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Abstract. In this paper, optical emission spectroscopy technique was used to measure rotational and gas
temperature distribution in the cathode-sheath region of an abnormal glow discharge operated in hydrogen
and hydrogen—argon mixtures. The rotational temperature of excited electronic states of Hy was determined
from the R-branch of the GK'S/}, v/ =0 — B'S}, " = 0 band and compared with published results for
the Q-branch of the Fulcher-a diagonal band d°I1; , v/ — a®%f, v (v = v = 0). The population of excited
energy levels, determined from the relative line intensities, was used to derive the rotational temperature
of the ground state of hydrogen molecule. The boundary between the cathode sheath and negative glow
region is determined using Stark polarization spectroscopy of the hydrogen Balmer alpha line. The thickness
of the cathode sheath is estimated by fitting the experimentally determined distribution of electric field
strength to a suitable model function. Temperature distributions along the axis of the cathode sheath
are also reported and discussed. The distributions of temperature show that both bands give consistent
and reasonable values for the rotational temperature and they both mutually agree within the estimated
experimental uncertainties of 15%. The reported results contribute to the development of the spectroscopic
method for gas temperature measurement in pure molecular hydrogen and in the gas mixture with argon.

1 Introduction

To understand plasma fundamentals, phenomena and
applications, it is required to know the values of dis-
charge parameters (e.g., the electric field strength dis-
tribution, gas and vibrational temperatures of molecules
and radicals) primarily in the cathode sheath (CS)
region of discharge. This region is the most important
part of abnormal glow discharge (GD) since most of the
relevant processes for the operation and application of
GD occur in CS. Therefore, this region of discharge
has been a subject of numerous experimental and the-
oretical studies [1-18], and its importance cannot be
neglected when describing or modelling GD.

The most important parameter of the CS region is the
electric field strength distribution, which depends on
current density, pressure, cathode material, geometry of
the discharge, etc., and determines the acceleration of
the charged particles, influencing their path and kinetic
energy. In addition, gas (translational) temperature Ty
is of great importance since it determines the rate of
chemical reactions.
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The Fulcher-a band is very convenient and commonly
used for measurement of the gas temperature because
the lines are located in the visible region of spectrum.
In addition, the upper-level energies and wavelengths
for most of the hydrogen bands are not described by
standard formulae due to perturbations from nearby
energy levels. It is known that d°II, state degenerates
into the d*II} and d* II; state due to the A-type dou-

bling [19]. The d®IT; state has only a Q-branch, while
the d®IT} has P- and R-branches in the spontaneous
ro-vibrational emission to a®%}. The degenerate d*II;

state interacts strongly with the e*$F state, so the P-
and R-branches of Fulcher-a are perturbed. Encour-
aged by this fact, we used so far only the Q-branches of
the Fulcher-a hydrogen band for the temperature mea-
surement in the CS region of abnormal GD [18] rather
than any other molecular system.

It is shown in the literature [20-22], however, that
it is also Iljossible to use the ¥ = v’/ = 0 band
in the GK'Yf, v — B'SH, v electronic transi-
tion for temperature determination despite that this
transition is more complicated to handle since its
upper electronic level is a complex state consisting of
two electronic states, (1s03do)' X and doubly excited

state (2po?)'E} The state GrKlﬂg+ has double min-
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ima potential curve [23] and represents an intermediate
case between two limiting Hund’s cases b and d [24].
Furthermore, GK IE; electronic state is perturbed by
an electronic-rotation coupling with several electronic
states EF'Y7 HH'S ¥, I'II}, J'AT [20] and references
therein.

Since the electronic transition GK'S) — B'S is

of the 'Y — 13 type, the Q-branch does not exist.
In several publications, it was proposed to use the line
intensities within the R-branch of the v/ = v/ = 0
band in GKlZ;", v — B'SH 0" electronic transition
for temperature measurement in hydrogen low-pressure
gas discharges [22-24]. The temperature obtained using
a limited number of spectral lines from the R-branch
of GK'S} — B'S] transition agrees well with the
temperature measured from the Q-branch of Fulcher-
a band [20].

