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1. Introduction

Atomic hydrogen is a highly reactive species that plays an 
important role in the plasma treatment of solid surfaces and 
plasma chemistry. As a strong reducing and etching agent, 
atomic hydrogen is used in numerous low-pressure plasma 
applications, e.g. plasma etching [1], the passivation of defects 
in silicon industry [2], the removal of weakly bonded com-
pounds during the deposition of hard and resistant thin films 
[3] etc. Recently, some promising results for the surface hydro-
genation of diamond nanoparticles with atmospheric-pressure 

hydrogen plasma were accomplished in our laboratories [4], 
using coplanar dielectric barrier discharge (DBD). However, 
any wider use of atmospheric-pressure hydrogen plasma 
treatment raises serious safety concerns on account of high 
hydrogen flammability when hydrogen is mixed even with a 
small percentage of oxygen or air [5]. A simple, yet effec-
tive approach to mitigate these concerns is to dilute hydrogen 
with an inert gas, typically argon, to widen its flammability 
envelope [6]. The drawback of this approach is lower atomic 
hydrogen generation due to the reduced concentration of H2. 
Fortunately, the presence of Ar atoms introduces several novel 
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Abstract
Spatially and temporally resolved measurements of atomic hydrogen concentration above 
the dielectric of coplanar barrier discharge are presented for atmospheric pressure in 2.2% 
H2/Ar. The measurements were carried out in the afterglow phase by means of two-photon 
absorption laser-induced fluorescence (TALIF). The difficulties of employing the TALIF 
technique in close proximity to the dielectric surface wall were successfully addressed 
by taking measurements on a suitable convexly curved dielectric barrier, and by proper 
mathematical treatment of parasitic signals from laser–surface interactions. It was found that 
the maximum atomic hydrogen concentration is situated closest to the dielectric wall from 
which it gradually decays. The maximum absolute concentration was more than 1022 m−3. In 
the afterglow phase, the concentration of atomic hydrogen above the dielectric surface stays 
constant for a considerable time (10 μs–1 ms), with longer times for areas situated farther from 
the dielectric surface. The existence of such a temporal plateau was explained by the presented 
1D model: the recombination losses of atomic hydrogen farther from the dielectric surface are 
compensated by the diffusion of atomic hydrogen from regions close to the dielectric surface. 
The fact that a temporal plateau exists even closest to the dielectric surface suggests that the 
dielectric surface acts as a source of atomic hydrogen in the afterglow phase.
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reaction channels for H atom creation, which may to some 
extent compensate for the effect of H2 dilution. Two main 
atomic hydrogen production channels (i.e. electron impact 
dissociation: e  +  H2  →  H  +  H, and ion–electron dissociative 
recombination H+

3   +  e − → H2  +  H) are extended by dissocia-
tion by metastables (i.e. Ar*  +  H2  →  Ar  +  2H), and by ArH+ 
ion–electron dissociative recombination (i.e. ArH+   +  e − →  
Ar  +  H) [7]. Furthermore, in a confined discharge space of 
DBD, argon heterogeneous reactions on the dielectric walls 
ought to be considered as well. This includes the surface disso-
ciative recombination of ArH+ ions and various Ar-mediated 
Eley–Rideal mechanism reactions with adsorbed atomic and 
molecular hydrogen [8]. It should be noted here that the actual 
contribution of heterogeneous reactions is generally only esti-
mated, and most numerical models do not take into account 
e.g. material-specific interactions [7]. Such deficiency is quite 
bewildering when we realize that the most common motiv-
ation for generating atomic hydrogen is to use it just for het-
erogeneous reactions on solid surfaces.

In the presented work we report on our experimental 
assessment of the ground-state atomic hydrogen concentration 
above the surface of coplanar DBD, operated at atmospheric 
pressure in a mixture of argon and hydrogen. Knowledge of 
the spatio-temporal evolution of atomic hydrogen provides an 
important insight into the ongoing chemical processes. The 
electric field distribution of coplanar DBD allows discharge 
microfilaments to propagate only in the thin (a few tenths of 
a mm) layer along the dielectric surface, which results in a 
strong spatial gradient of created species. Owing to this, the 
experimental technique of choice must offer a high degree of 
spatial resolution. In this respect, a suitable method is two-
photon absorption laser-induced fluorescence (TALIF), which 
has become a powerful tool for the detection of reactive spe-
cies in plasma [9–14]. When TALIF is used for the detection 
of free hydrogen atoms, these atoms are usually excited by 
the simultaneous absorption of two laser photons with wave-
length of 205.08 nm from the ground state to the state n  =  3 
[15, 16]. This leads to the generation of fluorescent Hα radia-
tion with an intensity proportional to the atomic hydrogen 
concentration. The necessity of absorbing two-photons makes 
the emission of the Hα line highly localized only to areas in 
the laser beam center, which allows the acquisition of detailed 
H atom concentration maps.

