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ABSTRACT: The populations of the lowest excited helium states
25 %S, 25 'S, 2p *P%, and 2p 'P° created in an atmospheric helium
capillary dielectric barrier discharge were determined by means of
optical emission spectroscopy. The emitted intensities of 388, 501,
587, and 667 nm lines were measured side-on and end-on with
respect to the discharge axis. The comparison of optically thin
side-on spectra with end-on spectra, which exhibited the
absorption effects in the line kernels, enabled the determination
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of the average values of the number densities n, in the considered He states along the plasma length L. The field of the
theoretical profiles for a series of the n,L parameters pertinent to the experimental conditions was calculated for each line. By
introducing the experimental data into the field of calculated curves, n,L corresponding to the particular state could be obtained.
The measurements of the emission profiles were done as a function of the discharge voltage in the range covering homogeneous
as well as filamentary DBD operation mode. Due to nonuniformity of the excited atom density distribution along the plasma, the
values of n; could be obtained only in the homogeneous operation mode where the nonuniformity was small. The following
maximum values were found for the number densities in the investigated states: n{’ (2s °S;) = (2.9 + 1.1) X 10" em™, n{" (2s
'S) = (1.4 £ 0.5) x 10" em™, n{" (2p *P%) = (1.1 £ 0.4) x 10" ecm™, n{" (2p 'P°) = (42 + 1.6) X 10" cm™, and they
represent the average populations along the plasma column in the capillary.

In recent years, attention has been focused on the application
of plasmas as ambient desorption-ionization (ADI) sources,
for the detection of molecular species, capable of producing
rapid analytical results with little or no sample preparation.'
In some of these techniques, dielectric barrier discharges are
used for desorption as well as for the ionization process.
Experiments have also been carried out on the use of helium-
DBDs as ionization sources in ion mobility spectrometry (IMS)
and for liquid chromatography/mass spectrometry.®~"'

The presence and the involvement of helium metastable
atoms are essential not only for better understanding of the
mechanisms by which helium-DBDs operate but also for the
optimization of their performance for mass spectrometric
analyses. It was found that Penning ionization from metastable
helium is not the sole ionization pathway for the production of
N, ion in the low temperature plasma (LTP) probe.'” The
authors stressed that they did not want to refute the importance
of Penning ionization in the dielectric barrier discharge itself or
the plasma jet, which is in their case called afterglow.'” They
meant that a possible important contribution and role of He,"
ion in helium-plasma-based ionization sources should also be
noted."” Since the reported plasma temperatures for all other
types of helium discharges used for soft ionization are
comparatively low, and do not differ dramatically from the
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LTP, they state that it seems to be reasonable to expect that a
significant portion of positive charges produced in other
helium-plasma-based ambient desorption/ionization sources
exists as He,"."” Although the study was focused on only one
type of discharge used as an ambient desorption/ionization
source, the authors meant that it might be possible to apply
these findings on fundamental reaction mechanisms to other
plasma-based ambient desorption/ionization sources."”

We found out that the DBD can be operated in two different
modes, the homogeneous and the filamentary mode, which can
be recognized by visually monitoring the plasma appearance
and simultaneously inspecting the measured plasma current.
Filamentary mode shows multiple current peaks, while a
homogeneous mode has a well-defined current peak. In the
homogeneous mode, the rotational temperature is constant
along the discharge axis from the middle of the capillary to the
positions in the jet where the N,* 391 band is still measurable.
In the filamentary mode, there is a clear increase of rotational
temperatures when approaching the anode region, and their
values saturate in the jet at about 410 K."?
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Figure 1. (A) Side-on (1) and end-on (2) geometry. (B) Typical registered signals together with the shape of the instrumental profile (IP). The
displayed scans of the He 667 nm line were obtained in the first order of the grating dispersion using 40 ym monochromator slits. The
corresponding monochromator band-pass on the wavelength scale amounts to 0.04 nm. The applied voltage amplitudes was V = 4.3 kV. (C) The
intensities shown in (A) normalized to unity in the optically thin wings at the arbitrary chosen detuning, Av = 100 GHz, and displayed in double

logarithmic scale.

