the red and
blue wings of the I667

n prole are plotted in Fig. 2c. In the
present example, the data saturate at Dn > 100 GHz and yield the
value DL z 68 GHz.
Broadening of helium lines

The characteristic parameters of six helium linesmeasured here
are listed in Table 1. The lines are related to the four lowest
excited states of helium, which include an excited state 2p 3PoJ,
two metastable states (2s 3S1 and 2s 1S), and the rst resonance
This journal is © The Royal Society of Chemistry 2014



Fig. 3 The profiles of the He 706 nm line measured side-on at the
position near the anode at atmospheric pressure and the constant
helium flow, while the applied voltage was changed. IP labels the
instrumental profile. (a) Measured signals obtained at various discharge
voltages. (b) Red and blue wings of the normalized profiles obtained at
lowest and highest voltages and plotted in the double logarithmic
scale. The inset in (b) displays evaluated Lorentzian widths depending
on the applied voltage.
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(2p 1Po) state. Some of these lines are singlets (501 nm, 667 nm,
728 nm), while others exhibit ne structures. The tabulated
parameters for 388 nm, 587 nm and 706 nm lines are related to
overall multiplet values.16

The frequency distances and relative intensities of the ne-
structure components of investigated heliummultiplet lines are
listed in Table 2. Here the data taken from NIST17 were used.
The frequency distances DFS are expressed relative to the posi-
tion of the strongest component of the particular multiplet.

As mentioned before, in the plasma generated inside the
capillary DBD, the helium lines are expected to be broadened by
collisions with neutral helium atoms and electrons, and the line
widths dened by eqn (5) reect this. To investigate the inu-
ence of physical conditions in the DBD on the line proles, for
each of the six measured helium lines the experiments were
performed by changing the particular discharge parameter. In
the following, the detailed results will be presented for the case
of He 706 nm and He 587 nm lines.

The He line proles depending on the applied voltage, the
position along the capillary and the helium pressure

The measurements of the He line prole dependence on the
discharge voltage as well as on the position along the capillary
were performed at the gas ow rate of 500 ml min�1 and the
plasma jet penetrated in the ambient air atmosphere. The
capillary DBD was observed side-on in the region near the
anode. The voltage was varied between 3.5 kV and 6.5 kV. At 3.5
and 4.0 kV the DBD operated in the homogeneous mode, while
at the higher voltages it operated in the lamentary mode. The
results obtained for the He 706 nm line are presented in Fig. 3.

These measurements were performed in the rst order of
grating dispersion with 10 mm wide monochromator slits,
which yielded a FWHM of the instrumental prole of about
7 GHz at 706 nm. As can be seen in Fig. 3a, the proles of the
measured He 706 nm line are slightly asymmetric in the line
kernel which is due to the ne-structure component at
DFS¼�31.8 GHz. This becomes more apparent in Fig. 3b where
the normalized intensities are plotted in the double logarithmic
scale. The measured line intensities strongly depend on the
discharge voltage. However, the normalized line intensities
Table 2 Basic data for the structure of the investigated helium
multiplet lines17

l (nm) Transition DFS (GHz) Relative intensity

388.8 2s 3S1–3p
3Po2 0 0.555

–3p 3Po1 +0.66 0.333
–3p 3Po0 +9.44 0.112

587.6 2p 3Po2–3p
3D1 +1.41 0.005

–3p 3D2 +0.06 0.083
–3p 3D3 0 0.469

2p 3Po1–3p
3D1 �0.87 0.083

–3p 3D2 �2.22 0.25
2p 3Po0–3p

3D1 �30.5 0.11
706.5 2p 3Po2–3s

3S1 0 0.555
–2p 3Po1 �2.1 0.333
–2p 3Po0 �31.8 0.112

This journal is © The Royal Society of Chemistry 2014
exhibit the same Lorentzian shape in the wings and the evalu-
ated Lorentzian widths (DL ¼ 39 GHz) were found to be inde-
pendent of the DBD-voltage within the experimental error bars
(�10%). The Lorentzian widths of the other investigated helium
lines were also found to be independent of the applied voltage.

