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Abstract. The generation of singlet oxygen states (O2(a
1∆g)) by microplasmas has been studied 

experimentally. In the present paper, it is shown that micro-cathode sustained discharges 
(MCSD’s) can be used to produce high fluxes of O2(a

1∆g) at atmospheric pressure. In He/O2/NO 
mixtures, O2(a

1∆g) number densities higher than 1016 cm-3 can be generated by this 3-electrode 
configuration and transported over distances of some tens of cm. In fact, at total flow rates up to 
30 ln/min, O2(a

1∆g) fluxes above 10 mmol/h were measured in the MCSD afterglow, at 26 cm 
downstream. As a result, MCSD’s appear to be very efficient and suitable tools for the continuous 
production of large amounts of O2(a

1∆g) at atmospheric pressure, which could give rise to a wide 
range of new applications, namely biological. The effect of different parameters such as gas flows 
and mixtures, and discharge current are discussed in the paper. 

1. INTRODUCTION 

Singlet delta oxygen, O2(a
1∆g), the first electronically excited low-energy (0.98 eV) state of molecular 

oxygen, possesses an extremely long radiative lifetime of more than 73 min. Moreover, this metastable 
state of molecular oxygen is very resistant against homogeneous and heterogeneous relaxation 
processes, which makes it possible for O2(a

1∆g) to be used far away from its place of production. As 
so, this unique molecular state can be used as an energy donor for a large spectrum of applications, 
including removal of air pollutants [1], degradation of synthetic polymers [2], medicine [3], laser 
excitation [4], or combustion [5]. Furthermore, O2(a

1∆g) is also well known to produce cytotoxic 
effects and to be an important agent in biophysical and biochemical processes [6-11]. Up to now, for 
biological applications, O2(a

1∆g) is mainly produced through the photosensitization technique [11] 
resulting in rather low O2(a

1∆g) concentrations, of a few hundreds parts per billion, in gas flow at 
atmospheric pressure [12]. Thus, new plasma sources of high fluxes of O2(a

1∆g) molecules are of high 
potential interest for biological applications, but at the mandatory condition that these sources can be 
operated at atmospheric pressure and the O2(a

1∆g) can be transported to targets placed at some tens of 
cm from the source. 

While it is well known for many years that O2(a
1∆g) can be efficiently produced in oxygen discharges 

operating at a pressure of few mbars [13], its production by high pressure discharges, and specifically 
at atmospheric pressure, is still very challenging, as described in the comprehensive topical review 
about the physics and the engineering of O2(a

1∆g) production in low temperature plasma, recently 
published by Ionin et al [14]. In the previous years, the production of O2(a

1∆g) by high pressure 
electrical discharges has attracted much attention because of its potential application for the pumping 
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of the oxygen-iodine laser [15-19]. In order to efficiently produce the high O2(a
1∆g) densities needed 

for these applications, it is now established that an electric discharge source must satisfy two 
conditions: i) it must be stable at high pressure and high power loading and ii) it should operate at low 
reduced electric field [20]. So far, high-pressure, non-self-sustained discharges operating in short 
duration pulsed mode seemed to be the most attractive option for generating stable discharges at high 
pressure. Different kinds of non-self sustained discharges have been extensively investigated for 
O2(a

1∆g) production: i) the e-beam sustained discharges [14,17,21], ii) the crossed spiker-sustainer 
discharges [22,23], and iii) the controlled avalanche method [24]. However, we have recently 
demonstrated [25] that the so-called micro-cathode sustained discharge (MCSD), operating in DC 
mode, can also be used to produce large amounts of O2(a

1∆g). Detailed numerical simulations of the 
MCSD [26,27] have shown that the MCSD is basically a high pressure positive column with a low 
value of the reduced electric field and gas temperature. It must be pointed out that, to this date, the 
MCSD is the only DC discharge technique which has been proven capable of generating high O2(a

1∆g) 
concentrations at atmospheric pressure [28,29]. As shown by modeling and experiments [30-32], the 
MCSD exhibits unrivalled discharge stability properties which directly result from the stability of the 
micro-hollow cathode discharge (MHCD) which acts as a plasma cathode in such a device [33,34]. 
The stability of the MHCD  results from the transition from an abnormal discharge mode, which 
occurs at low current when the discharge is confined inside the hole of the MHCD, to a normal 
discharge mode, characterized by a plasma extension on the backside of the MHCD cathode, as the 
current increases [35-37]. As a result, this transition prevents, at high pressure and current, the 
development of the classical thermal instability which induces the discharge constriction and the glow 
to arc transition in many kinds of discharges.  