Chan et al. measured comparable or even higher rotational
temperatures inside the torch, but outside the torch, the
rotational temperature was 550 K.'> It can be suspected that
the plasma is also operated in a filamentary mode and the
higher the rotational temperature is, the more He," are
involved.

Therefore, it cannot be argued that if the plasma temper-
atures for all other types of helium discharges used for soft
ionization are comparatively low, and do not differ dramatically
from the LTP, that it is reasonable to expect that a significant
portion of positive charges produced in other helium-plasma-
based ambient desorption/ionization sources exists as He,".

However, in the common opinion, the soft ionization of
analytes starts with N," molecules, which are directly or
indirectly produced by transferring the energy accumulated in
helium atoms being in metastable states."*” '3 Therefore, the
determination of the number densities of helium metastable
atoms in a DBD-plasma at atmospheric pressure and their
correlation with the efficiency of the produced soft ionization is
crucial for understanding the relevant processes. One of the
most frequently applied methods for the determination of the
densities in the excited atomic states is the laser absorption (see
for instance the works of Kunze et al.'* and Tachibana et al.'®).
Unfortunately, the laser systems at our disposal are not able to
reach the optical transitions involving the excited helium states
of interest. An alternative way to determine the density of
metastables in plasma is offered by the application of an atomic
emission spectroscopy (AES) method. In principle, the spectral
line emission from a plasma volume is followed by
simultaneous absorption processes within the plasma. When
analyzing a plasma column spectroscopically, the spectral line
intensities can be measured perpendicular to a certain position
of the column axis (side-on) and along the plasma column
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(end-on). By comparison of end-on and side-on spectra, the
absorption effects in the line kernels could be detected due to
differences in optical paths in the end-on and side-on observed
plasma layers. This yields the opportunity to determine the
number densities in lower states belonging to the investigated
emission lines. However, to apply this OES method for a
quantitative absorption analysis, first the appropriate spectro-
scopic plasma diagnostics including the determination of line
profiles, temperature, and electron density in the investigated
plasma has to be made. Such an extensive OES investigation of
our capillary DBD has been performed,'® which yielded
information that is necessary for the implementation of the
method. In the following, the determination of the average
number densities in the metastable states 2s 3S, and 2s 'S as
well in the 2p P state and the first resonance 2p 'P° state of
helium produced in capillary DBD at atmospheric pressure and
various discharge voltages will be presented.

B EXPERIMENTAL SECTION

Experiment. The experimental setup used in the present
work is the same as in our previous work'’ dealing with
operation modes of the capillary DBD operating in helium at
atmospheric pressure, and its description will be repeated
briefly. Moreover, even the used capillary discharge tube was
exactly the same as that used previously.'®

The investigated helium plasma was generated in a capillary
quartz tube (outer diameter: 1 mm; inner diameter: 0.5 mm)
between two electrodes (electrode distance: 10 mm)
surrounding the capillary. The discharge was sustained by a
home-built high-voltage generator18 (pulse duration: 2 us;
pulse frequency: 21.5 kHz; peak-to-peak voltage: 3—7 kV), and
the helium flow was kept at 500 mL/min.
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Two experimental geometries with respect to the spectro-
scopic detection system were applied, which is shown in Figure
1A.

In both cases, the capillary discharge was imaged (imaging
ratio: 1:1) by a lens (focal length: 10 cm) to the entrance slit of
a 1 m McPherson monochromator having a grating with 1200
grooves/mm, and a thin plasma layer defined by the width of
the entrance slit was observed. However, in the first case (side-
on), the length of the observed plasma layer was well
determined by the size of the inner diameter of the capillary,
while in the case of end-on measurements, the effective length
of the observed plasma layer was about 20 times larger. The
monochromator was supplied either with an RCA-S20
multiplier (red region) or with an EMI S-11 multiplier (UV
and blue region). The spectra were obtained by scanning the
monochromator, and the obtained signals were stored on a
laboratory PC. The emitted spectral line intensities occurring
within the period of time of the pulse duration were averaged
and recorded as continuous spectra. As an example, the side-on
and end-on emission profiles of the He 667 nm line measured
at V = 4.3 kV is shown in Figure 1B. The side-on intensities
were measured near the anode.