As mentioned previously, contributions to the Lorentzian
width are due to collisions with neutral He atoms and electrons
by Stark broadening. If Stark broadening is appreciable it would
certainly reect itself in the noticeable change of the Lorentzian
width by alteration of the DBD operating voltage. The constancy
of DL with respect to the applied voltage leads to the conclusion
that helium lines under the conditions of the investigated DBD
do not depend on the electron density and that the broadening
is dominantly caused by collisions with neutral helium atoms.

The side-on measured intensities of helium lines were found
to be strongly dependent on the observation position x along
the capillary. This was especially pronounced in the lamentary
mode at the highest voltages, as a consequence of the nonho-
mogeneous electron number density distribution. However, the
line proles, i.e. their Lorentzian widths, remained unchanged.
Fig. 4 shows the results obtained for the He 706 nm line. The
side-on intensities were measured in the middle of the capillary
and at two positions near the anode (see Fig. 4), while the
discharge voltage was kept constant. The evaluated Lorentzian
FWHMs obtained in this part of the measurement are fully in
agreement with the values obtained at various voltages.

It should be stressed that at higher applied gas ows the
Lorentzian widths of the helium lines slightly increase. For
instance, when increasing the gas ow to 1.5 l min�1, the values
of DL are about 5–10% higher than those at the ow of 500 ml
min�1. This effect is obviously due to an increase of the helium
pressure in the capillary at higher gas ows. To examine the
pressure dependence of the helium line broadening parameters
the following set of measurements was performed.
J. Anal. At. Spectrom., 2014, 29, 498–505 | 501



Fig. 4 The profiles of the He 706 nm line measured side-on at various
x-positions (a–c). The DBD operating voltage and He flow were kept
constant at 5.6 kV and 500 ml min�1, respectively. In the present case
the width of themonochromator slits was 40 mm and the FWHMof the
corresponding instrumental profile (IP) is about 25 GHz. The inset on
the right side: blue wings of the normalized profiles plotted in the
double logarithmic scale.

Fig. 5 (a) The intensities of the He 587 nm line measured at three
different helium pressures with an applied voltage of 6.5 kV. With
decreasing pressure the hyperfine component at DFS ¼ �30.5 GHz
becomes more pronounced. The measurements were done in the
second order of grating dispersion with the monochromator slits
widths of 40 mm. The instrumental profile (IP) for that case is repre-
sented by the grey line. (b) Blue wings of the normalized profiles in the
double logarithmic scale. The inset in (b) shows the evaluated Lor-
entzian widths depending on helium pressure obtained from the
presented profiles and two additional ones which are not shown here.
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The gas-outlet side of the capillary was connected to the
vacuum system and the pressure in the chamber and the capil-
lary was controlled by needle valves (see Fig. 1). The measure-
ments were performed keeping the gas ow under standard
conditions in the range between 200 and 500 mlmin�1 while the
pressure was varied from 1200 mbar down to approximately 400
mbar. As an example of the pressure dependence of the inves-
tigated He lines, the results of the proles of the He 587 nm line
are shown in Fig. 5. The applied voltage was 6.5 kV and the
discharge was observed side-on at the position near the anode.

The evaluated Lorentzian width DL at atmospheric pressure
amounts to (34 � 5) GHz and exhibits a clear linear dependence
while changing the pressure. The slope of the linear t through the
data plotted in the inset of Fig. 5b amounts to 0.036 GHz mbar�1.
Within the error bar (�5 GHz), the extrapolated value of the Lor-
entzian FWHM for the zero pressure equals zero. This again
corroborates the nding that the Stark broadening of helium lines
under the present experimental conditions is negligible.
Table 3 Lorentzian widths Datm
L measured at atmospheric pressure

He line (nm) Datm
L (GHz)

728 61 � 5
706 39 � 4
667 68 � 4
587 35 � 4
501 44 � 4
388 39 � 7
Lorentzian widths of the helium lines and the determination
of the gas temperature

The performed investigation of the helium line proles
observed side-on from the capillary DBD burning in pure
helium at atmospheric pressure shows that the line wings of all
measured lines are basically of the Lorentzian type. Within the
error bars, the measured Lorentzian widths are independent of
the discharge voltage and, at lower gas ows, independent of
the position of observation along the discharge axis. The Lor-
entzian widths Datm

L of the helium lines measured here at
atmospheric pressure are listed in Table 3.