The difficulty in employing TALIF measurement for 
probing a few tenths of a millimeter above the surface of 
coplanar DBD lies in our inability to completely prevent 
any contact of the laser beam with the dielectric. This leads 
not only to the detection of a redundant signal originating 
in the fluorescence of the dielectric material, but also to a 
laser-induced discharge breakdown [18]. Therefore, care 
must be taken to make the TALIF method non-invasive. The 
issue of artificial breakdown can be solved by synchronizing 
laser excitation with the DBD voltage cycle, so the laser shots 
are taken at the lowest internal field, insufficient to initiate 
artificial breakdown [19, 20]. Another approach presented in 
this work is to take measurements in a repetitive afterglow 
regime, created by a modulated power feed pattern. Besides 

simplified chemical kinetics of the afterglow phase, it has 
allowed us to monitor the development of atomic hydrogen 
over a longer time range, thus enabling a better validation 
of our numerical model. The issue of solid material fluores-
cence has been successfully addressed by adopting a suit-
able geometry of the DBD surface, which minimizes laser 
beam surface impingement. As we will report in this work, 
the geometry adaptation enabled us to monitor the afterglow 
H-atom evolution of a single, spatially stabilized coplanar 
DBD microfilament.

2. Experiment

2.1. Discharge configuration

The schematic of the investigated surface coplanar dielectric 
barrier discharge is shown in figure 1. A spatially stabilized 
single discharge microfilament was ignited on the outer sur-
face of a cylindrical quartz tube (HSQ 300, Heraeus) by a pair 
of brass triangular electrodes, situated in the tube interior and 
oriented in parallel to the tube central axis. The tube has an 
inner diameter of 25 mm and a wall thickness of 1 mm. A rela-
tively small radius of curvature of the quartz tube was adopted 
intentionally, to effectively divert the dielectric surface from 
the line of the laser beam, and thus to minimize the parasitic 
material fluorescence of out-of-focus laser beams impinging 
on the surface. A quartz dielectric barrier was used for three 
main reasons: (1) its high thermal shock resistance; (2) its low 
UV absorption leading to the low intensity of the fluorescence 
of the dielectric; (3) its smooth surface which minimizes laser 
radiation scattering to the detector. The latter allowed focusing 
the laser beam into the closest part of the dielectric surface.

To provide necessary HV electrode insulation and active 
cooling of the discharge site, insulation oil (Dow Corning 561 
silicone transformer liquid) was circulated through the quartz 
tube. The distance between the electrode tips was set to 4 mm. 
The tube was housed inside a closed plastic chamber to allow 
working gas control. In the presented experiment, a mixture of 
450 sccm of argon and 10 sccm of hydrogen was continuously 
flown through the reactor; the whole experiment was carried 
out at atmospheric pressure.

Figure 1. The dielectric barrier discharge reactor. 1—chamber, 
2—quartz window for fluorescence observation, 3a—upper 
electrode, 3b—bottom electrode, 4—quartz tube, 5—quartz 
windows tilted to the Brewster angle, 6—insulation oil, 7—laser 
beam in position for the first (7a) and the second (7b) set of 
measurements.
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In-house-built HV power supply was used to power the 
electrodes by a 33.33 kHz HV driving voltage, modulated 
by a 300 Hz modulation signal with a duty cycle of 30%. 
Specifically, a train of 30 discharge cycles with a single-cycle 
period of 30 μs was followed by an off-time (an afterglow 
phase) and the whole process was repeated at a 300 Hz repeti-
tion rate (figure 2). Upon entering the off-time of the modula-
tion signal, the amplitude of the applied voltage oscillations 
started to decrease. To our benefit, the gradual decrease of the 
applied voltage resulted in an improved temporal stability of 
the microdischarge, as can be seen on the discharge current 
waveform in figure  2. Modulation of the HV power supply 
was done by the external arbitrary waveform generator (Rigol 
DG4162) operating in the repetitive N cycle burst mode. This 
waveform generator was simultaneously used for generating 
the laser shot synchronization signal. Digital oscilloscope 
DSO-S204A (Keysight) was used to monitor the discharge 
current, the applied voltage and the time position of the laser 
shot. An HV probe P6015A (Tektronix) and current monitor 
Model 2877 (Pearson) were used.