The obtained signals show that the end-on spectra exhibit
the absorption effects in the line kernel within detuning Av of a
few tens of GHz. This is demonstrated in Figure 1C where the
measured intensities I, normalized to unity in the wings at
arbitrary chosen detuning Av =100 GHz, are plotted in double
logarithmic scale. Both the side-on and end-on intensities
exhibit the same linear dependence (slope: —2) on (Av)* in the
line wings. In the case of side-on measurements, the normalized
signals Igg; are practically the same in the wings as well as in the
line kernel for all investigated discharge voltages. The
normalized end-on signals around the line center are reduced
in comparison with the signals measured side-on, and this
reduction depends on the applied voltage. As will be shown in
the next section, this effect can be explained by simultaneous
emission and absorption on the optical path along the discharge
axis, which is much longer than in the case of the side-on
observation

B METHOD

Simultaneous Emission and Absorption along the
Plasma Column. The influence of simultaneous absorption on
the line intensities emitted from a plasma volume is well-
known."”” This effect is in many ways used in plasma
diagnostics, and here one of its specific applications is
presented. We consider the emission from a plasma column
(length: L, diameter: 2r < L), which is observed along its axis
x. The plasma is characterized by densities #, and 5, in the
states 1 and 2. The intrinsic emission intensity occurring in the
transition 2 — 1 in the x-direction from a thin layer of thickness
dx at position x can be described by ¢ ,; (v) dx, where € ,; (v)
is the linear spectral emissivity. The intensity i,; (v, x) emitted
from the column of length x and incident to the considered
thin layer is partially absorbed at the path dx. The amount of
the absorbed incident intensity is k,;(v) iy, (v, x) dx, where k,;
(v) is the linear absorption coefficient.

The difference di,;(v, x) between the outgoing and incident
spectral line intensity related to the considered thin layer is:

diy (v, x) = &,(v)dx — k()i (v, x)dx (1)

The frequency-dependent absorption coefficient for the 1 —
2 transition is usually defined by k;, (v) = (41,/87) (g/g1) m
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Ay Pi; (v). Here, Ay, (cm) is the wavelength, g, and g, are the
statistical weights, 7, (cm™) is the absorber number density in
the state 1, and A,; (s™") is the radiative transition probability
for the process 2 — 1. The P;,(v) (Hz™') is the line profile
normalized to unity f Py, (v)dv = 1. The spectral emissivity &,,
(v) & hvy, Ay my Py (v) in our linear geometry is defined as
spectral intensity emitted from the disc-shaped volume 27 * dx
in direction x. The line emission profile P,;(v) equals the
absorption profile Pj,(v), which follows from the relationship
between the Einstein coeflicients for emission and absorption.
Expression 1 can be written as

d . _ en(v)
Eln(u, ¥ = kn(y)[ ki (V) 2)

The ratio €,,(v)/k;,(v) represents so-called source function
S(v), and eq 4 is an equation of radiation transfer."” If we
assume that the plasma is uniform, that is, that the densities n,
and n, as well as the line profile do not depend on the position,
then the ratio &,; (v)/k;, (v) can be treated as a constant. In
that case, the solution to eq 2 yields the following expression
for the resulting spectral intensity related to the length, L, of the
whole plasma column:

- i21(l/, x)]

87 & n
— =hvy—2{1 — exp[—an,LP, ()]}
128, ny

i, L) « .
3

where the parameter a (cm® s™') = (41, g, A,1/87 g,). If the
lines are optically thin (@ n,LP,;(v) < 1), the corresponding
emitted intensity acquires the form iy;(v, L)ly, ohvy, Ay 1y L
Py (v).

Actual profiles in the present experiment are of Voigt type,
that is, P;,(v) = P'(v), which is the convolution of Doppler and
Lorentz profiles. Voigt function P (Av) normalized to unit
area reads:

PY(Av) = f PP(r)PL(Av — 7)dr @
Here, Av = v — v, is the detuning from the line center. The
Doppler profile P°(Av) is of the Gaussian form, and

normalized to unit area, it can be written as:

— 2
PP(Av) = 2:In 2 exp —(%Z\An 2]
D

VTR (s)
where Ap = (2(In2)"?/,,) (2kT/M)"/? is the Doppler fwhm.
Here, k, T, and M label the Boltzmann constant, the gas
temperature, and the mass of emitting particle, respectively.