The broadening of helium spectral lines due to collisions
with ground state helium atoms has been the subject of many
experimental and theoretical investigations with the goal to
502 | J. Anal. At. Spectrom., 2014, 29, 498–505
obtain information about the mechanisms of relevant inter-
atomic interactions during the collisions. As reported in the
literature18–23 for the lines investigated here, the main mecha-
nisms of this broadening are van der Waals and resonance
interactions. The transitions at 501.5 nm, 667.8 nm and 728.1
nm are inuenced by resonance interactions, whereas the other
three transitions (at 388.8, 587.6 and 706.5 nm) are broadened
purely by van der Waals interaction.

The data for the impact broadening parameters gn
He taken

from the literature at our disposal are listed in Table 4.
According to the theory, the impact broadening parameters due
to pure van der Waals interactions are dependent on the gas
temperature (fT0.3g ) and the data listed in Table 4 were obtained
at temperatures between 273 and 300 K. In the case of pure
resonance interactions the broadening parameters are
temperature-independent.

Similarly, as shown for the case of the He 587 nm line, the
Lorentzian widths of all measured lines exhibit a clear
linear dependence on the helium pressure with residual values
0 < Dres

L < 5 GHz, which can be attributed to the small Stark
contributions neg

n
e. Thus, in the present case, the relationship

(5) reduces toDatm
L zDatm

vdW¼ natmHe g
n
He, which combined with the
This journal is © The Royal Society of Chemistry 2014



Table 4 The literature values of the self-broadening parameters gnHe
of the investigated lines, the corresponding dominant broadening
mechanism (vdW – van der Waals interaction, R – resonance inter-
action) and the gas temperatures Tg obtained in the present experi-
ment. See further explanations in the text

He line
(nm)

gnHe

(10�9 cm3 s�1) Method

Dominant
broadening
mechanism Reference Tg (K)

728 2.86 Exp. R 18 339
1.98 Theory 19 (235)

706 1.37 Exp. vdW 20 254
1.72 Theory 21 319
1.63 Theory 22 303

667 2.49 Exp. R 18 265
2.64, 2.97 Exp. 23 281, 316
1.21 Theory 19 (129)

587 0.9 Exp. vdW 24 (186)
1.3 Theory 21 269

501 6.03 Exp. vdW > R 18 (993)
1.66 Theory 19 273

388 1.57 Theory vdW 21 291
1.45 Theory 22 269
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broadening parameter data for gn
He listed in Table 4 enables

determination of the number density natmHe of helium ground-
state atoms at atmospheric pressure and subsequently the gas
temperature by applying Dalton's law. Using the data given in
Tables 3 and 4 the values of Tg ¼ gn

Hep/D
atm
vdWk were calculated

and are listed in the last column of Table 4. Here, p and k are the
pressure and the Boltzmann constant, respectively. As can be
seen in Table 4, four obtained values for Tg strongly deviate
from the rest of the calculated dataset. These values, given in
brackets, were omitted in the performed statistics as highly
unlikely candidates for the correct gas temperature. The
remaining eleven values yield the most probable value Tg ¼ 290
K, with the statistical accuracy of about 10%. If the upper limit
of 5 GHz corresponding to the Stark broadening contribution is
taken into account, the resulting values for Datm

vdW are lower,
which consequently increases the most probable gas tempera-
ture by �30 K, i.e. to 320 K.