2.2. Diagnostics setup

A laser beam for TALIF measurement was generated by a 
three-component laser system, shown in figure  3. Pumping 
Nd:YAG laser (Spectra-Physics, Quanta-Ray PRO-270-30) 
produced radiation with a wavelength of 1064 nm, doubled 
to 532 nm utilizing a KDP crystal. The 532 nm radiation was 
used for pumping a dye laser (Sirah, PrecisionScan PRSC-
D-24-EG) with rhodamine 101/B generating a wavelength 
of 615 nm, tripled to 205 nm in a frequency conversion unit. 
The output laser beam was focused by a spherical lens with a 
focal length of 35 cm and passed through the discharge reactor 
in the vicinity of the dielectric. Two sets of positions of the 
laser radiation were used for the measurement: for the first 
set, the vertical position of the focused laser radiation was 
located in the middle of the gap between the electrodes and 
the perpendicular distance of the laser beam from the surface 
of the dielectric was varied. The vertical position of the laser 

radiation in the second set of measurements was located in 
front of the bottom electrode; see figure  1. The areas used 
for the collection of fluorescence radiation in the two sets of 
measurements are depicted in figure 4. At the measurement 
point the radius of the laser beam was below 20 μm, which 
defined our spatial resolution of the measurement in the direc-
tion perpend icular to the dielectric surface. For improving 
the shape of the beam and for limiting its contact with the 
di electric, an iris diaphragm was used. In order to minimize 
the reflections of the laser beam, the reactor windows were 
oriented at the Brewster angle. In order to perform time-
resolved measurement, the pumping laser was synchronized 
with an HV power supply.

The fluorescence radiation was detected by an ICCD 
camera (Princeton Instruments, PI-MAX 1024RB-2-FG-43), 
which was synchronized with the pumping laser. To sepa-
rate the measured signal from the plasma emission and laser 
scattering, an interference filter for the Hα line 656.3 nm 
was used.

3. TALIF method

3.1. Measurement procedure

The TALIF of hydrogen atoms is based on the excitation of the 
atoms from their ground state 1s 2S1/2 to the state 3d 2D3/2, 5/2 
via the simultaneous absorption of two photons of laser radia-
tion with a wavelength of 205.08 nm [15, 16]. Two-photon 
absorption enables one to overcome problems with the gen-
eration and manipulation of VUV radiation that would arise 
if standard single-photon laser-induced fluorescence (LIF) 
was used. The consequent radiative deexcitation of excited 
hydrogen atoms to 2p 2P1/2, 3/2 state produces fluorescence at 
656.3 nm (Hα), which is detected and its intensity is used for 
the calculation of the concentration of the hydrogen atoms in 
the ground state. The method can be calibrated by the TALIF 
measurement of krypton with known concentration.

Figure 2. Voltage and current waveforms of the modulated coplanar 
surface DBD.

Figure 3. Experimental setup.

Plasma Sources Sci. Technol. 25 (2016) 055015
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The measured signal was spectrally, spatially and tem-
porally integrated. For each laser pulse, the ICCD camera 
was exposed for 50 ns. This exposure time safely covered 
the whole laser pulse and the fluorescence decay time. After 
measuring the shape of the absorption line of hydrogen at 
given conditions, the other part of the experiment could be 
performed quickly with a laser tuned only to the center of the 
absorption line and the results were subsequently recalculated 
to spectral integrals. The measured signal was typically accu-
mulated during 500 laser pulses and averaged over ten frames.

3.2. Saturation

Laser pulses with energies in the range of 50–60 μJ were used 
for the TALIF of hydrogen atoms and energies of 10–20μJ 
were used for the TALIF of krypton that was used for the 
calibration of the method. In these energy ranges, saturation 
effects emerged, which were demonstrated by the fact that the 
log–log dependencies of the fluorescence signal on the energy 
of the laser pulses had slopes of approximately 1.7 and 1.3 for 
the TALIF of hydrogen and krypton, respectively. This slope 
would reach a value of 2 in an unsaturated case. It was not 
possible to decrease the laser energy enough to avoid satur-
ation either for the hydrogen atoms or for krypton, due to the 
poor signal-to-noise ratio for low laser energies. Therefore, the 
saturation effects were taken into account, using the formula

α
β

=
+

F
E

E1
,L

2

L
2 (1)

in analogy to the formula /( )α β= +F E E1L L  that was 
derived for single-photon LIF [19]. F is the measured fluores-
cence signal, EL

2  is the mean value of the squared laser-pulse 
energies, αEL

2  would be the hypothetical unsaturated signal 
and the coefficient β describes the saturation effects. When 
the coefficient β is found, the measured fluorescence signal 
can be multiplied by ( )β+ E1 L

2 , which serves as the correc-
tion of satur ation effects. The measured dependence of the 
fluorescence signal on the energy of the laser pulses is shown 
in figure  5, both for atomic hydrogen and for krypton. The 
formula (1) was fitted to these dependencies and the obtained 
coefficients β were thereafter used for the correction of satur-
ation in equation  (2). Typical values of the correction are 
shown together with typical values of the laser-pulse energies 
in table 1.