The GK'S}, v/ — B'SF, v/ (v =v” =0) band
is located in tile wavelength region where most of radia-
tion detectors have a high sensitivity, which makes these
lines very attractive candidates for various applications.
Spectral lines belonging to this band are very intensive
and well resolved, so their identification is not compli-
cated. The aim of this study is to investigate the possi-
bility of using the GKle, v — B'S}, v/band for
temperature determination within the cathode sheath
region of an abnormal discharge. To this end, we present
experimental results of the temperature distributions
and compare them with rotational and gas spectro-
scopic temperature measurements using GKlZ;, v

— B'S#, v”and Fulcher-a band. The boundary of the
cathode sheath is determined using the well-established
techniques for evaluation of the electric field strength
distribution, previously described in [12,13,25]. In this
study, through CS region of an abnormal glow dis-
charge operated at low pressure of hydrogen or in the
hydrogen-argon gas mixture, the Fulcher-a diagonal
and GKlE;, v — B'S}, v/bands are recorded,
results analyzed and temperatures derived and com-
pared, using optical emission spectroscopy (OES) tech-
nique. The gas mixture was used to check the influence
of a small admixture of argon in hydrogen to the thick-
ness of CS region, line intensities and resolution of the
spectral bands.

2 Experimental

A plane cathode-hollow anode glow discharge source

(GDS) used for experiments was laboratory-made accord-

ing to the Grimm-type GDS modified by Fereira et al.
[6] and Kuraica et al. [26]. A hollow 30-mm-long anode
with inner diameter of 8 mm has a 1.5 mm wide longi-
tudinal slot for side-on observations along the discharge
axis, see Fig. 1. To the water-cooled cathode holder is
attached an exchangeable copper electrode, 18 mm long
and 7.60 mm in diameter, which is screwed tightly into
its holder to ensure good cooling. The gas flow of about
300 cm?® min~! of pure hydrogen gas (vol. 99.999%) and
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Fig. 1 Schematic diagram of the central part of our GDS,
where CS denotes the cathode sheath region, NG—negative
glow region, and d—distance from the cathode

hydrogen—argon mixture (95% Hy and 5%Ar) is kept at
a pressure about 5 mbar by means of a needle valve and
two two-stage mechanical vacuum pumps. The gas pres-
sure was evaluated as the average value between the gas
inlet and outlet measured values.

A current stabilized power supply (0 kV-2kV, 0 mA—
100 mA) was used to run the discharge. For all exper-
iments, a 5.3 kQ) ballast resistor was placed in series
with the discharge and power supply.

Spectroscopic recordings of GD were performed side-
on through the anode slot in translation steps of
approximately 1/16 mm for the hydrogen Balmer-« line
and in steps of 1/8 mm for the Fulcher-o and GKIE;,

v — B'St, v/band lines. When the Stark polar-
ization spectroscopy is applied, a plastic polarizer was
used.

Spectroscopic measurements were performed with
2 m focal length Ebert-type spectrometer with 651
grooves/mm reflection grating blazed at 1050 nm. The
reciprocal dispersion of reflection grating in the second
diffraction order is 0.37 nm/mm with instrumental pro-
file very close to the Gaussian form with measured full
width at half maximum (FWHM) ~0.014 nm. All spec-
troscopic data were collected with a thermoelectrically
cooled Hamamatsu CCD (2048 x 506 pixels, pixel size
12 x 12um, —10°C) Consequently, the data were trans-
ferred to and processed by a PC. The wavelength sensi-
tivity calibration of the spectrometer-radiation detec-
tor system was done by using the standard tungsten
lamp.

3 Results and discussion

3.1 Determination of the electric field strength
distribution

Spectroscopic side-on measurements of electric field
strength have to be performed with line radiation col-
lected only from discharge regions with the electric field
considered as homogeneous. In the side-on measure-
ments, performed in the CS region of glow discharges
with plane cathode, this condition is approximately sat-
isfied for the radiation collected from a narrow cylindri-
cal region of discharge parallel to the cathode surface
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because in the thin (~ 1mm) cathode region of such
discharges the electric field strength vectors are prac-
tically perpendicular to the cathode surface and their
magnitude F' depends almost only on the distance to
the cathode surface. It is known that spectral lines of
atomic hydrogen exhibit linear Stark effect [2], so the
knowledge of the Stark shift coefficients for a certain
type of polarized spectral line enables one to perform
the spectroscopic measurement of electric field strength
Ffrom the shape of the recorded line profile.

One of the techniques for measuring the electric field
strength is by using spectral line shape of atomic hydro-
gen, here the 7- polarized H,, line, and establish a suit-
able model function for the profile shape depending on
the electric field strength F' as parameter adjusted so as
to achieve the best matching between the model profile
and the recorded line profile.