The Lorentz component of profile, P, (Av) normalized to
unit area, is given by:

A

1
Pi(Ay) = ————— L
(&) = (A, /2) + (Av)?

(6)

In the above equation, A; (Hz) is the Lorentzian full width at
half-maximum (fwhm). The Lorentzian widths are of the form
Ap =y np, where y (s™') is the characteristic impact broadening
parameter and np is the number density of the perturbers
producing the line broadening in collisions with emitting
particles.

Generally, in the case when A} > A, at detuning larger than
about 3 Ap, the Voigt functions acquire the shape of the
Lorentzian component. Thus, in the optically thin line wings at
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detuning (Avy;,)> > (A; /2)? according to eq 3, the emitted
intensity becomes:

A

i) (Ay,, L)l g, o hvpA, n,L————
21 » L)l 1241211 Zﬂ(AI/w)Z

7)
When dividing eq 3 by eq 7 at arbitrary chosen Avy in the

optically thin Lorentzian wing, the resulting normalized
intensity is given by:
(Ary)® 1

A
{1 — exp[—an,LP"(Av)]}

iy (Av, mL) =2z p—
1

(8)

The described procedure of normalization is equivalent to
the normalization of the measured spectra in the previous
section.

If the line is optically thin in the center also (i.e., if the optical
depth @ n,L PV (0) < 1), then the normalized intensity i} is
independent of the product n,L in the whole spectral range,
and it is given by:

. nw _ (AUN)2 \'"4
i (Av) = Zﬂ—AL P (Av) (%)

According to eq 8, the i) gets smaller while increasing the
value for n,L, which is most pronounced in the line center. This
explains qualitatively the experimental results given in Figure 1.
In the case of end-on measurements (L = Ly & 10 mm), the
peak of the measured signal is reduced in comparison with the
side-on case (L = Lgg = 0.5 mm). This is due to absorption in
the line kernel which corresponds to the different values for
nLso and Ly,

In the case of side-on measurements (L = Lgo ~ 0.5 mm),
the values of n;(V) Lgo in the whole range of the applied
voltages are sufficiently small, so that the absorption in the line
center is negligible. As predicted by eq 9, in that case, the
resulting side-on line shapes obtained at various voltages are
practically the same (i.e,, do not depend on n,L).

Determination of n,L Values from Emission Inten-
sities. To enable the comparison of the measured normalized
intensities I3} (v, n,L) with i’4; ¢ obtained by evaluation of eq 8,
it should be taken into account that emitted lines are
additionally broadened due to the monochromator instrumen-
tal profile Ppp(v). After convolving ig ¢ with Pp(v), the final
expression for the calculated line profile normalized in the line
wing, which should be compared with the measured normalized
intensities I}y (Av) reads:

Bacdv, mp) = [

[c)
- nw
mPIP(T)lCALC(AV t)dr (10)

By fitting the experimental normalized line profiles I3} (Av)
into the field of I (v, n,L) lines calculated for a series of n,L
values, the corresponding experimental values for the product
n,L can be obtained.

Equation 8 is derived under the assumption that the number
densities n, and n, as well as the profiles P, (v) are independent
of the position x along the plasma column. In the present
experiment, we were not able to determine the position-
dependent behavior of the number densities n; in the lower
excited states. As for the n, densities, this information can be
obtained from side-on measurements of the peak emission
intensities as a function of x, which is shown in Figure 2, where
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the He 667 nm line is again taken as an example. The intensity
distributions of other investigated lines are of the similar form.
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Figure 2. Peak intensities of the He 667 line measured side-on at two
different voltages along the x-axis. At 4.2 kV and 6.5 kV, DBD operates
in the homogeneous and filamentary mode, respectively. The dashed
rectangle is the approximation of the real intensity distribution in the
homogeneous mode, having the same area under the curve as the
measured one but constant intensity and effective length L.g.

The measured intensity distributions are strongly position-
dependent, which reflects the nonuniformity of the discharge
column regarding the electron density and electron-impact
excitation processes. However, this nonuniformity is less
pronounced at lower voltages, which is shown in Figure 2
where the intensity distributions obtained at 4.2 and 6.5 kV are
depicted. Distribution shapes very similar to that at 4.2 kV were
obtained at lower voltages down to the ignition threshold at
about 3 kV. As previously reported,” this low-voltage region is
attributed to the homogeneous operation mode of the DBD. By
increasing the voltage above 4.3 kV, the DBD starts to operate
in the filamentary mode with quite different properties than
below this threshold. Among other differences, the line
intensity distributions along the capillary become strongly
dependent on the x position, with the highest intensities
appearing in the electrode regions, as shown in Figure 2 for the
case of V = 6.5 kV.