2. EXPERIMENTAL SET-UP 

As shown in Figure 1, our microplasma reactor basically consists of a micro-hollow cathode 
discharge (MHCD), a discharge concept first developed by Schoenbach and co-workers [38], acting as 
a plasma cathode to generate a stable glow discharge of larger volume between the MHCD and a third, 
2.5 cm diameter, planar electrode, placed at a distance of 8 mm from the MHCD. This 3-electrode 
configuration is the so-called MCSD, which was initially proposed by Stark and Schoenbach [33,34]. 
The MHCD itself was made of 100 µm thick molybdenum electrodes glued on each side of a 500 µm 
thick alumina plate. An 800 µm diameter hole was pierced through this sandwich. The MHCD cathode 
is connected to a negative power supply through a 440 kΩ  resistor, while the MHCD anode (anode 
A1) is directly grounded. Facing the anode A1 is the third electrode (anode A2), which is positively 
biased through a 440 kΩ resistor. The device is placed into a stainless steel chamber, which is 
evacuated down to 10-3 Torr before the gas mixture is introduced. The total pressure in the chamber is 
measured with a Baratron gauge, while the helium, oxygen and nitric oxide (NO) flows are separately 
regulated with flow-meters. Optical windows (not shown in Figure 1) allow CCD imaging of the 
spatial discharge development and optical emission spectroscopy. 

After passing through the discharge chamber, the gas flow is evacuated through a pumping line. A 
calibrated detection cell equipped with quartz windows can be positioned at different locations on the 
pumping line, allowing the measurement of the radiative emission of O2(a

1∆g) at 1.27 µm. This 
emission provides a measure of the O2(a

1∆g) number density in the flowing afterglow. The distance 
between this cell and the discharge reactor can be varied in the range 20-70 cm. The detection system 
consists of a calibrated liquid-nitrogen-cooled InGaAs detector (Judson model J22D-M204) and a 
narrow band (19 nm) interference filter centred at 1.27 µm. The signal is amplified by an op-amp with 
a gain of 107 and monitored with a numerical oscilloscope, which is also used to record the electrical 
parameters of the discharge. A part of the infrared emission is picked up with an optical fiber 
connected to a spectrometer equipped with a 512 pixel InGaAs detector (OMA-V from Roper 
Scientific). Figure 2 presents a comparison between spectra recorded at 26 cm downstream in the 
afterglow with the MCSD operating in pure oxygen at a pressure of 9 mbar and a discharge current of 
2 mA (Figure 2 (a)) and in a He/O2/NO mixture at atmospheric pressure (2.2% of O2 and 185 ppm of 
NO) with a discharge current of 5 mA (Figure 2 (b)). Even if the O2(a

1∆g) number density is 25 times 



higher in the case of the He/O2/NO mixture at atmospheric pressure (9.8 1015 cm-3) than in the case of 
the low pressure of pure oxygen (3.8 1014 cm-3), the comparison of the normalized spectra points out 
that they are essentially the same, in spite of the very different discharge conditions. This insures that, 
in He/O2/NO mixtures, the infrared signal measured in the flowing afterglow is only due to the 
radiative emission of O2(a

1∆g) and is not contaminated by spurious signals originating either from 
important collision-induced emission or NO*2 de-excitation, which could add continua to the O2(a

1∆g) 
spectrum. Therefore, the signal measured by the Judson detector can be used with confidence to 
measure the O2(a

1∆g) density. Knowing the sensitivity of the detector, the transmission curve of the 
interference filter, the geometrical parameter of the optical detection system, and the radiative 
transition probability of O2(a

1∆g), (A=2.256 10-4 s-1) [39], the absolute O2(a
1∆g) number density can be 

deduced from the amplitude of the infrared signal. In that procedure, a Monte Carlo simulation was 
used to calculate the probability that a photon emitted in the detection cell will reach the InGaAs 
element of the Judson detector. As a result, in our device, the O2(a

1∆g) number density is correlated to 
the intensity of the Judson signal by the ratio 3.77 1015 O2(a

1∆g) cm-3 / mV. 