For the estimation of the CS region thickness, we
employ the same technique previously described in [18].
The electric field strength distribution is determined
by fitting the experimentally obtained profiles of the
m-polarized hydrogen Balmer H, line with the model
function (1):

I (AN, F) =b+ S« {G (AN Hy,c1,w1)
+G (AX; Ha,y o, wo)
+G (AX; Hs, c3, w3, w3)
+Sp * [G (AN, zHy, c1,w1)
+G (AN; zHa, co, w2)
+G (AN, zH3, c3, w3, ws)]} (1)

The model function (1) together with the best fit and
all the parameters are explained in details in [18]. Using
the previously reported technique in [18], we deter-
mined that the thickness of the CS region does not
exceed 2.25 mm, in pure hydrogen discharge, while
for the hydrogen—argon discharge, the thickness is 1.75
mm. The knowledge of this value is essential for the fur-
ther analysis, since we want to show the variations of
the rotational and gas temperature, T;o¢ and 7" through
the CS region.

3.2 Molecular spectra recording

In Fig. 2, we present recorded rotational bands of the
Fulcher-a diagonal band (¢ = 0) and the GKIE;,

v — B'SF, v”band in hydrogen and hydrogen—
argon mixture. Therefrom, it is evident that the Q-
branch lines of the electronic transition d°II, v/ —
a’vf, v'(v = V" = 0), as well as the R-branch lines
of the GKlZ;', Vo = BSH V(W =V = 0),

are well resolved and intensive. The GKlzg, vVoo—

B'SH, v/ (v = v = 0) band is located in the wave-
length region (wavelength data taken from [27]) where
most of radiation detectors have a high sensitivity, see,
e.g., [18], which makes these lines very attractive can-
didates for various applications. Although intensities
of P-branch lines are weaker for almost two orders
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of magnitude than those from R-branch of the same
electronic-vibrational transition, the spectral resolution
and signal-to-noise ratio of our spectrometer—detector
system enabled their identification.

3.2.1 Results and discussion

In previous studies of hollow cathode glow discharge
(HCGD), see [20,28], it was shown that for estimation
of the rotational and ground state T temperature, it
is feasible to use the first five lines of R-branch of the
GKlE;,V’ — B'SF v, = v = 0 band. Using this
knowledge, we test the possibility to use R-branch of
GKlE:{, 0 — B'S}, 0 in the cathode sheath region
of an abnormal Grimm glow discharge. Rotational and
gas temperatures are determined and compared with
results obtained from the Q-branch of Fulcher-a band
of the same discharge [18].

The recorded rotational bands of the d*TI; — a32;’
and GKlzg',O — B'S}, 0 intensity of hydrogen tran-
sitions are used for evaluation of the rotational tem-
perature T.,.(n’, ) of the excited state. Here, we use
the Boltzmann plot technique based on the experi-
ence that the logarithm of the intensity of the spec-
tral line emitted in transition (n, v/, J — n”",
J”) is a linear function of the upper-level energy. By
n' v g’
[N

against term values for the
ga.S.HJ/J//

plotting In <U4
upper level in the case of Boltzmann population distri-
bution, a straight line with the slope kThi(:L/l/) should
rot El
be obtained [28]; here, v is the wavenumber, g, ;. is
the statistical weight of the n’,v’, J’ rotational level
caused by the nuclear spin and the symmetry with
respect to the permutation of the nuclei (’a’ or ’s’),
Hj jv are the Honl-London factors (HL), see [21,29],
and Iau. = IZ,I,’,”V/,,’ fvj\l,,,C is the line intensity where C
is a constant factor of proportionality. For molecular
hydrogen g,.s. =gs. =1 foreven and g,5. = go. =
3 for odd values of the rotational quantum number J
, see, e.g., [20,30], and for the IT — X electronic tran-
sition the factor Hj j» may be written as: (J” -1) for
P-branch, (2J” +1) for Q-branch and (J” +2) for
R-branch [29,30]. For R- and P-branch of the 13 —1 %
electronic transition, HL values are J' and  (J' 4+ 1),
respectively, see [31]. The above-mentioned slope of
these lines may be used for determination of the excited
state rotational temperature Ty..:(n',v') , see Fig. 3a,
and to check experimentally the validity of the assumed
Boltzmann distribution of the population of the rota-
tional levels.