It is a reasonable assumption that the n;-distributions in the
lower excited states along the discharge axis are similar to the
n,-distributions of higher excited states. In this sense, the
plasma is nonuniform, and when applying the presented
method for our experimental conditions, the measured
absorption effects can be attributed only to average values
(mL), In the case of measurements performed with DBD
operating at lower voltages (i.e., in the homogeneous mode)
the intensity distribution IZ"(x) along the discharge axis can be
approximately replaced by a rectangle having the same area as
the area under the real distribution. With the height of this
rectangle chosen to be equal to the mean value of intensities
between the electrodes, the corresponding length, L.g, amounts
to about 12 mm. The average number densities along the path
Lo can be estimated as (n;),, = (n;L),,/L.g In the case of a
filamentary discharge, the excited atoms are grouped mainly in
two regions around the electrodes, which do not allow such
simple approximation as proposed for the measurements in the
homogeneous mode.

dx.doi.org/10.1021/ac403518s | Anal. Chem. 2014, 86, 857—864
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On the other hand, according to the findings in our previous
work,'® the profiles of the investigated helium lines do not
depend on the position. The lines emitted from the capillary
DBD are basically characterized by Lorentzian shapes. It was
found that the Stark contribution to the Lorentzian broadening
is negligible so that the nonuniformity of the electron
concentration does not affect the line broadening. The
Lorentzian broadening is essentially characterized by the
interaction between excited helium atoms and the helium
ground state atoms. In the whole range of the applied voltages
from 3 kV to 7 kV, the Lorentzian fwhms A, were found to be
independent of the position along the discharge axis. The
corresponding Lorentzian widths are of the form A} & yyg iy,
where the number density nyy of the helium ground state
atoms is constant along the capillary and defined by
atmospheric pressure and room temperature.

B MEASUREMENTS AND RESULTS

Measured Helium Lines. The partial term diagram of
helium with the transitions involving the lowest excited helium
states is given in Figure 3. In the course of the present
experiment, the absorption effects related to helium emission
lines at 388, 501, 587, 667, 706, and 728 nm were investigated.

3p 1P0 3d 1D
350 T 3d 3D
3p Py He 667 3s 1SJ
(0.711)
3s 3,
He 388 He 587 He 728
(0.064) (0.609) (0.048)
He 706
He 501 (0.069)
(0.151)
' v * v 2p 1po
v i 2p 3P§
2s s v X :
He 1083 He 58.4

(0.539)

'1
2s %S, V_‘ H

Figure 3. Lowest lying helium excited states and relevant transitions.
Black arrows indicate the transitions belonging to the lines measured
here. In addition, the lines which are not in the spectral range of our
detection system (the resonance line at 58.4 nm and the transition at
1083 nm) are represented by dashed arrows. Numbers in brackets are
the line oscillator strengths taken from ref 20.

Absorption effects were detected for helium lines at 388, 501,
587, and 667 nm. In the case of the lines at 706 and 728 nm,
the absorption effects were at the edge of the detection limit.
These lines have common lower levels with the 587 and 667
nm lines, respectively, and their negligible absorption is a
consequence of much smaller oscillator strengths in compar-
ison with the 587 and 667 nm lines.

Other relevant line parameters for four helium lines
measured here are taken from Wiese et al.”® and are listed in
Table 1. Two of these lines are singlets (at 501 and 667 nm),
while the other two exhibit the fine structure. The tabulated
parameters for 388 and 587 nm multiplets are related to the
overall multiplet values. Table 1 comprises also the data for the
Lorentzian widths A{™ measured at atmospheric pressure and
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Table 1. Data for the Investigated Spectral Lines”