The measurement of the ozone (O3) number density is based on ultraviolet (UV) absorption. As a UV 
source we used a deuterium lamp emitting a broadband spectrum between 180 and 400 nm. In the 
present work, the measurements were mainly performed by using the calibrated detection cell, 8 cm 
long, as an absorption cell. However, in some experiments a longer cell, 50 cm long, was used to get 
more accurate results at low O3 density. The O3 number density was deduced from the ratio of the 
intensity (I) transmitted when the discharge is ON to the intensity (I0) transmitted when the discharge 
is OFF. The O3 density is deduced from the relation 

ln(I0/I) = [O3] . σ . L (1), 

where σ is the absorption cross-section and L is the length of the absorption path. The O3 absorption 
cross-section was measured by Molina and Molina [40]. After passing through the absorption cell, the 
transmitted light intensity is detected with a 75 cm focal length spectrometer (Acton 2750) and a 1340 
pixel detector (Pixis from Roper Scientific) providing a resolution of 0.044 nm per pixel in the UV 
range. Figure 3 shows the variation of ln(I0/I) versus wavelength in the range 220-270 nm, for a 
discharge operating in a He/O2 mixture (1% of O2) at atmospheric pressure with a current of 3 mA. 
From the absorption cross-section given in [40], an O3 density of 2.15 ± 0.06 1015 cm-3 was obtained 
over all the wavelength range. For the different experimental conditions of the present work, we 
measured intensity values integrated between 253 and 255 nm, and we recorded the temporal 
evolution of these values with the discharge alternatively ON and OFF, as shown in Figure 4. As a 
result, O3 number densities in the range 1013-1016 cm-3 were measured. 

The O2(a
1∆g) and O3 number densities presented in this paper were measured in the MCSD afterglow, 

at 26 cm downstream. 

3. RESULTS AND DISCUSSION 

The O2(a
1∆g) number density is a very sensitive function of the gas velocity, due to the occurrence of 

fast quenching processes. In fact, the O2(a
1∆g) molecules are presumably quenched by atomic oxygen 

(O-atom) and O3 for long residence time [14,41]. Therefore, the higher the gas flow, the lower the 
destruction of the O2(a

1∆g) states before their detection in the afterglow, as pointed out by Figure 5. 
Actually, for binary He/O2 mixtures at atmospheric pressure, the MCSD allowed the production of an 
O2(a

1∆g) density of about 1015 cm-3 whenever the helium flow was higher than 15000 sccm. In order to 
get greater O2(a

1∆g) concentrations, we could increase the oxygen flow. However, this can’t be done 
endlessly due to insufficient energy deposition per oxygen molecule, P/Q, for higher oxygen flows. 
Thus, as shown in Figure 5, besides the helium flow, the O2(a

1∆g) generation is maximized whenever 
the oxygen concentration is about 1-2%. 

In these experimental conditions, characterized by atmospheric pressure and low oxygen partial 
pressure, the main O2(a

1∆g) destruction channel is expected to be the three-body reaction: 



O2(a
1∆g) + O + He � O2(X

3Σg) + O + He (2)    [41] 

Thereby, one solution to increase the O2(a
1∆g) number density is to add, in the He/O2 mixture, an O-

atom scavenger in order to reduce the quenching processes. As so, we have studied the influence of 
adding NO molecules at low concentration in the He/O2 mixture at atmospheric pressure. As pointed 
out by Figures 6 and 7, adding small concentrations of NO induces, on the one hand, a large increase 
of the O2(a

1∆g) number density (up to 50 times more), and, on the other hand, a huge reduction on the 
O3 number density (up to its apparent complete destruction). As shown in Figure 8, the O3 molecules 
and the O-atoms are quenched by NO through the reactions: 

O3 + NO � NO2 + O2  (3)    [14,41,42] 

O + NO + He � NO2 + He (4)    [43,44] 

So, the observed increase in the O2(a
1∆g) density probably results from a decrease in the O-atom and 

O3 densities. In fact, the O2(a
1∆g) states are expected to be quenched by the O-atoms in the discharge 

and by the O3 molecules in and after the discharge. Since the effect of NO is to quench the O-atom and 
the O3, injecting NO in the gas flow is likely to reduce the loss of O2(a

1∆g) molecules. However, this 
assumption remains to be validated by measurements of the O-atom and NOx densities, in the 
discharge chamber and in the afterglow, and for different discharge conditions. We intend to make 
these measurements by using, for the O-atom density, either the NO titration method or the two photon 
laser-induced fluorescence technique, as we have already done for MCSD operating in pure oxygen 
[26], and, for the NOx density, through the UV absorption approach or the Fourier transform infrared 
spectroscopy technique. 

