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Abstract. We report a study of the cathode sheath (CS) space of the argon glow discharges in the abnormal
DC regime by means of the iterative kinetic model. By matching the model shapes of the side-on spectra
with the experimental data for the Ar II 460.954 nm line obtained via optical emission spectroscopy, we
have estimated the thickness of the CS space and the distributions of the electric field strength and gas
temperature over the entire CS space of discharge.

1 Introduction

Glow discharge (GD) in abnormal regime occupies two
characteristic spatial regions: cathode sheath (CS) and
negative glow (NG). The CS space spreads from the
cathode toward NG space and has a thickness of about
1 mm and an electric field strength distribution, which
takes about 90% of discharge voltage. This distribution
attains the maximum value of approximately 10 kV/cm
near the cathode and afterward decreases reaching zero
at the NG boundary, see [4, 29, 44]. Inside the CS,
the electric field accelerates ions and electrons to the
kinetic energy large enough for the realization of elec-
tron impact ionization of atoms, heavy particle excita-
tion/ionization, and also sputtering of cathode atoms
[4, 25, 29, 44]. Jointly with elastic collisions and energy
transfer from the electric field, these inelastic collisions
determine the distributions of ions and atoms and con-
sequently their excitations leading to the emission of
radiation having complex spectral shapes.
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In our recent studies, we found that some argon ionic
spectral lines, emitted out of abnormal DC GDs run-
ning at pressure values between 3 and 10 mbar, have
such complex spectral profiles with excessively broad-
ened pedestals, see [42]. Side-on recorded, these pro-
files are symmetric relative to the central wavelength
showing expanded wings dominantly originated by the
Doppler effect and negligibly by the DC Stark effect
which is small for ionic lines.

To explain and describe the foregoing experimental
findings, here we apply the iterative kinetic model to
discharge in pure argon. The model, originally intro-
duced for a description of the atomic lines in pure
hydrogen GDs [38, 39], was recently adopted for appli-
cation to the pure neon GDs [37], and here to discharges
in pure argon, see [5] for an initial attempt.

The experimental part of our study is performed by
the optical emission spectroscopy (OES) measurements
of spectral profiles of argon atomic and ionic lines. The
atomic lines were selected so that their estimated Stark
shifts enable the determination of the electric field dis-
tributions measured so far by electric probes [3], deflec-
tion in CS of electron beam [23], fluorescence laser spec-
troscopy of Rydberg states [7], Den [10, 14, 15, 19], and
using the optogalvanic effect [8, 9, 16, 27]). In this work,
we used the Lo Surdo method for the electric field mea-
surements [31] in which a photo plate is replaced by a
CCD detector like in [17, 18, 24, 35, 37, 41], and the
same method was earlier employed in the spectroscopic
studies of hydrogen Balmer lines [1, 11, 13, 36, 40, 43,
45], and also in studies of helium lines [6, 20, 21, 26].
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2 Experimental part of the study

We performed the measurements with the aid of the
setup containing a Grimm GD source with a tung-
sten cathode. This source, made in our laboratory, has
a longitudinal slot enabling side-on discharge observa-
tions at different distances from the cathode, see Fer-
reira, Human, and Butler for its original design [12],
and Kuraica et al. [22] for its current version.

The discharges were realized in the 5–10 mbar range
of pressure of argon gas (purity 99.999) at its flow of 300
cm3/min and shown here only for the 5 mbar pressure
used in most of the analytical applications because the
lines become less resolved at higher pressures. We per-
formed observations without a polarizer of the studied
spectral lines using an Ebert-type spectrometer with
2 m focal length and with 651 g/mm reflection grating
blazed at 1050 nm. The sensitivity of our spectrometer-
radiation detector system was calibrated against a stan-
dard tungsten lamp showing maximum sensitivity in
the wavelength range from 460 to 525 nm for record-
ing in the second diffraction order. For this reason, we
have selected the argon spectral lines (Ar II 460.954 nm
and Ar I 522.127 nm) as the experimental basis for the
current work. The measured instrumental profile of our
system was approximately Gaussian with the full width
at half maximum (FWHM) wI of 8.2 pm in the second
diffraction order. Other details regarding experimental
procedure, which were the same as in the study [37]
of a GD in pure neon, are presented in this reference
including a schematic depiction of the setup.