Finally, the effect of hydrogen atom production by the 
dissociation of hydrogen molecules in an intense laser beam 
was examined. Since there was no TALIF signal of atomic 
hydrogen when the discharge was not running, it was verified 
that this parasitic production of hydrogen atoms had no sig-
nificant effect on the presented measurements.

3.3. Laser–surface interaction

Although the dielectric was made of quartz with a weak 
absorption of the used UV radiation and the interference filter 
in the camera was utilized, some amount of scattered laser light 
or the fluorescence of quartz was still detected when the laser 
beam touched the dielectric. This parasitic signal depended 
linearly on the energy of the laser pulse. Therefore, the fol-
lowing procedure was performed to separate the hydrogen 
fluorescence signal from other redundant signals. Besides a  

Figure 4. Discharge image with marked measurement positions. 
Rectangles A and B represent the measurement areas for the first 
and second measurement sets, respectively. Rectangle C represents 
the area used for spatially resolved measurements in the tangential 
direction, which are shown in figures 9 and 10.

Figure 5. Fluorescence signal as a function of the energy of the 
laser pulses. The measurement data are fitted by equation (1). The 
dashed line shows the theoretical signal devoid of saturation effects.
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common dark frame measured without the presence of any 
laser radiation, each measurement was repeated with the laser 
detuned some 20 pm from the center of the hydrogen absorption 
line, i.e. at a wavelength that cannot excite hydrogen atoms but 
generates practically the same intensity of the fluorescence of 
the dielectric. The laser-pulse energy of both measurements was 
kept at similar levels. The pure fluorescence signal of hydrogen 
S was calculated as

⎡
⎣
⎢

⎤
⎦
⎥S S S S S

E

E
E1 ,meas dark detuned dark

L,meas

L,detuned
L,meas
2β= − − − ⋅ ⋅ +( ) ( )

 

(2)

where Smeas is the signal measured with the laser wavelength 
tuned to the center of the absorption line; EL,meas is the mean 
value of the laser-pulse energies during this main measure-
ment; Sdetuned is the signal measured with the laser detuned 
some 20 pm from the center of the absorption line; EL,detuned 
is the mean value of the energies of the detuned laser pulses; 
Sdark is the dark signal measured without any laser radiation; 

and expression ( )β+ E1 L,meas
2  compensates for the saturation 

effects. The subtracted parasitic signal ( )−S Sdetuned dark  was 
well below 20% of the signal ( )−S Smeas dark .

3.4. Absolute concentration values

To determine the absolute densities of the hydrogen atoms, 
calibration measurement of the TALIF of krypton was per-
formed. A mixture of Ar  +  3% Kr was injected into the 
reactor. The krypton atoms were excited from the ground state 
4p6 1S0 to the 5p’[3/2]2 state by the two-photon absorption of 
204.13 nm laser radiation. Subsequent fluorescence radiation 
was observed on wavelength 826.3 nm during the deexcitation 
to 5s’[1/2]1 state. The absolute concentrations of hydrogen 
atoms NH were calculated by the formula [16]

⎛
⎝
⎜

⎞
⎠
⎟ν

ν
σ
σ

τ
τ

=N N
S E

S E

A

A

T

T

C

C
,H Kr

H L,Kr
2

Kr L,H
2

H

Kr

2
Kr
TA

H
TA

Kr Kr

H H

Kr

H

Kr

H
 (3)

where S represents the temporally, spatially and spectrally 
integrated fluorescence signals with the correction of satur-
ation effects; EL

2  is the mean value of the squared laser-pulse 
energies; ν is the frequency of the laser photons; σTA is the 
cross section for two-photon absorption; A is the Einstein coef-
ficient of spontaneous emission from the excited state; τ is the 
lifetime of the excited state (fluorescence decay time); T is the 
transmission of the interference filter; and C is the quantum 
efficiency of the ICCD camera for the wavelength of the fluo-
rescence. Indices ‘H’ and ‘Kr’ differentiate between quanti-
ties related to atomic hydrogen and krypton, respectively. The 
ratio of the two-photon absorption cross sections for atomic 
hydrogen and krypton was published in [15, 16].