In Figures 6 and 7, we observe that the huge reduction on the O3 number density is much greater than 
the small concentration of NO added. Indeed, as pointed out by Figure 7 (a), by only introducing 0.15 
sccm of NO in the gas mixture, the O3 is presumably totally destroyed, with its density passing from 
3.0 1015 cm-3 to less than 1.0 1013 cm-3 (under the limit of detection). As previously mentioned, besides 
destroying O3, the NO also quenches O-atom. With increasing pressure, O3 starts to be produced 
effectively in a three-body recombination of atomic and molecular oxygen (see Figure 8): 

O + O2 + He � O3 + He  (5)    [41] 

This is especially true at atmospheric pressure, when almost all O-atom becomes O3 [45,46]. So, a 
reduction in the O-atom density also leads to a decrease in the O3 density in the gas flow. Furthermore, 
as NO is not lost in the process, but it is rather recycled in collisions (see Figure 8) 

O + NO2 � NO + O2 (6)     [42] 

the earlier referred effects and reactions are somehow catalytic and, thus, cause a huge decrease on the 
O3 density. 

On the other hand, in Figures 6 (a) and 7 (a), the increase of the O2(a
1∆g) number density is much 

larger than the initial concentration of O3 (for Q(NO) = 0 sccm). As clearly pointed out by Figure 6 
(b) and 7 (b), the increase of the O2(a

1∆g) density is strongly correlated with the reduction of the O3 
density. As a matter of fact, the rise of the number of O2(a

1∆g) molecules is equal to the decrease 
found on the number of O3 molecules. Actually, this is also observed in Figures 6 (a) and 7 (a), as the 
increase of the O2(a

1∆g) density until the O3 complete destruction is equal to the O3 initial 
concentration. The further increase of the O2(a

1∆g) density can only be explained by a decrease on the 
O-atom density and a consequent reduction of the O2(a

1∆g) molecules loss. The stabilization of the 
O2(a

1∆g) density for higher NO flow could mean that there are no more O-atom to be quenched. But, 
as already mentioned, these hypotheses need to be verified by measuring the O-atom density in and 
after the discharge. Besides that, NO and NO2 molecules also having a quenching effect on O2(a

1∆g) 
can induce as well a stabilization of the O2(a

1∆g) density. Moreover, a decrease of the O2(a
1∆g) density 

is expected for greater concentrations of NO. Indeed, a reduction of the number of O2(a
1∆g) molecules 

with increasing flow of NO has been observed for other discharge conditions [29]. Therefore, the 
optimum NO gas flow is a sensitive function of both the oxygen partial pressure and the helium flow. 

From Figures 6 and 7, we can also infer about the influence of the helium flow and the oxygen partial 



pressure on the O2(a
1∆g) and O3 densities. For a constant oxygen partial pressure, the O2(a

1∆g) initial 
density (for Q(NO) = 0 sccm) is larger when the helium flow is higher (while no difference is 
observed for O3 number density). But the increase, versus the NO concentration, of the O2(a

1∆g) 
density is smaller as the helium flow is higher. A greater gas flow means a shorter transit time and, 
thus, a reduction of the quenching effect before reaching the detection cell. This immediately explains 
the increase observed for the O2(a

1∆g) initial densities. As the O-atom and the O3 are also less 
quenched by NO for higher gas flow, the addition of small concentrations of NO becomes less 
effective in increasing the O2(a

1∆g) number density. Even if we do not have measurements of the O-
atom density, Figures 6 and 7 demonstrate that the reduction of the O3 density with increasing NO 
flow is less important for higher gas flow. As shown in Figures 6 (b) and 7 (b), for a constant helium 
flow, besides the decrease of the energy deposited per oxygen molecule, P/Q, we do not notice large 
differences with increasing oxygen partial pressure, apart from the O3 initial density. The increase of 
the O3 density with higher oxygen concentration is expected as O3 is effectively produced through the 
reaction (5). To clearly understand the influence of the helium flow and the oxygen partial pressure on 
the O2(a

1∆g) density, we should observe Figure 9. 

As pointed out by Figure 9, for a discharge current of 3 mA, the largest O2(a
1∆g) densities are 

obtained for helium flows of about 6000 sccm, regardless of the oxygen partial pressure. The maximal 
O2(a

1∆g) density, of about 7.5 1015 cm-3, was observed for an oxygen partial pressure of 20 mbar. The 
shape of the curves showed in Figure 9 results from a competition between two effects. Increasing the 
total flow leads, on the one hand, to a decrease of the residence time in the afterglow, and, on the other 
hand, to a decrease of the residence time in the discharge and to an increase of the oxygen flow. The 
first effect causes a reduction of the losses of O2(a

1∆g) during transport. The last two effects induce a 
decrease of the P/Q, resulting in a reduction of the production of O2(a

1∆g). For a given oxygen partial 
pressure, i.e. a given oxygen gas flow, the P/Q value can be increased by increasing the discharge 
current. Figure 10 shows that, for oxygen and NO partial pressures respectively equal to 23 and 0.19 
mbar the O2(a

1∆g) number density increase is nearly linear for discharge currents up to 5 mA, while at 
higher currents the O2(a

1∆g) density begins to saturate. As a result, O2(a
1∆g) number densities higher 

than 1.0 1016 cm-3 have been produced by MCSD operating at atmospheric pressure. 