E, Ay Apm Ap P
A(nm) (em™) o & (0°s™)  (GHz) (GHz) (GHz)
388.8 159 856 3 9 0.095 39+7 4.8 22
S01.5 166278 1 0.13 44 + 4 3.7 25
587.6 169 087 9 15 0.71 35+ 4 3.2 18
667.8 171138 3 S 0.638 68 + 4 2.8 28

“E,: energy of the lower level of the transition; g|, g: statistical
weights; A,: radiative transition probabilities;** and relevant fwhms.
Aj™: Lorentzian fwhm due to helium self-broadening at atmospheric
pressure,16 AZ: Gaussian fwhm at T = 300 K, App: fwhm of the actual
instrumental profile.

room temperature,'® the Doppler widths A% at T = 300 K, and
the widths App of the instrumental profile in the particular case.
All lines were measured using 40 ym wide monochromator
slits. The helium 667 nm line was measured in the first order of
the grating dispersion, 587 and 501 nm lines were measured in
the second order, while 388 nm line was measured in the third
order.

In the following, the theoretical modeling of the observed
line profiles as a function of n,L and the evaluation of its
average value (n,L),, along the plasma coulmn are presented. It
has to be noted that the intensities measured end-on, besides
the emission from the capillary, comprise the contribution due
to emission from the jet. However, the intensities in the jet are
more than 1 order of magnitude weaker than in the capilllary.'”
Therefore, this contribution can be safely neglected and the
measured end-on intensities can be entirely ascribed to the
emission form the capillary.

The fine structures of multiplet 388 and 587 nm lines, the
corresponding spectroscopic parameters, and the data relevant
for the fitting procedure are given in Supporting Information.

He Absorption in the Metastable 2s 35S, and 2s 'S,
Resonance 2p 'P°, and 2p 3P°, States. The calculation of
theoretical profiles of the measured helium lines was performed
according to eq 10, using the programm Mathcad 2001
Professional. In the modeling, the Doppler profile P° with T =
300 K" was used. The measured instrumental profiles Py, could
be very well reproduced with a Gaussian having the fwhm equal
to A, and in the numerical evaluation this analytical form of
instrumental profile was used. For each He line, the calculations
were carried out with fixed corresponding values for Ap and
App listed in Table 1, while the Lorentz width A; was left as a
free parameter. The value of A; was varied till the best
agreement with the particular experimental profile measured
side-on (optically thin) was obtained.

The results of the determination of (n,L),, for 388 nm line
are displayed in Figure 4. The best fit to the experimental side-
on data in the line kernel was obtained for A; = 35 GHz. With
this best A} value, the profiles were calculated according to eq
10 for a series of n,L parameters in the range from 10" cm™ to
10" cm™ Figure 4A displays these theoretical profile curves,
together with the normalized profiles measured side-on and
end-on at V = 4.3 kV. In Figure 4B, the results are shown in
double logarithmic scale where the agreement between the
measured and calculated profiles can be better discerned.

By using the field of calculated [If4;]sss curves, the value
(n,L),, = (3.5 £ 0.7) X 10'> cm™ was obtained for He 388 nm
line in the case of V = 4.3 kV. The accuracy of this value is
about 20% and is caused by the imprecision introduced with
normalization by a relatively weak intensity in the line wing.
With L.g= (1.2 + 0.2) cm, this result yields (n,),, = (2.9 + 1.1)

dx.doi.org/10.1021/ac403518s | Anal. Chem. 2014, 86, 857—864
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Figure 4. Evaluation of the average value of n,L in the case of the He
388 nm line. (A) Experimental side-on and end-on (obtained at V =
4.3 kV) profiles (dots) together with the profiles calculated for a series
of n;L values (lines). Common experimental error bar is indicated on
the end-on measured intensity. (B) The data from (A) plotted in
double logarithmic scale.

X 10" cm™ for the number density created in the helium
metastable 2s S, state at the operating voltage at hand. The
atom density accumulated in the 2s S, state is the highest of all
low lying excited He states considered here.

The measurements perfomed on 501, 667, and 587 nm lines
were analyzed in the same way as presented for the 388 nm
line, yielding the results for the average populations along the
plasma column in the capillary created in the metastable 2s Ig,
resonance 2p 'P° and 2p °P°; states, respectively. The details of
these evaluations are given in Supporting Information. The
following maximum values were found for the number densities
in the investigated states: n{’ (2s 'S) = (1.4 + 0.5) X 10" cm ™3,
ny (2p *P%) = (1.1 £ 04) X 10” cm™3, n}" (2p 'P°) = (4.2 +
1.6) X 10" cm™.