In many publications, the gas temperature of an atmo-
spheric DBD is assumed and widely accepted to be near the
room temperature. This assumption has been based on several
side effects that led to the conclusion that the atmospheric DBD
plasma is a cold plasma. To the best of our knowledge, the
present work represents the rst spectroscopic conrmation of
this statement.
Fig. 6 (a) The H-beta line profiles measured end-on at various helium
pressures in the DBD. The feature in the red wing of H-beta is an
unidentified molecular transition. (b) The same as in (a) but for the
H-alpha line. Both measurements were performed at V ¼ 6.5 kV. (c)
The intensity of the blue wing of the normalized line profile of the
H-beta line in the double-logarithmic scale. (d) The same as in (c) but
for the H-alpha line.
Hydrogen lines

In the course of the present experiment, the hydrogen lines at
656.3 nm (H-alpha) and 486.2 nm (H-beta) were examined too.
The objective of these measurements was to get information
about actual electron density in our capillary DBD. The Stark
impact broadening of these hydrogen lines is well known and
they are oen used as reliable standards for the determination
of the electron number density in ionized gases. In contrast to
This journal is © The Royal Society of Chemistry 2014
helium lines, side-on signals of hydrogen lines were very weak,
and therefore these lines were measured end-on so that their
intensities are related to the whole discharge volume. Both lines
were measured as functions of the helium pressure in the la-
mentary operating mode of the DBD at V ¼ 6.5 kV. Typical
spectra and corresponding normalized intensities are plotted in
Fig. 6. In addition, the H-beta line was measured at a lower
voltage (V ¼ 4.2 kV) in the homogeneous discharge mode. Both
lines are multiplets, but their ne-structure splitting is smaller
than the widths of the instrumental proles involved.

The broadening parameter DL obtained from the Lorentzian
wings of the normalized line intensities are depicted in Fig. 7.

The present measurement shows that the hydrogen lines
exhibit a behavior similar to the helium lines. Hydrogen
number density in the capillary is negligible in comparison with
the density of helium, so that the pressure broadening of
hydrogen lines is essentially due to helium ground state atoms.
The slopes of the linear ts through the data plotted in Fig. 7
amount to 0.079 GHz mbar�1 and 0.039 GHz mbar�1 for the H-
beta and H-alpha lines, respectively. Within the error bar
(�3 GHz), the extrapolated values of the Lorentzian FWHM are
equal to zero for the zero pressure. By taking into account the
value Tg ¼ 290 K, the data presented in Fig. 7 yield the broad-
ening parameters gn

He(Ha) ¼ 1.56 � 10�9 cm3 s�1 and gn
He(Hb) ¼

3.16 � 10�9 cm3 s�1. There are two results available in the
literature for gn

He(Ha). Kielkopf25 reported the value of the inte-
gral broadening of the blended H-alpha line of 1.44 � 10�9 cm3

s�1 measured at 800 K. Weber26 made the measurements of the
resolved H-alpha ne-structure lines at 310 K, and obtained
broadening constants for the particular components in the
range between 1.44 � 10�9 cm3 s�1 and 2.04 � 10�9 cm3 s�1. All
mentioned results are in very good agreement with the gn

He(Ha)
value obtained in the present investigation. To the best of our
knowledge gnHe(Hb) has not been measured yet, and the present
J. Anal. At. Spectrom., 2014, 29, 498–505 | 503



Fig. 7 The evaluated Lorentzian line widths of the H-alpha and H-beta
lines depending on helium pressure measured in a filamentary DBD
mode (V¼ 6.5 kV) with residual valuesDStark

L indicated for helium zero-
pressure. In addition, the data for the H-beta line obtained at 4.2 kV
(homogeneous mode) are plotted.
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value represents the rst experimental result for this broad-
ening parameter. However, according to recent theoretical
estimation27 the mean van der Waals broadening of the H-beta
line due to helium at 1 atm and 300 K was reported to be 44.6
pm (56 GHz). The corresponding value for gn

He(Hb) is lower than
that measured here and amounts to 2.31 � 10�9 cm3 s�1.