Since the lifetime of excited hydrogen and krypton atoms 
was approximately 0.1 ns and 0.3 ns, respectively, it was not 
possible to determine the lifetimes experimentally. Therefore, 
they were calculated by means of known quenching coef-
ficients that were taken from [16, 17]. The values of the 
quenching rate coefficients are summarized in table 1 together 
with other quantities used for the evaluation of the TALIF 
measurements in this work. The effect of quenching by three-
body collisions was neglected, which is in agreement with the 
findings described in [22]. However, the temperature depend-
ence of the quenching rates should be taken into account. The 
values of quenching rate constants depend on the mean speed 
of the colliding particles and the concentration of collisional 
partners is a function of the gas temperature as well. The 
mutual effect of these two factors predicts that the quenching 

rate is proportional to −Tg
0.5, where Tg is the gas temperature. 

According to spectral measurements of the rotational temper-
ature, the value 500 K was used as the gas temperature in the 
coplanar discharge, whereas the Ar–Kr mixture used for the 
calibration measurements was assumed to have room temper-
ature. The eventual cooling of the gas in the afterglow phase 
of the DBD was not analyzed. Consequently, it is possible that 
the lifetime of the excited hydrogen (τH) decreased slightly 
with time due to the gas cooling in the afterglow phase. 
Therefore, the real concentration of hydrogen atoms in the late 
phases of the afterglow or in areas with lower gas temperature 
might have been a little higher than the values presented in 
this work. As a result, it is possible that the real duration of the 
plateau shown in section 4 was in reality slightly longer than 
is presented in the forthcoming section. Nevertheless, even in 
the case of complete gas cooling to room temperature during 
the first 2 ms of the afterglow, the error of the calculated con-
centration values would be less than 30%.

4. Results and discussion

4.1. Atomic hydrogen concentration

The concentration of atomic hydrogen in various positions is 
shown in figures  6 and 7. Immediately after the end of the 
discharge pulse, the concentration values varied in the range 
of 1021– ⋅2 1022 m−3. The highest values were found in the 
vicinity of the dielectric surface, where the hydrogen dissocia-
tion degree defined as [H]/([H]  +  2[H2]) reached approx. 3%. 

Table 1. Parameters used for the evaluation of TALIF 
measurements.

Parameter H Kr

λ 205.08 nm 204.13 nm
qAr × −3.93 10 16 m3 s−1 [16] × −1.29 10 16 m3 s−1 [16]
qH2 × −20.4 10 16 m3 s−1 [16]
qKr × −1.46 10 16 m3 s−1 [16]
τrad 17.6 ns [16] 34.1 ns [16]
EL 50–60 μJ 10–20 μJ

β+ E1 L
2 1.6–1.9 1.2–1.8

T 80% 82%
C 5.2% 1.8%

/σ σKr
TA

H
TA 0.62 [16]

/A AKr H 0.614 [21]

Note: λ is the laser wavelength, qAr, qH2
 and qKr are the rate coefficients for 

the quenching of excited species at room temperature by binary collisions 
with Ar, H2 and Kr, respectively, radτ  is the radiative lifetime of excited 
species and EL is the typical range of the energy of the laser pulses. The 
remaining quantities are described in section 3.
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This concentration value can be compared with the atomic 
hydrogen concentration found in other plasma sources. In 
an atmospheric pressure volume DBD, concentration over 
1021 m−3 was measured by the TALIF method [22]. In low-
pressure capacitively coupled discharges the atomic hydrogen 

concentration was found to be in the order of 1020 m−3 by 
means of TALIF [21, 23] and in the range of orders from 1020 
to 1022 m−3 by means of a method based on the comparison of 
atomic and molecular line intensities [24]. The same method 
was used in hydrogen capillary DC-arc discharge and in MW 
discharge. In both these discharge types, the atomic hydrogen 
concentration was found to be in the order of 1020 m−3 [24]. 
Finally, in the expansion region of an Ar–H2 arc the concen-
tration over 1020 m−3 was determined by the TALIF method 
[15]. It follows from this comparison that the concentration 
of atomic hydrogen in the surface coplanar DBD is relatively 
high, which can be most probably attributed to a high power 
density in its thin active discharge layer.