3 Theoretical model

Prior to exposing the iterative kinetic model, we quali-
tatively illustrate the most relevant CS processes lead-
ing to the formation of the weakly ionized argon gas
that emits the radiation whose spectroscopic profiles
are recorded in our experiment. Due to the plane cath-
ode and small (˜ 1 mm) thickness of the CS under our
discharge conditions, the system can be considered as
one having distributions of relevant quantities (e.g., of
the electric field) that depend only on the distance from
the cathode, like is taken in [37], for a similar model in
hydrogen see [28, 39].

Most of the singly charged ions are generated by elec-
tron impact on the parent atoms. As the atoms are
(mostly) cold, the so-generated ions are cold as well due
to small momentum transfer in collision with electrons.
Some of the ions that originated in the NG region dif-
fuse into the CS and, together with the ions generated
in the CS, are accelerated by the electric field toward
the cathode making this direction a dominant direction
of ions’ motion.

Traveling to the cathode, the (positive) ions occasion-
ally undergo in collisions. Because the number densities
of electrons and ions in a weakly ionized gas are by sev-
eral orders of magnitude smaller than for the matrix

gas atoms, and due to the largest cross sections, the
greatest effects on the distribution of positive ions have
the momentum transfer collisions with the matrix gas
and the charge exchange collisions, A+ + B → A + B+,
resulting in a production of a fast atom A and a slow
ion B+. Besides these collisions for the formation of the
line shape essential are the excitations of ions leading to
the emission of the ionic spectral lines. When observed
side-on, this radiation gives profiles that are symmetric
relative to the central wavelength. On the other hand,
the pedestals of the end-on profiles are broadened more
to the red than to the blue side showing that more Ar+
ions are moving toward the cathode (i.e., away from the
end-on observer), which is illustrated in Fig. 1b.

Accelerated by the electric field, positive ions arrive
at the cathode with the average kinetic energy (e.g.,
100 eV) that is of the same order of magnitude as the
maximum energy attainable in the CS (e.g., ˜ 600 eV).
Once inside the cathode, most of the incoming fast ions
are neutralized and due to collisions randomly move
inside the cathode. Part of the ions leaves the cathode as
the backscattered fast atoms, while the rest stay inside
(wherefrom some of them are sputtered at some later
time like the atoms of the cathode material).

After returning into the cathode sheath, some of the
backscattered atoms are ionized and if excited con-
tribute by their radiation to the spectra of ionic lines.
However, our Monte Carlo simulations, performed by
the SRIM software package [47], see also [30, 32–34, 46],
show that they retain at most 60% of the kinetic energy
of their parent ions, see Fig. 2, which they rapidly loose
in the collisions with matrix gas. At such energies, the
probability for their ionization in collisions with the
atoms of the matrix gas is rather small according to
the cross section data from [2]. As the number densi-
ties of other ionization agents are small, the remaining
ionization channels are even less probable and, there-
fore, the (indirect) contribution to the ionic radiation
coming from the fast backscattered Ar atoms can be
considered as negligible in our case.

In general, the bombardment by fast ions and atoms
may cause the sputtering of the cathode atoms which
spread through the discharge forming the matrix gas
together with the atoms of discharge gas. In the case of
discharges in hydrogen, mentioned in the Introduction,
the amount of sputtering is negligible due to very small
mass of hydrogen. Here, however, like in the case of
neon GD, the sputtering exists (see the W lines in Fig. 1
and sputtering data in Fig. 3) caused by a considerable
mass of argon projectiles. The presence of sputtered
W atoms turns out to be important for building the
profiles of the argon spectral lines, because the largest
Doppler shifts visible in the side-on profiles could not be
attained without their presence as the scattering cen-
ters; for more details, see [37].

The stationary state of a DC GD in argon is achieved
in a balance of the elementary processes taking place in
the discharge. The iterative kinetic model includes the
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Fig. 1 a Radiation
intensity versus wavelength
λ for a portion of the
end-on spectra containing
several argon ionic lines
together with several lines
emitted by the sputtered
tungsten atoms. The
spectrum is recorded in a
pure Ar GD operated with
tungsten cathode at p =
4.5 mbar, V = 650 V, and I
= 12 mA. b Zoomed part of
a showing the end-on profile
of ionic argon spectral line
with 460.954 nm central
wavelength; note that W I
460.99 nm spectral line is
also visible here, as well as
in Figs. 5 and 6

Fig. 2 Distribution density of backscattered Ar atoms
shown against their relative energy εr = Ebs/Ei0. (Ebs is
the energy of the backscattered Ar atom, and Ei0 is the
energy of the incident Ar ion.) The distribution is obtained
in SRIM simulations for 10 mm tungsten layer and per-
pendicular incidence of argon ions with energies quoted in
legend. For better visibility, the uncertainties are magnified
2 times

most relevant of them through the equations

�v · ∂fAr+

∂�r
+

e �E

mAr
· ∂fAr+

∂�v
= IAr+(�r,�v), (1)