The influence of the He flow rate on the obtained results for
the atom number densities in the lowest excited and metastable
states of helium was checked by varying the flow in the range of
250—1000 mL/min, and no significant effects were observed.

The values of the Lorentz widths Aj™ of the investigated
lines listed in Table 1 were obtained'® from the analysis of the
line wings of the profiles normalized to unit area. The present
A; values which yielded the best match to the experimental
results (A; = 35, 44.5, 33, and 65.5 GHz for 388, 501, 587, and
667 nm lines, respectively) are in very good agreement with
A¥™ for all the lines considered.

The data for voltage-dependent (n,L),, values obtained in
the present experiment for all four investigated He lines are
shown in Figure SA. The dashed line at 4.4 kV indicates the
transition region between the homogeneous and filamentary
opration mode of the DBD.
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Figure S. (A) Determined values of (,L),, related to the four lowest
excited states of helium as a function of the voltage of the capillary
DBD. Vertical dashed line indicates the border between DBD working
modes—homogeneous and filamentary. (B) Statistically weighted
average number densities (n,),, of the considered states measured as a
function of the discharge voltage in the homogeneous operation mode.

As discussed in the previous section, the densities of the
excited helium atoms in the homogeneous mode can be
regarded as nearly constant along the capillary, and the average
number densities can be determined using the measured values
for (m,L),, and the estimated value L. for the effective length
of the plasma. The L,z & 1.2 cm is nearly the same at all
voltages in the homogeneous mode. In contrast to the
homogeneous mode, all measured values for (n,L),, decrease
with increasing voltage in the filamentary mode, which is most
probably caused by shortening of the effective plasma length. In
the filamentary mode, the excited He atoms are mainly located
around the electrodes. It should be stressed that these
distributions around the electrodes become narrower with
increasing voltage. Because of the sharp changes of the excited
helium atom population along the capillary, the estimation of
the effective plasma length, and thus the relevant number
densities in the filamentary mode, remains within the
framework of speculation.

B DISCUSSION

The present measurements show that besides the absorption
related to two metastable He S states, the comparable
absorption effects occur due to populations in the first two
excited P states as well. This populations result from the
particular excitation and de-excitation processes, where the
effective lifetimes of the considered states under present
experimental conditions play an important role. The radiative
lifetimes of helium metastables are extremelly long, and for
unperturbed atoms, amount to several hours. In the
experimental conditions at hand, the metastable atoms are
destroyed by collisions with ground state atoms, electrons, and
the capillary wall. For instance, according to data published by
Phelps,”' the lifetimes of helium metastables at room
temperature and helium atmospheric pressure are reduced to
the order of magnitude of microseconds by collisions with
ground state atoms. On the other hand, the natural radiative
lifetimes of helium 'P and *P states considered here are short
and amount to 0.5 X 10~ and 1 X 1077 s, respectively.”’
However, their actual lifetimes are much lon%er than these
values, which is due to radiation trapping.”” >° Radiative
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trapping is a volume effect which is caused by multiple
emission, absorption, and re-emission of photons before they
leave the zone of excited atoms. Therefore, the effective
lifetimes are essentially determined by the size of emitting
volume, the number densities in relevant lower states, and the
line shapes. This effect is expected to be most pronounced in
the case of the resonance 'P state which is radiatively coupled
with the ground state with large population density (2.6 X 10"
cm™). For example, in the case of the argon resonance state
investigated in a DBD at relatively low pressure,'* the radiation
trapping led to an increase of the effective lifetime to about 4
us. As for the He P state, it can be expected that the radiative
trapping is less effective than in the case of the resonance He 'P
state. The °P state is radiatively coupled with the metastable He
3S state population, which is 6 orders of magnitude smaller than
the ground-state atom density. Nevertheless, it seems that the
present metastable number density of the He °S is sufficiently
large to produce the radiation trapping of the He 1083 nm line
and corresponding increase of the lifetime of the P state.