The rotational temperature of excited states is deter-
mined from the Q-branch for excited vibrational level
v/ =0 of d*II;, and R-branch for excited vibrational
level v/ =0 of GrKlX);r — B'SF. The results for differ-
ent positions along the axis of CS region are presented
in the lower part of Fig. 4a for discharge in pure hydro-
gen, and in the lower part of Fig. 4b for discharge in
the hydrogen—argon mixture.

@ Springer
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Fig. 2 Emission spectra of the rotational lines for the d®II; — aSZg system; a and b Q-branch (with v/ = v’/ = 0) and
c and d GKlZ;r — B'S system; R-branch with Av =0, v/ = 0 is recorded in the second diffraction order. Experimental

conditions: a and ¢: discharge in pure Hs at p = 4.5mbar,] = 11 mA, and U = 8389 V b and d: discharge in Ho+5%Ar

p =4.bmbar, [ = 12 mA, andU = 775 V
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Fig. 3 a Semi-logarithmic plot of the population den-
sities for ro-vibronic levels of Hs calculated from the
measured intensities using the Honl-London factors. b
Semi-logarithmic plot of rotational population densities of
GKIE;', 0 versus rotational energy of the molecular hydro-
gen ground state (XlE‘g'r, v = 0). Experimental conditions
as in Fig. 2
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In low-pressure hydrogen discharges, due to small col-
lision frequencies lower than the radiative decay fre-
quencies of the excited state, the number of collisions
is not sufficient to redistribute the rotational popula-
tion as discussed in [32-38] and in references therein.
The lifetime values for ro-vibrational levels of electronic
state d°IT; and GK'SJ of the Hy molecule, given in
[37], have been used to calculate radiative decay of these
states. Obtained values are 2.5-107s~! and 4 - 107571,
respectively, while in our experimental conditions cal-
culated value for the collision frequency is 2.7 - 107s~!.
On the other hand, the pressure higher than 10 mbar
provides collision frequency larger than the radiative
decay, which is sufficient to ensure equilibrium of the
rotational distribution of this state with the gas tem-
perature [34,35]. In our case, the relation between the
population distributions in the excited states and gas
temperature should be derived from the balance equa-
tions [38]. The model discussed in [17] suggests that the
logarithm of the scaled ro-vibrational population den-
sity should behave as a linear function of the rotational
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energy in the ground X! E;‘, v = 0 vibrational state:

N’I’L'V'J/
n
Ja.s. (2J' + 1) Tn'v'J’
hCEXOJ

—  eEXes ¢ 2
kTo(n’,z/’)+C(ms7 (2)

In N:;/V/J/ =1

where N, ,; denote the scaled ro-vibrational popu-
lation density, while 7,7, ;is the radiative lifetime of
the n’,v’, J’ level, and Ex(s present the ro-vibrational
term value of the ground vibrational state. In that
case, To(n/, V1) represents the rotational temperature of
ground vibrational state and can be determined from
the rotational population density distribution in an
excited (n/,v/) vibrational state. This temperature can
be also considered as a valid estimation for the ground
state ro-vibrational temperature, i.e., Hy gas tempera-
ture, according to [17].

Described model assumes Boltzmann distribution in
excited electronic-vibrational states, but one can make
an additional assumption and hypothesis that the rota-
tional energy term is Fiy « By, J (J + 1). In this case,
the relation between the rotational temperatures in the
ground and electronically excited becomes:

To(n', V")
Bxg

Trot (n/a V/)

=B, (3)

where B,,/,» and Bx are rotational constants of excited
states d°II,(30.364cm ') and G123(28.4cm_1) and
ground X'Y1(60.853cm™") (v = 0) state [21,35].

Thus, the values of the rotational temperature,
derived from the population of Q-branch  of dgﬂ‘j —
a®S} or R-branch of GK'S} — B'S] vibrational
states v/ = 0, were recalculated to determine the tem-
perature Tp of the ground vibrational state X 1Zg(u =
0) at different positions, see Fig. 3b and the upper
part of Fig. 4. The rotational energies Exoj of the
ground  X'XF (v = 0) vibrational state of Hy were cal-
culated using data listed in [21]. The results obtained
for the rotational temperature distribution along the
CS region, presented in Fig. 4, show that both tem-
peratures, Ty and T.o; (Q-branch d*TI;,0 — a’yf, 0
and R-branch GK'S}, 0 — B! ,0), vary along the
CS region and agree within the estimated experimental
uncertainties of 15%, which is in good agreement with
the uncertainty estimated in [17]. The difference starts
to increase as we start to approach the negative glow
region.

