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INFLUENCE OF EXCITATION PROCESSES .
ON THE SHAPE OF ARGON AND NEON LINES
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Shapes of self-broadened argon lines 687.1 nm (4d5-2p10), 703.0 nm
(3s5 -2p9 ), 750.3 nm (2p1-1S2) as well as the neon line 748.8 nm (3d3-2p10)
emitted from glow discharges at low pressures were analysed using a Fabry-
Perot interferometer. We showed that the dissociative recombination of Are
(or Ν ) molecular ions which gives rise to the density of non-thermalized
atoms, may be regarded as the main process responsible for the distortion of
the profiles of the above lines. The distorted profiles were analysed as super-
position of the Ballik profile for thermalized atoms and the modified Ballik
profile for non-thermalized atoms. The Lorentzian and Gaussian widths as
well as relative densities of non-thermalized and thermalized atoms were .
determined.

PACS numbers: 32.70.—n, 33.70.—w, 34.20.—b

1. IntrOduction

Experiments on self-broadening of several neon lines corresponding to the .

transition array (2p53d-2p53p) emitted from the glow discharge at pressures about
1 Torr have revealed systematic departures of the observed profiles from Voigt pro-
files [1, 2]. They were satisfactorily explained [2] as caused by dissociative recombi-
nation of molecular ions Ne? with electrons. Up to now there were no observations
of similar departures for argon lines emitted under above conditions. Frommhold
and Biondi [3] have suggested, however, that also in the case of argon the process
of dissociative recombination of molecular Ar? ions may influence the observed
line shape.

In recent years a systematic study of the shapes of self-broadened argon lines
687.1 nm (4d5 -2p10 ), 703.0 nm (385-2p9), 750.3 nm (2p 1 -182) as well as neon
line 748.8 nm (3d3-2p 10 ) emitted from low-current glow discharge sources has
been performed in our laboratory using a pressure-scanned Fabry-Perot interfer-
ometer [4-7]. For the 687.1 nm and 703.0 nm Ar lines and the 748.8 nm Ne line we
have found that at pressures below 3 Torr the observed profiles differ significantly
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from the Voigt function. Following Stacey and Thompson [1] such departures may
be explained as due to effects associated with mechanism by which the emitting
atoms are excited. In the present paper we focus our attention on the dissociative
recombination of molecular ions Rg+2 (Rg = Ar, Ne) with electrons which can
cause incomplete thermalization of the excited Rg atoms [3, 8].

The dissociative recombination of Rg ions with electrons can be described
by the reaction

where the superscripts + and * refer to ionized and excited states, respectively.
In this reaction a molecular rare-gas ion captures an electron to form an unstable
excited molecule which then begins to dissociate producing two atoms, one in
an excited state, moving apart with kinetic energies prevailing the kinetic energy
corresponding to the gas temperature. In an earlier paper [2] this reaction was
adapted as a basis for quantitative description of departures of the observed profiles
of the 753.5 nm and 754.4 nm neon lines from the Voigt profile. The main goal
of the present work was to apply this model to analyse the profiles of three lines
of argon (687.1, 703.0, and 750.3 nm) as well as the 748.8 nm line of neon where
for the first two argon lines and for the neon line distortion of the profiles were
observed.

The process of dissociative recombination in argon which is schematically
represented in Fig. 1 and Eq. (1) has been thoroughly studied by Biondi and his

Fig. 1. The scheme of dissociative recombination process in rare gases. Notations ex=
plained in the text.



Influence of Excitation Processes ... 	 277

coworkers [3, 8-1Cl] who performed high-resolution studies of line profiles to detect
excess kinetic energy of dissociation fragments.

Connor and Biondi [8] and Frommhold and Biondi [3] have performed inter-
ferometric measurements of the profiles of many neon and argon lines emitted from
a microwave discharge and during the ensuing afterglow. They have found that in
the afterglow the Doppler profiles are much broader than the thermal atom profiles
of the lines observed in the discharge. Moreover, this excess Doppler broadening
of lines in the afterglow phase was found to decrease with increasing neon (argon)
pressure which may be interpreted as due to thermalizing collisions.