As described above, the concentration of free hydrogen 
atoms was measured in two sets of positions. The first set of 
measurements was located on the horizontal plane of sym-
metry of the discharge, i.e. between electrodes. The measure-
ments were repeated for various distances of the focused laser 
beam from the surface of the dielectric. The atomic hydrogen 
concentration was averaged over approx. 1 mm of the laser 
beam path. This measurement area is depicted in figure  4 
by rectangle A. The temporal evolution of atomic hydrogen 
after the end of the discharge pulse in this set of positions is 
shown in figure 6 for various distances from the surface of the 
dielectric. It can be seen that after the end of the discharge 
pulse, atomic hydrogen concentration remained constant for 
10–1000 μs and only after this extended time did it start to 
fall. The duration of the concentration plateau depended on 
the distance from the surface of the dielectric: it terminated 
after tens of microseconds in the closest vicinity of the sur-
face but it lasted for approximately 1 ms in the distance of 
1 mm from the surface. Figure 7 depicts an analogous set of 

Figure 6. Temporal evolution of atomic hydrogen concentration in 
the afterglow for the first set of positions (between electrodes) for 
various distances from the dielectric surface. The lines represent the 
results of the diffusion—recombination model with (dash-and-dot) 
or without (solid lines) the source term on the surface.

Figure 7. Temporal evolution of atomic hydrogen concentration in 
the afterglow for the second set of positions (at the electrode) for 
various distances from the dielectric surface. The lines represent the 
results of the diffusion—recombination model with (dash-and-dot) 
or without (solid lines) the source term on the surface.

Figure 8. Spatial distribution of atomic hydrogen in the plane of 
symmetry of the reactor; the position shows the distance from the 
dielectric surface (in front of the inter-electrode gap). Shown for 
various delay times after the end of the discharge pulse.

Plasma Sources Sci. Technol. 25 (2016) 055015
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measurements realized in front of the bottom electrode (rec-
tangle B in figure 4). The temporal and spatial development 
of atomic hydrogen at the electrode is similar to the situation 
in front of the gap, but the concentration values are smaller 
in front of the electrode, for the filaments are not pinned to 
a stationary position here as they were at the inter-electrode 
gap. Atomic hydrogen concentration again decreases when 
distance from the surface is increased and the temporal evol-
ution again reveals a plateau with slightly longer duration than 
that in front of the inter-electrode gap. Our explanation for the 
existence of the plateau will be presented in section 4.2.

The data in figures 6 and 7 can be inverted in order to show 
the spatial distribution of the atomic hydrogen concentration. 
The atomic hydrogen spatial distribution in front of the inter-
electrode gap is shown in figure 8; the situation in front of 
the bottom electrode is not shown since it is very similar to 
the situation in front of the gap. Shortly after the end of the 
discharge pulse, the spatial profile of atomic hydrogen con-
centration reveals a nearly exponential decrease with a fall to 
one half of the maximal concentration at the 0.3 mm distance 
from the dielectric surface. This finding is in agreement with 
the optical measurement of the thickness of the active surface 
coplanar DBD layer reported in [25]. When the time spent in 
the afterglow phase was increased, atomic hydrogen concen-
tration decreased and its profile was flattened by the diffusion 
flow and recombination losses in agreement with our model 
described in section 4.2.

Since the ICCD camera directly measured the image of the fluo-
rescence, we could quite straightforwardly analyze the atomic 
hydrogen distribution along the laser beam, i.e. in the tangen-
tial direction to the discharge axis, as depicted by rectangle 
C in figure 4. A typical example of the atomic hydrogen con-
centration spatio-temporal map is shown in figure  9, where 
spatio-temporal development in the distance 0.1 mm from 
the dielectric surface is depicted. The shape of the spatio- 
temporal dependencies in other measurement lines in front of 
the inter-electrode gap was similar, but the maximum concen-
tration decreased with the distance from the dielectric surface 
increased. Figure  9 demonstrates that a plateau is also pre-
sented alongside the discharge axis with practically the same 
duration. The width of the atomic hydrogen-rich region can 

also be seen in figure  10, which shows cuts of figure  9 for 
decay times of 1 μs to approx. 2 ms. The FWHM rises from an 
initial 2 mm to approx. 3.5 mm for a delay time of 2 ms. A dif-
ferent situation was found in front of the electrode, where the 
spatial profile of atomic hydrogen was flat due to the random 
position of the discharge filaments. This flat concentration 
profile and the resulting weak diffusion parallel to the surface 
can explain the fact that the plateau persisted slightly longer in 
front of the electrode than in front of the inter-electrode gap.