�v · ∂fe

∂�r
− e �E

me
· ∂fe

∂�v
= Ie(�r,�v), (2)

�v · ∂fW+

∂�r
+

e �E

mW
· ∂fW+

∂�v
= IW+(�r,�v) , (3)

Fig. 3 Distribution density of sputtered W atoms as a func-
tion the their relative energy εr = Esp/Ei0. (Esp is the
energy of the sputtered W atom, and Ei0 is the energy of
the incident Ar ion.) The distributions are obtained in the
same set of SRIM simulations as shown in Fig. 2. For better
visibility, the uncertainties are magnified 2 times

∂

∂�r
· �E =

e

ε0
(nAr+ + nW+ − ne), (4)

similarly to the case of GDs in hydrogen and neon GDs
[37–39]. In these equations, mAr is the mass of argon
and mW of tungsten atom, me is the mass of electron, e
is the elementary charge, and ε0 is the vacuum permit-
tivity, while �v and �r are velocity and position vectors,
respectively. Equation (1) is the kinetic equation for
the distribution fAr+(�r,�v) of the singly charged posi-
tive argon ions,
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Ar+, with collision integral IA+(�r,�v). Likewise,
fe(�r,�v), Ie(�r,�v) are their correspondings for the elec-
trons in Eq. (2), and fW+(�r,�v), IW+(�r,�v) for the
W ions in Eq. 3. Equation 4 is the Maxwell’s equa-
tion for the electric field �E(�r) in which ρ(�r) =
e[nNe+(�r) + nA+(�r) − ne(�r)] is the charge density;
nAr+ , nW+ , and ne are the number densities of Ar ions,
W ions, and electrons.

The foregoing system of equations is not closed as
it implicitly involves distribution density functions of
Ar atoms and W atoms. Because the majority of these
atoms are cold, we for simplicity assume that they are
locally thermalized so that their distribution density
functions read

fA(�r,�v) = nA(mA/2πkBT )3/ 2 exp
(−mAv2

/
2kBT

)
,

(5)

fW (�r,�v) = nW (mW /2πkBT )3/ 2 exp
(−mW v2

/
2kBT

)
,

(6)

being specified by constant number densities nA and
nW, zero velocity of macroscopic motion, �u(�r) =∫

�vf(�r,�v)d3�v/n = 0, and T (z) ≈ T0 + zT ′ as the tem-
perature distribution that is the same for both types
of atoms linearly depending on the distance z from the
cathode. (T0 is the temperature, and T ′ is its gradient
at the cathode.)

Proceeding with further simplifications, we keep just
the dominant collision integrals describing:

• (symmetric) charge and momentum transfer for
argon atoms and ions

Ar+ + Ar → (fast) Ar + (slow) Ar+, (7)

Ar+ + Ar → Momentum Transfer , (8)

• (asymmetric) charge and momentum transfer for
argon ions and tungsten atoms

Ar++W → (fast) Ar + (slow) W+, (9)

Ar++W → Momentum Transfer . (10)

• (asymmetric) charge and momentum transfer for
tungsten ions and argon atoms

W+ + Ar → (fast) W + (slow) Ar+, (11)

W+ + Ar → Momentum Transfer , (12)

• and (symmetric) charge and momentum transfers for
tungsten ions and atoms

W+ + W → (fast) W + (slow) W+, (13)

W+ + W → Momentum Transfer . (14)

For (7) and (8), we used the cross sections from [2],
and for (9)–(14), we employed model cross sections as
in [37], while all differential cross sections are as in col-
lisions of hard spheres.

Previously listed equations enable a self-consistent
determination of the electric field and argon ion distri-
butions. While the former is directly comparable with
the experimental data, the ion distribution was not
directly measurable in our experiment. Instead, spec-
tral profiles of the selected ionic line, emitted by the
excited Ar ions, (Ar+)*, were recorded as its indirect
consequence. These excitations take place in collisions
with Ar atoms:

Ar+ + Ar → (
Ar+

)∗
+ Ar , (15)

and with W atoms:

Ar+ + W → (
Ar+

)∗
+ W , (16)

while the electron impact excitation:

e + A+ → e+
(
A+

)∗
, (17)

may be neglected because the electrons have much
smaller number density than the matrix gas atoms.
Regarding the excitation, we used [2] data for the
cross section σ

(exc)

Ar+ - Ar
, whereas for (16) we took that

the cross section σ
(exc)

Ar+ - W
depends on the argon ion’s

kinetic energy Ek as

σ
(exc)

Ar+−W
(Ek) ∝ σ

(exc)

Ar+−W
(Ek)/Eα

k , (18)

with exponent α = 2.6 providing matching to the exper-
imental data, see [37].