2. Spectral line shapes for thermalized excited atoms
Under the conditions of experiments performed in our laboratory on argon

(or neon) spectral. lines emitted from glow discharge sources, it is expected that
the plasma is created by electron impact excitation and ionization of ground-state
atoms. The atomic Rg+ ions are formed directly, and the molecular Rg ions are
produced due to associative ionization [11] when highly excited argon (or neon)
atoms combine with ground-state atoms.

In our previous works on argon line shapes [4, 5] we have assumed that all
excited argon atoms are thermalized and have the same velocity distribution as
the ground-state atoms. Such an assumption is usually justified in case of glow
discharges.

Assuming the kinetic energy distribution of the excited atoms to be Maxwell-
ian at the gas temperature T, the Doppler line shape ID(ω) corresponding to the
motion of the thermalized excited argon atoms can be represented by a Gaussian
distribution wIth the halfwidth (FWΗΜ) given by 	.

where ω 0 denote8 the unperturbed frequency of the line, and c is the speed of light,
k is the Boltzmann constant and m is the mass of the emitting atom.

At low gas densities the intensity distribution due to pressure broaden-
ing is given by the Lorentzian distribution IL(ω) characterized by the halfwidth
(FWHM) ΎL and the shift Δ which are linearly dependent on the number density
Ν of the gas.

Let A(ω) denote the instrumental profile. If we ignore any correlations be-
tween the Doppler and pressure broadening (which for self-broadening of argon
and neon lines in the pressure range used in this work is a sufficient approxima-
tion) then the resultant intensity distribution Ith (ω) of a spectral line emitted by
thermalized excited R atoms may be written as a convolution

where F(ω) is the Voigt profile.
In the case of the Fabry—Perot interferometer the instrumental profile A(ω)

may be expressed by a well-known Airy formula (cf. e.g. [12]). Ballik [13] has shown
that in such a case, Eq. (3) which represents a convolution of the Airy distribution
with the Voigt profile, may be written as
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where L = πγL/Ω and D = πγD/(Ω In 2), Ω is the free spectral range, and R is
the reflection coefficient of the coatings of the Fabrlt—Perot interferometer plates.

3. DissOciative recOmbination and the cOmbined
Doppler and pressure broadening

In the model described in [2] the dissociative recombination is assumed to be
the main process responsible for the occurrence of non-thermalized excited atoms.
It was shown that the resultant profile Inth (ω) of a line emitted by non-thermalized
excited atoms, i.e. those atoms which are produced due to dissociative recombina-
tion process, can be written in the following way:

where B = πγDΙS /Ω, Sinc(x) = sin(x)/x, γDΙS = 2ω0VΕD/m with ED =
— D. Here Εi is the ionization energy of the Rg atom, E* is the energy

of a given excited state, and D is the energy for which the crossing of potential
curves of the Rg*—Rg and Rg+—Rg systems occurs (see Fig. 1). Equation (5) will
be referred to as the modified Ballik profile.

The total profile 1(ω) constructed from thermalized and non-thermalized
profiles can thus be written as

with κ = Ν th/Νth. Here Nth and Ν ih denote the number densities of the ther-
malized and non-thermalized excited atoms, respectively. The population fraction
in each case is nnth = Nnth /N0 and nth = Nih /N0, where N0 = Nth + Nth.

It is seen that the total profile consists of two components: a thermal compo-
nent which can be expressed in terms of the Ballik formula, Eq. (4), and a broader
non-thermal component of the form given by the modified Ballik formula, Eq. (5).

4. Experimental setup and results

The argon and neon lines were formed in emission in a glow discharge source.
The source was identical to that described previously [14]. The light was collected
from the positive column of the 1.5 mA glow discharge, from a capillary of diameter
2 mm and length 25 mm. Line profiles were recorded using a pressure-scanned
Fabry—Perot interferometer of the type described previously [15] with dielectric
coating and 1.513 cm spacer (free spectral range 0.3305 cm -1 ),'sο the line profiles
were registered as the function of wave number v, therefore hereafter the angular
frequency ω is replaced by v. The intensity distribution within a line was registered
using a photomultiplier in the photon counting mode.