The Stark contribution to the impact broadening of the
hydrogen lines is negligible and only a rough estimation of the
maximum electron number density can be made. The Stark
widths are complex functions of electron density and electron
temperature.28 However, according to Gigosos et al.29 in a wide
range of electron temperatures (up to 10 000 K) simple rela-
tionships for Stark contributions to the Lorentzian widths of the
hydrogen lines can be used for determination of electron
number density. In the case of H-beta lines the following
expression can be applied:

DStark
L,b (nm) ¼ 4.60 � [10�17 � ne (cm

�3)]0.681 (8)

As mentioned above, the upper value of the Stark contribu-
tion DStark

L,b to the Lorentzian width is estimated to be 3 GHz.
From eqn (8) it follows that in the investigated DBD electron
number density was ne # 1.4 � 1012 cm�3.
Conclusions

The capillary DBD operating in helium at atmospheric pressure
was investigated by means of optical emission spectroscopy in a
series of experiments with the aim to perform the diagnostics of
the generated plasma. The emission proles of helium 388 nm,
501 nm, 587 nm, 667 nm, 706 nm and 728 nm lines were
investigated as functions of the discharge voltage (in the range
3.5–6.5 kV), helium pressure (in the range 500–1000 mbar) and
position along the DBD capillary. In addition, the dependence
on the helium pressure of the proles of hydrogen H-alpha and
H-beta lines was measured. In the case of the H-beta line the
dependence on the applied voltage was inspected too.
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Themeasured total intensities of helium lines strongly depend
on voltage and position of observation, which is due to the
pronounced non-homogeneity of the plasma regarding the elec-
tron concentration and electron-impact excitation. However, the
analysis of the normalized line proles showed that their Lor-
entzian widths do not depend either on the applied voltage or the
position along the capillary, and that line shapes are dominantly
governed by impact broadening due to collisions with ground-
state helium atoms. The contribution from Stark broadening was
found to be negligible in comparison with the van der Waals
broadening due to interactions with helium ground-state atoms,
even at highest applied voltages. From the measured Lorentzian
widths and the data for the line broadening parameters from the
literature, the gas temperature was determined. Its value, which is
constant along the capillary axis and independent of the voltage
applied on the DBD electrodes, was found to coincide with the
room temperature within the experimental error bar.

The hydrogen H-alpha and H-beta lines exhibited a behavior
similar to the helium lines. Under the present conditions in the
DBD they are dominantly broadened by collisions with helium
ground state atoms, which is plausible bearing in mind that in
the capillary the hydrogen is present in traces. From the
measurements of the gas temperature and the Lorentzian
widths of these lines vs.He pressure the broadening parameters
gn
He(Ha) ¼ 1.56 � 10�9 cm3 s�1 and gn

He(Hb) ¼ 3.16 � 10�9 cm3

s�1 were obtained. To the best of our knowledge this is the rst
experimental result for H-beta broadening by neutral helium,
and the value is in reasonable agreement with the theoretical
value25 of 2.31 � 10�9 cm3 s�1. In the present experiment only
an upper limit of the electron number density could be deter-
mined and it amounted to ne # 1.4 � 1012 cm�3.

Our further interest lies in the determination of the number
densities in the heliummetastable states bymeans of the emission
spectroscopy. To apply this method reliably, accurate information
about the proles of the relevant spectral lines as well as the basic
plasma parameters is needed. The helium lines investigated here
emerge in the transitions related to the four lowest helium excited
states including two metastable states, and supply necessary
information for the application of the mentioned method.

The ndings that in the helium capillary DBD the helium
lines are dominantly broadened due to collisions with ground
state He atoms, with Stark broadening being negligible, that
this broadening is independent of the discharge voltage and the
position along the capillary, and that the gas temperature is
equal to room temperature are very important because they
simplify signicantly the evaluation of number densities of
interest from the emission intensities which have undergone
simultaneous emission and absorption in the medium.
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