4. CONCLUSIONS 

In the present paper, we have shown that the MCSD’s can be efficiently used to generate stable DC 
glow discharges, free from the glow-to-arc transition, at atmospheric pressure in binary He/O2 and 
ternary He/O2/NO mixtures. Our results show that O2(a

1∆g) number densities higher than 1016 cm-3 can 
be obtained at atmospheric pressure and transported over some tens of cm for helium flows in the 
range 2000-30000 sccm. It should be emphasized that the densities of the various excited states, 
O2(a

1∆g) and O3, impacting targets positioned up to 50 cm downstream are very reproducible. 
Throughout the course of experiments performed during several months, the variation of the O2(a

1∆g) 
and O3 concentrations is lower than 10%, for given values of gas flows and discharge current. 
Moreover, it should be pointed out that the ratio between the O2(a

1∆g) and the O3 densities can be 
finely tuned through the values of the discharge current and the NO concentration. Thus, MCSDs 
operating at atmospheric pressure in He/O2/NO mixtures appear to be very suitable tools for different 
applications, and particularly for biological ones [47]. 
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Figure Captions 
 

Figure 1: Schematic of the experimental set-up. 

Figure 2: Infra-red spectra measured in the flowing afterglow (26 cm downstream from the MCSD) in 
a discharge operating (a) in pure O2 at a pressure of 9 mbar and a discharge current of 2 mA, or (b) in 
a He/O2/NO mixture at atmospheric pressure (2.2% of O2 and 185 ppm of NO) and a discharge current 
of 5 mA. 

Figure 3: Evolution of the absorbance versus the wavelength for a discharge operating at atmospheric 
pressure in a He/O2 mixture (1% of O2) and a discharge current of 3 mA. 

Figure 4: Temporal evolution of the transmitted intensity of the deuterium lamp integrated from 253 
to 255 nm. For times lower than 10 s or greater than 45 s, the discharge is OFF, while it is ON for 
times between 10 and 45 s. Upper red curve: He/O2 mixture with 625 ppm of O2 ; lower blue curve: 
He/O2 mixture with 1% of O2. 

Figure 5: Evolution of the O2(a
1∆g) number density versus the oxygen flow, obtained at atmospheric 

pressure, for a discharge current of 3 mA, in He/O2 mixtures, for different helium flows: full 
squares=3500 sccm, full stars=7000 sccm, full circles=14000 sccm, full diamonds=21000 sccm, and 
crosses=28000 sccm. 

Figure 6: Evolution versus the NO flow of the O2(a
1∆g) (full diamonds) and O3 (full squares) number 

densities obtained at atmospheric pressure, for a discharge current of 3 mA, in He/O2/NO mixtures, 
with constant oxygen partial pressure of 10 mbar and helium flows of (a) 8000 sccm and (b) 25000 
sccm. 

Figure 7: Evolution versus the NO flow of the O2(a
1∆g) (full diamonds) and O3 (full squares) number 

densities obtained at atmospheric pressure, for a discharge current of 3 mA, in He/O2/NO mixtures, 
with constant oxygen partial pressure of 20 mbar and helium flows of (a) 6250 sccm and (b) 25000 
sccm. 

Figure 8: Schematic of the quenching of O-atom and O3 by NO. 

Figure 9: Evolution of the O2(a
1∆g) number density versus the helium flow, obtained at atmospheric 

pressure, for a discharge current of 3 mA, in He/O2/NO mixtures, with constant NO flow of 1.4 sccm 
and different oxygen partial pressures: full squares=3 mbar, full stars=10 mbar and full circles=20 
mbar. 

Figure 10: Evolution of the O2(a
1∆g) number density versus the discharge current, obtained at 

atmospheric pressure in a He/O2/NO mixture with O2 and NO partial pressures respectively equal to 
23 and 0.19 mbar, and an helium flow of 3500 sccm. 
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Fig. 2 (a) 
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Fig. 2 (b) 
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Fig. 4 
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Fig. 5 
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Fig. 6 (a) 
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Fig. 9 
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