4.2. Model of atomic hydrogen diffusion and recombination

The development of H atom concentration n(x, t) in front of 
the dielectric surface was described by the following one-
dimensional (1D) equation:

( ) ( ) [ ( )]∂
∂

=
∂

∂
−

n x t

t
D

n x t

x
k n x t

, ,
, ,r

2 (4)

where x is the distance above the dielectric, D is the diffusion 
coefficient for hydrogen atoms in argon and kr is the recombi-
nation coefficient. kr is the sum of recombination coefficients 
k nr1 Ar and k nr2 H2 for two possible recombination channels

→ /+ + + = × −k TH H Ar H Ar 1.8 102 r1
30

g (5)

and

→+ + + = × − −k TH H H H H 2.7 10 ,2 2 2 r2
31

g
0.6 (6)

where the recombination coefficient units are cm6 molecule−2 s−1 
and Tg is the gas temperature. The temperature of H atoms 
produced by electron impact dissociation was determined 
as follows. The dissociation of molecular hydrogen by low-
energy electrons occurs mainly via a dissociative excitation 
process through the lowest repulsive Σ+b u

3  state. The H(1s) 
atoms produced in this process have kinetic energy which is 
estimated to be  ∼2–3 eV [26]. These hot H atoms are cooled 
in collisions with Ar atoms. On average 85 collisions are 
needed to cool the hot H atoms to thermal energies. Using 
the collision frequency calculated with the cross section from 
[27] it was estimated that at our experimental conditions the 

Figure 9. Spatio-temporal development of atomic hydrogen 
concentration in the distance 0.1 mm from the dielectric surface.

Figure 10. The spatial distribution of atomic hydrogen 
concentration in the direction of the laser beam in the distance 
0.1 mm from the dielectric surface for various delay times from the 
end of the discharge pulse.
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hot H atoms are cooled down to the gas temperature within 
8 ns. So it was considered in the model that the recombining 
and diffusing H atoms have a temperature equal to the gas 
temper ature. The gas temperature used in the model was 

=T 300g  K, since most of the area investigated by the model 
lay outside the active discharge, where the gas temperature 
was close to the room temperature. It was also found that the 
results of the model with higher gas temperature (up to 500 K)  
are not significantly different from the results calculated with 

=T 300g  K. The values of the recombination coefficients 
were taken from [28]. The value of the diffusion coefficient 
D  =  1.4 cm2 s−1 was taken from [29]. Equation (4) was solved 
numerically by the methods of lines for x from 0 to =x 1.2max  
cm. The boundary conditions were

( ) =n x t, 0max (7)

and

( )γ−
∂
∂

= − + =D
n

x
v n Q t x

1

4
at 0,th (8)

where vth is the mean thermal velocity of the H atoms; γ is the 
surface recombination probability for the H atoms and Q(t) is 
the source term, which describes a possible source of H atoms 
from the dielectric surface. The value of γ at the temperature 
of 300 K was set to 10−4 in the model [30]. The experimental 
data on H atom concentration at t  =  1 μs were fitted by an 
exponential function. Afterwards the H atom concentrations 
calculated using this exponential function were taken as the 
initial values for the solution of equation (4).

The atomic hydrogen concentration calculated by the model 
without any surface source of H atoms is shown as solid lines 
in figures 6 and 7. With the exception of the points located 
closest to the surface of the dielectrics, the model agrees well 
with the temporal behaviour found by our TALIF measure-
ments. The model predicts the existence of a concentration 
plateau followed by the fall of atomic hydrogen concentration. 
Both the duration of the plateau and the rate of concentra-
tion fall calculated by the model are in reasonable agreement 
with the experiment. For some points above the bottom elec-
trode (positions 0.3 mm and 0.5 mm in figure 7) the calculated 
concentration values are shifted with respect to the measured 
data. This originates from the fact that the measured spatial 
concentration profile did not fit perfectly to the exponential 
fall function, used as the initial condition for the model.

According to the model the existence of the plateau in the 
temporal development of atomic hydrogen concentration can 
be explained as a mutual effect of recombination and diffu-
sion. The recombination losses of hydrogen atoms in regions 
farther from the dielectric surface are for some time compen-
sated by the diffusion of atomic hydrogen from regions close 
to the dielectric, where the concentration values are relatively 
high. The model does not predict the existence of a plateau 
at the closest vicinity to the surface since there is no diffu-
sion supply of atomic hydrogen to this region. Nevertheless, 
our measurement revealed that a plateau is present even in 
the closest vicinity of the dielectric surface. This discrepancy 
between the model outputs and measurements indicates that 
the dielectric surface acts in the afterglow as a source of free 

hydrogen atoms that were either adsorbed on the surface or 
directly created on the surface e.g. by surface ion recombina-
tion. To prove this hypothesis the model was extended by a 
source of atomic hydrogen released from the dielectric sur-
face. The flux Q of H atoms from the surface was described 
by the following function:

( ) ( )= −Q t A ktexp . (9)

The constants A and k in this function were chosen so as 
to achieve good agreement between the measurement and 
calcul ation data. The atomic hydrogen concentration calcu-
lated by the model with this atomic hydrogen flux is shown as 
dash-and-dot lines in figures 6 and 7. Good agreement of con-
centrations was obtained in front of the bottom electrode for 