In our case, the temperature recalculated from (2) for
the ground vibrational state X' X (v = 0) is almost two
times larger than the rotational temperature of excited
states d3Hg ,0 and GKIE;,O, which is in agreement
with (3) because of rotational constants values listed
above.

Regarding the temperature vs distance data, shown
in Fig. 4 with estimated relative uncertainty of 15% at
all points. Possible cause for the temperature variation
could be as follows: in low pressure plasmas atoms and
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Fig. 4 The dependence of rotational temperature and gas
temperature Ty upon distance from cathode. The values of
the rotational and gas temperature for Fulcher-a band taken
from [18]. Experimental conditions: copper cathode Grimm
GDS a in Hy at p = 4.5mbar, I = 11mA, U = 889V,
and the thickness of the CS region less than 2.17 mm; b in
Ho+5%Ar at p=4.5mbar, I =12mA, U =775V, and
the thickness of the CS region less than 1.75 mm

molecules are dominantly excited by electron impact.
Following the same pattern, the cross sections for exci-
tation of the a’¥f and d*TI; levels rapidly decrease
with the increase in electron energy above 20 eV [39,40]
The cross section for B! level increases for the ener-
gies up to 50 eV and slowly decreases for higher electron
energies [39], whereas the cross sections for the corre-
sponding upper level GKle are not reported in the
literature to the authors’ knowledge. Assuming that it
shows similar dependence on electron energy, one might
conjecture that these dependences influence the shape
of temperature distributions, reflecting the variation
of the average electron energy throughout the cathode
sheath, c.f. Fig. 2.38 in [41].

4 Summary and conclusion

The aim of this study is to test the possibility of using
the GKlZ;, v —B'SF, v band for temper-
ature determination within the cathode sheath region
of an abnormal Grimm glow discharge. The GKlzg,
vV —B'SH V(v =" =0) band is very convenient
because it is located in the wavelength region (461
464 nm) where most of radiation detectors have a high
sensitivity. This makes these lines very attractive can-
didates for various applications; also, the spectral lines
of this band are very intensive, well resolved and easy
for identification.

We used the experience that it is possible to use the
first five lines of R-branch of GKlZ; — B'Sh v =
v =0 band for the measurements of rotational and
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ground state Ty temperature [20,28]. In order to verify
the acquired results, we compared them with the corre-
sponding results obtained from the Fulcher-a diagonal
band in [18].

To determine the boundary between the CS and the
NG region, it was necessary to measure the electric field
strength distribution. For the electric field measure-
ment in the cathode sheath region, Stark polarization
spectroscopy of hydrogen Balmer alpha line is employed
and the thickness of CS region is estimated by fitting
the experimentally obtained distribution of electric field
strength to a suitable model function reported in [18].

We have recorded and analyzed the electronic transi-
tion GK'S¥, o/ — B'Sf, v/ within the CS
region of a hydrogen and hydrogen—argon abnormal
glow discharge at low pressure. The axial distribution of
rotational temperatures is determined using the Boltz-
mann plot technique.

The values of the rotational temperature derived
from the population of R-branch of GKlE; — B'sH
vibrational states v/ = 0 were recalculated to deter-
mine the temperature Tj of the ground vibrational state
X'Sf (v = 0)) at different positions along CS and com-
pared with already reported results [18] from Q-branch
of Iy — a’%}. The temperature recalculated for
the ground state X'Xf (v = 0), see [16], is approxi-
mately two times larger than the rotational tempera-
ture of excited states. This result corresponds to the
ratio of the rotational constants of excited state.

Presented results show that the temperatures (rota-
tional and gas) vary along the CS region of the dis-
charge. The temperatures of both bands, Fulcher-a and
GKlZ;|r — B'S give consistent and reasonable values
and mutually agree within the experimental uncertainty
of 15%. In the negative glow region, the uncertainty
starts to increase. With this in mind, we could employ
R-branch of GKlzg — BlEI,V' = v = 0 band for
quick measurement of rotational and ground state Ty
temperature within the CS region of the Grimm glow
discharge.
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