In order to show the role of the excitation processes on the line shape we have
fitted both Ιth (v) (Eq. (4)) as well as I(v) (Eq. (6)) profiles to a measured profile.
These profiles were fitted to a measured profile using a least-squares algorithm
given by Marquardt [16].

In case of Ιth(v) the fitting parameters were γD ,
 γL , and Δ. In case of Ι(v)

the fitting parameters were both γD, ΎL , Δ, and ΥDιs, and κ. Since the position
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of the maximum of the line under investigation is determined with respect to the
maximum of a reference line the shift Δ may be written as

Here δ is the pressure-shift coefficient and Δ0 is a residual shift which depends,
first of all, on the conditions in the reference source. We have verified that the
above linear dependence of the shift on the gas density is very well fulfilled for
both argon and neon lines.

In order to examine the quality of the fit we used residues in the form of the
weighted differences of the intensities

between experimental Ιeχp (v) and theoretical (fitted) Ι(V) profiles. Because the
experimental profiles were registered using a photomultiplier in the photon count-
ing mode we assumed that the mean standard deviation corresponding to the best
fit value at wave number v is equal to VΙfi t (v).

Figure 2A shows the shape of the self-broadened Ar 687.1 nm line measured
at the pressure 0.61 Torr. In Fig. 2B we plotted these residues for the case when .

Fig. 2. (A) The shape Ι(v) (in relative units) of the self-broadened Ar 687.1 nm line
at pressure 0.61 Torr. (B) The weighted differences Dσ (in relative units) between the
experimental and the best-fit value for Ifi n (v) =Ith(v) and (C) for Ιfi t (v) = Ι(v). .
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Ifit(v) =Ith(v) (Eq. (4)). We can see systematic departures from zero which are
similar to those observed in our earlier paper [2] for 753.5 and 754.4 nm neon lines.
Figure 2C shows the residues for the case when Ifi t (v) = I(v) (Eq. (6)). As can be
seen in this case the weighted differences are spread uniformly about zero which
confirms the good quality of the fit.

Figures 3A and 3B show the best-fit values of the parameters  κ = Nnth /Nth
and γDΙS , respectively, plotted against the argon pressure. The dependence shown
in Fig. 3A is rather surprising as the ratio  κ of the total intensity of the radiation
from dissociatively produced non-thermalized atoms to that of the radiation from
thermalized atoms tends to increase with the increase in the argon pressure. This
strange behaviour cannot be explained using such a simple description of discharge
processes as applied in papers [2, 3] in which the rates of dissociative recombination
and other excitation processes as well as the relaxation time in excited state are
assumed to be independent of pressure. It is possible that the dependence shown
in Fig. 3A is caused by the fact that our line shape analysis was performed on
the basis of Eqs. (3) and (4). These equations are valid provided that the pressure
and Doppler broadenings are statistically independent. This means that γL and
Δ do not depend on the velocity of the emitting atom. In such a case the Voigt
profile, i.e. the convolution of the Lorentzian and Gaussian profile, represents a
good approximation to the resultant profile. This approximation fails if the pres-
sure broadening and thermal motion of emitters are correlated. In such a case a
speed-dependent Voigt profile [17] should be used instead of ordinary Voigt pro-
file. Unfortunately for the argon line 687.1 nm the speed-dependent Voigt profile
cannot be calculated because the real interaction potentials are not known.

Figure 3B show8 that the value of γDIS is independent of the argon pres-
sure which agrees with theoretical predictions [2, 3]. Using the best flt value of

Fig. 3. The best- fit values of the parameters for Ar 687.1 nm line: (A) κ = Nnth/Nth
and (B) γD1S plotted against the argon pressure.
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-mIs = (80 ± 9) x 10 -3 cm -1 determined in the present work we have found the
value ED of the kinetic energy of argon atom in excess of the kinetic energy of the
thermal motion to be ED = (0.28±0.06) eV. From this value we finally determined
the value D of the energy for which the crossing of potential curves of the Ar*—Ar
and Ar+—Ar systems occurs to be D = (0.77 ± 0.06) eV. It should be noted that
this value of D fulfils the condition D < D0, where D0 = (1.320±0.005) eV [17] is
the dissociation energy of the molecular ion Are in its ground electronic state  2Σ+u  .