Finally, we described the ionization of Ar and W
atoms following [37], cf. Equations (27) and (28) in
[37], and employed the approximate symmetry of rel-
evant CS quantities, which transformed our equations
into a system of 1D discrete equations that we itera-
tively solved using the procedure explained in [37].

4 Results

Here, we show the forecast of the iterative kinetic model
regarding the data measured in the pure argon glow dis-
charge operated at pressure p = 4.5 mbar, voltage V =
650 V, and current I = 12 mA. The presented exper-
imental profiles of the Ar II 460.954 nm ionic spectral
line, whose spectroscopic data are given in Table 1, are
averages of 10 successive recordings performed in a sin-
gle stationary discharge. The uncertainties are calcu-
lated as εtot =

√
ε2sys + ε2rnd using detector systematic

error εsys and the statistical error εrnd taken at the
standard deviation 95% confidence level. For all exper-
imental data, shown in this section, the predictions of
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Table 1 Spectroscopic
data for the studied ionic
Ar II spectral line taken
from NIST https://physics.
nist.gov/PhysRefData/
ASD/lines_form.html

Wavelength
[nm]

Lower level E i ,
Configuration,
Term, J

Upper level E j ,
Configuration,
Term, J

E i

[cm−1]
E j

[cm−1]

Ar II 460.954 3s23p4(1D) 4s2D
7/2

3s23p4(1D) 4p2F°
7/2

148
842.47

170
530.40

Table 2 The set of model parameter values giving the best
matching with all experimental profiles shown in Figs. 4, 5
and 6

Model parameter Value

Cathode sheath thickness,dCS (0.84 ± 0.7) mm

Gas temperature at the cathode
surface,T0

(590 ± 80) K

Gradient of gas temperature,T ′ (70 ± 50) K/mm

Effective cross section for the
ionization of Ar atoms by

electron impact,σ
(eff)

e,A+

(2.2 ± 0.3)×10–20 m2

Effective cross section for the
ionization of sputtered atoms

by electron impact,σ
(eff)

e,W+

(1.6 ± 0.3)×10–20 m2

Number density of Ar+ ions at

the CS-NG boundary,n0
A+

(1.3 ± 0.2)×1018 m−3

Number density of W ions at

the CS-NG boundary,n0
W+

(1.5 ± 0.5)×1017 m−3

Fraction NW/Ntot of sputtered
W atoms in the CS

0.3 ± 0.1

the model are found using the single set of parameter
values quoted in Table 2 providing best matching with
the experimental data.

In Fig. 4, we show the experimental electric field dis-
tribution determined according to the procedure from
[41] using measured Stark shifts of the atomic line Ar I
522.127 nm side-on spectra recorded together with the
Ar II 460.954 nm line profiles. The theoretical predic-
tion for this distribution, obtained with the aid of our
model, is calculated for the parameters from Table 2
and shown by the full (red) line.

In Fig. 5, we present the model prediction for the Ar
II 460.954 nm spectral line experimental side-on profile
at the distance d = 0.125 mm from the cathode where
the electric field strength is 13.2 kV/cm. The profile
manifests excessively broadened wings emitted by ions
having with large velocities along the side-on direction.
Such velocities are result of a collision of ion either with
(cold) Ar or W atoms; their contributions to the over-
all line profile are shown by thin lines in Fig. 5 as is
indicated in the legend. The peak at the center of the
profile is formed by the radiation of the Ar+ ions mostly
those with small energy. Such ions originate from (cold)
Ar atoms ionized by electrons, and they contribute to
the overall profile by the amount presented by the thin
(green) line in Fig. 5.