To get better insight into the relationship between
populations of S and P states, it is usefull to take into account
the corresponding statistical weights. In Figure 5B, the values
(n,)a/g; obtained in the homogeneous operation mode are
plotted against the applied voltage. In contrast to data
presented in Figure SA, the number densities weighted by
statistical weights are clearly separated into two data sets related
to the S and P states. In the equilibrium of the excitation and
de-excitation processes, the values for (n,),,/g, should follow
the Boltzmann distribution (n,/g, xexp(—E,/kT.,.), but it is
obvious that the present results strongly deviate from that
expectation. The weighted number densities in the metastabe
states are nearly the same within the mutual error bars. As
generally expected regarding the excitation energy E,, the
(ny)w/g1 of P states are significantly lower than those of the
metastable states. However, the °P state is underpopulated in
comparison with the higher-lying 'P state, which is in
accordance with above-discussed efficiency of the radiation
trapping.

The present measurement of values for (n;L),, and
determination of number densities (n,),, in the four lowest-
lying helium excited states was performed applying the OES
method, where the effect of simultaneous emission and
absorption along the plasma column generated in a capillary
DBD was utilized. Bearing in mind the pulsed working regime,
the obtained number densities are related to time-averaged
values during the 2 ps long discharge pulses with the frequency
of 21.5 kHz, where the shape of voltage pulses was nearly
sinusoidal.

The investigations of the He metastable density (n,) in
atmospheric He DBDs, performed previously by other
authors,”*~*° are related to the triplet 2s 23S, state. Nersisyan
et al.*® and Tachibana et al.*” perfomed the LAS measurements
at 388%° and 1083 nm®” in planar atmospheric helium DBD,
and found the densities n,, < 2 X 10'° cm™ and n_, ~ 1 X 10"
cm™, respectively.

The determination of n,, in a capillary atmospheric helium
DBD was reported Urabe et al.***° The metastable density was
measured by LAS at 1083 nm transition with capillaries of
different inner diameter (1.25 to 4 mm), and metastable density
in the DBD jet was determined to be n,, ~ 1 X 10" cm™.

It is hard to make straightforward comparison of the results
obtained with different DBDs because it is known that the
properties of DBDs depend on many parameters, among
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others, on size and geometry of the electrodes. However, our
present results for the density of the He metastable 2s 2°S, state
in the DBD capillary are consistent with those reported
previously for the density in DBD jet.***” The He metastables
He} in the jet are subject to rapid destruction in collisions with
nitrogen molecules in the air due to the Penning ionization
process He + N, — He + Nj, and it is plausible that their
number density is significantly lower than in the capillary.

B CONCLUSION

Optical emission spectroscopy was used to determine the
populations of the lowest excited helium states 2s 3S;, 2s 'S, 2p
°P and 2p 'P created in an atmospheric helium capillary
DBD. The intensities of He lines emitted at 388, 501, 587, and
667 nm were measured side-on and end-on with respect to the
discharge axis. The intensities observed end-on exhibited
absorption in the line kernels due to simultaneous emission
and absorption along the plasma column length L, while the
side-on spectra were optically thin. This difference was utilized
in the analysis of the experimental and theoretical line profiles.
By fitting the measured profiles into the field of the profiles
calculated for a series of nL values corresponding to the
conditions in the experiment, the n,L for the particular
investigated state was determined. The emission profiles were
measured as a function of the discharge voltage in the range
covering homogeneous as well as filamentary DBD operation
mode. Due to nonuniformity of the excited atom density
distribution along the plasma, the average values of n; could be
obtained only in the homogeneous operation mode where the
nonuniformity was small. The following maximum values for
the average populations along the plasma column in the
capillary were determined: ni" (2s °S;) = (29 + 1.1) x 10"
em™, 13" (25 'S) = (1.4 + 0.5) X 10 em™, n{" (2p °PY) = (1.1
+ 04) X 108 ecm™, n{" (2p 'P?) = (42 £ 1.6) X 10" cm™.

To our knowledge, there are no results available in the
literature on the determination of the populations created in
the He 2s 'S metastable, the 2p 'P° resonance, and the 2p 3P°J
states.

The method presented here for the determination of atom
number densities by means of OES can be very useful in the
situations when standard LAS measurements cannot be done,
either due to lack of radiation sources for the excitation at a
particular wavelength or when optical paths are too short to
produce measurable absorption.
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