= ×A 1 1018 cm−2 s−1 and = ×k 1 105 s−1; see figure 7. The 
flux term increased the hydrogen concentration for the three 
nearest distances from the dielectric surface at a time delay of 
around 10 μs, which gave significantly better agreement with 
the measurement data. The concentration of atomic hydrogen 
at positions more distant from the dielectric surface was 
not affected. In front of the inter-electrode gap, good agree-
ment of the calculated concentration values with the exper-
imental ones was obtained for = ×A 2.7 1018 cm−2 s−1 and 

= ×k 1 105 s−1; see figure 6. In this case there was higher flux 
of atomic hydrogen from the surface, which could be related 
to the higher H atom concentration in this region. It is clear 
that in both cases introduction of the flux term improved the 
numerical fit to our experimental data in the close vicinity of 
the dielectric surface.

If the H atom flux from the surface is due to desorption, 
then it follows from equation (9) that the first-order desorp-
tion rate coefficient kdesor is equal to = ×k 1 105 s−1. This rate 
coefficient can be shown to have an Arrhenius form

⎛
⎝
⎜

⎞
⎠
⎟=

−
k k

E

k T
exp ,desor 0

desor

B
 (10)

where Edesor is the depth of the potential well and for che-
misorption ∼ −k 10 100

13 15 s−1 [31]. If k0 is set to 1014 s−1, 
then the value =E 0.5desor  eV is obtained. Also the constant 
A is equal to n kS0 desor, where nS0 is the initial surface con-
centration of absorbed H atoms. For the position in front of 
the bottom electrode and inter-electrode gap the values of nS0 
are ×1 1013 cm−2 and ×2.7 1013 cm−2, respectively. Since no 
other studies dealing with H atom desorption from a quartz 
surface were found, the obtained values of nS0 and Edesor were 
compared with values published in studies of the desorption 
of other atoms: Marinov et al [32] estimated the initial surface 
concentration of N atoms on a Pyrex surface to be ×3 1013 
cm−2, and Guaitella et  al [33] estimated the initial surface 
concentration of O atoms on a Pyrex surface to be ×2 1014 
cm−2. Marinov et al [34] also studied the kinetics of adsorp-
tion, desorption and recombination of nitrogen atoms on a 
silica surface and they concluded that weakly bonding active 
sites exist on the surface with the binding energy smaller than 
1 eV. To conclude, the obtained values of nS0 and Edesor for H 
atom desorption from quartz surfaces are consistent with the 
abovementioned references.
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5. Conclusion

The difficulties of employing TALIF for the measurement of 
atomic hydrogen in the vicinity of the dielectric surface of 
coplanar DBD can be solved by a suitable choice of dielectric 
material with a smooth surface and low intrinsic fluorescence; 
by the proposed treatment of redundant signals; by taking 
measurements during the afterglow phase, so no artificial laser 
breakdown could be ignited; and by employing coplanar DBD 
with a convexly curved surface.

The spatio-temporal profile of atomic hydrogen concentra-
tion shows that free hydrogen atoms are localized mainly in 
the 0.3 mm thin layer above the dielectric surface. This corre-
sponds well to the thickness of the active discharge measured 
by discharge imaging. The area with the highest concentration 
of atomic hydrogen is situated in the closest vicinity of the 
dielectric surface and its value is above 1022 m−3. The lateral 
diffusion of atomic hydrogen from the axis of localized fila-
ments is approx. 1 mm. The atomic hydrogen concentration 
measured in the coplanar surface DBD is significantly higher 
than the values reported for volume DBD.

The temporal evolution of atomic hydrogen concentration 
shows that the atomic hydrogen concentration stays constant for 
a certain time after the end of the laser pulse. This concentration 
plateau lasts from tens of microseconds for positions close to the 
solid surface, to approximately 1 ms for positions located 1 mm 
above the surface. Our 1D numerical model explains the for-
mation of the plateau by the combination of the recombination 
and diffusion of hydrogen atoms. The recombination losses of 
atomic hydrogen in regions farther away from the dielectric are 
compensated by the diffusion flow from H-atom-rich regions 
that are located closer to the di electric. The fact that the plateau 
remains for a relatively long time even at the closest vicinity of 
the dielectric surface indicates that the dielectric surface itself 
acts for tens of micro seconds as a source of atomic hydrogen. 
The spatio-temporal development of atomic hydrogen is very 
similar in both investigated regions, i.e. in the center of the 
inter-electrode gap and above the HV electrode.
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