Fig. 4 Distribution of the electric field, E , in a function of
distance from the cathode, d , in pure Ar discharge operated
at p = 4.5 mbar, V = 650 V, and I = 12 mA. and V =
650 V. The experimental electric field distribution is shown
by symbols and the model curve by the full line

Fig. 5 Side-on spectral profile of the Ar II 460.954 nm line
taken 0.125 mm from the cathode. Experimental points are
presented by symbols, see in [42], and the full (thick) line
shows the model profile for the parameters from Table 2.
Thin lines show the parts due to the argon ion excitation
by electrons, and by argon and tungsten atoms
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Fig. 6 Experimental Ar II 460.954 nm side-on profiles (shown by points) together with the (thick) full line, showing the
corresponding model predictions for the overall line shape, and the (thin) full lines depicting different excitations specified
in legend. The profiles are taken at four positions d from the cathode, given by distance d jointly with electric field E

Points and uncertainty bars present in Fig. 6 the
experimental profiles of the same spectral line taken
at additional four different positions (see the legend)
spanning almost the whole CS of discharge. What one
can see is that the width of the wings becomes smaller
with the increase in cathode distance, whereas the cen-
tral peak becomes more and more pronounced.

5 Discussion and conclusion

In this paper, we report a study of the glow discharge
cathode sheath (CS) region in pure argon in which we,
using the iterative kinetic model, predicted the profile
of a selected ionic argon spectral line and estimated
the electric field and temperature distribution together
with CS thickness. These predictions are obtained using
a dedicated computer program minimizing the devia-
tions between theoretical predictions and experimental

data simultaneously for all experimental spectral pro-
files recorded in the same discharge. Our program does
this job typically in about 30 min which is much less
then time needed for the Monte Carlo simulations.

In our previous studies, we have analyzed with the
aid of the iterative kinetic model the cathode sheath of
discharges in pure hydrogen [38, 39] and in pure neon
[17, 37], whereas in this paper the scope of the model
application is extended to the discharges in pure argon.
Our findings show that the spectral lines emitted by
argon ions also have wings that are excessively broad-
ened which was experimentally observed/reported in
[42] and theoretically analyzed in this paper in the case
of Ar II 460.954 nm spectral line profiles recorded at
4.5 mbar pressure; with an exception of the experimen-
tal profile from Fig. 5, all other data in this article are
not published elsewhere. As the Stark effect for the ionic
lines is small, the broadening is caused dominantly by
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the Doppler effect due to large velocities in the observa-
tion direction of the fast-emitting ions scattered in col-
lisions with the argon and sputtered tungsten atoms.
Similarly as argued in [37], we conclude here that in
the formation of the line wings an important role is
played by the scattering on tungsten atoms because the
scattered argon ions get in the observation direction at
most quarter of their incident kinetic energy in scatter-
ing on argon atoms, but as large as 80% in scattering
on tungsten atoms, which is comparably less than in
the neon case due to two times greater mass of argon
than neon ions. In this way, the formation of wings of
the monitored ionic spectral lines in both argon and
neon discharges is substantially different from the case
of discharge in pure hydrogen where the sputtering is
small and the shapes of studied atomic lines emitted
by the fast atoms, moving both toward and away from
the cathode due to significant backscattering, show con-
siderable Stark together with Doppler broadening, see
[38].

At the end of this study, let us point out that for a
proper application of the model the knowledge of the
relevant cross section is necessary. This was only par-
tially the case here, so for the absent ones we assumed to
be proportional to the known data for similar processes
and chose the factor of proportionality so to achieve
a reasonable agreement with our experimental profiles.
Considering this, the reported model values should be
considered with prudence.
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contribution to spectroscopic diagnostics and cathode
sheath modeling of micro-hollow gas discharge in argon.
J. Appl. Phys. 110, 033305 (2011)
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surements of electric field distributions in dielectric bar-
rier discharges in hydrogen. J. Phys. D Appl. Phys.
36(7), 868–877 (2003)

46. Y. Yamamura, M. Ishida, Monte Carlo simulation of the
thermalization of sputtered atoms and reflected atoms
in the magnetron sputtering discharge. J. Vac. Sci. Tech-
nol. A 13(1), 101–112 (1995)

47. J. F., Ziegler, M. D., Ziegler,J. P., Biersack, SRIM-2008
(2008) <www.SRIM.org>

Springer Nature or its licensor (e.g. a society or other part-
ner) holds exclusive rights to this article under a publish-
ing agreement with the author(s) or other rightsholder(s);
author self-archiving of the accepted manuscript version of
this article is solely governed by the terms of such publishing
agreement and applicable law.

123

http://www.SRIM.org

	Iterative kinetic model application in diagnostics of argon abnormal DC glow discharges
	1 Introduction
	2 Experimental part of the study
	3 Theoretical model
	4 Results
	5 Discussion and conclusion
	Author contributions
	References
	References