The weighted differences obtained for self-broadened 703.0 nm Ar line at
argon pressure about 1 Torr for the cases when Ιfi t (v) = Ith(v) as well as for

Ifit(v) Ι(v)are very close to those shown in Fig. 2 for the 687.1 nm Ar line.
The dependence of the κ parameter on the argon pressure for the 703.0 nm Ar
line has a typical decaying character, the same as observed by Biondi [8] for the
afterglow and for the glow discharge [2] in neon. Using the same procedure as for
the 687.1 nm Ar line we determined γ DIS,ED, andD;their values are listed in
Table. It should be noted that also in this case the value of D fulfils the condition
D ≤ D0.

Figure 4Α shows the shape of the self-broadened Ar 750.3 nm line at pres-
sure 0.79 Torr. In Fig. 4B we plotted the weighted differences for the case when

Fig. 4. (A) The shape I(V) (in relative units) of the self-broadened Ar 750.3 nm line
at pressure 0.79 Torr. (B) The weighted differences Dσ (in relative units) between the
experimental and the best-lit value for Ιfi^(v) = Ιth(v) and (C) for Ι (^) = 1(v).
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Ιfit (ν) = Ιth(^) (Eq. (4)). As is seen in this case we observe only very small de-
partures as compared with those for the two previous Ar lines. Figure 4C shows
the weighted differences for the case when Ιfit(V) = Ι(V) (Eq. (6)). As can be seen
in this case the values of the weighted differences are only slightly more uniformly
spread about zero than in case (B).

Fig. 5. (A) The shape Ι(^) (in relative units) of the self-broadened Ne 748.8 nm line
at pressure 1.57 Torr. (B) The weighted differences Dσ (in relative units) between the
experimental and the best fit value for Ιfit(V) = Ιth(V) and (C) for Ιfi t (^) = Ι(1).
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Figure 5A shows the shape of the self-broadened Ne 748.8 nm line at pressure
1.57 Torr. From Figs. 5B and 5C we can see that the best quality of the fit is
obtained for the Ι(v) (Eq. (6)) profile.

Figure 6A shows typical dependence of the best-fit values of the parame-
ters κ = Nn th/Νth decreasing with the neon pressure. The relation plotted in
Fig. 6B shows that the values of γDΙS do not depend on the perturbing gas pres-
sure. We determined γDIS, ED, D, and their values are listed in Table. It should
be noted that also for Ne* —Ne the value of D fulfils the condition D ≤ D0 =
(1.291 ± 0.010) eV [18].

Fig. 6. The best-lit values of the parameters for Ne 748.8 nm line: (A) κ = Nnth/Nth
and (B) γrns plotted against the neon pressure.

Table shows the values of the 'YDIS, ED, and D determined for two argon
lines and one neon line together with the values obtained for two neon lines in
our earlier paper [2]. In the last column of this Table we quote the dissociation
energies D0 of molecular ions Are and Ne+2 in their ground electronic states 2Σ+U  .

From Table we can see that the values of the kinetic energy in excess of the
kinetic energy of the thermal motion ED determined for the argon lines are lower
than those for neon lines. It should be noted that, like in our earlier paper [2],
in the present analysis we neglected the Gaussian component of the instrumental
function of the Fabry—Perot interferometer. Accurate numerical tests performed
recently [6, 7] have shown that the inclusion of this component does not influence
the quality of the fit as well as does not make any essential change in the values
of the parameters listed in Table.
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5. COnclusiOns and summary

In the present study we have shown that for 687.1 and 703.0 nm argon lines
and 748.8 neon line emitted from the glow discharge at pressure about 1 Torr
systematic departures of the registered line shape from the Voigt profile occur.
We have also shown that these departures may be interpreted assuming that the
dissociative recombination of Art ions is the main process responsible for the
distortion of argon lines profiles. The similar departures caused by dissociative
recombination of Net ions, reported for neon lines in paper [2], were confirmed
for 748.8 nm neon line. It should be noted, however, that similar distortion of the
line profile may be caused by any other process (e.g. [19]) additive to the thermal
motion of atoms leading to the rectangular distribution of the excess speed.
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