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Aim: SDO production at atmospheric pressure for biomedical applications 

MOTIVATION 

SDO is well known to: 
 

Ø  play a major role in several biological systems and processes 
 

Ø  generate oxidative damage to a variety of biological components 

Why Singlet Delta Oxygen O2(a1Δg)? 

However, SDO is rather difficult to produce and to detect! 

[N.I. Krinsky, Singlet Oxygen, Academic Press, New York, 1979] 
[L. Packer and H. Sies, Methods in Enzymology, Singlet Oxygen, UV A and Ozone, Academic Press, New York, 2000] 

development of a plasma source for the controlled production 
of high fluxes of SDO at atmospheric pressure 
 
including 
accurate quantification of SDO fluxes reaching biological targets 
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INTRODUCTION 
Ø  O2(a1Δg): 

[A.A. Frimer, Singlet Oxygen, CRC Press, Boca Raton, 1985] 

ü  a very stable excited (0.98 eV) molecular state              easy to transport 
  (long radiative lifetime ~74 min (in gas phase) and low quenching probability) 

ü  efficient production by electric discharge is difficult              low E/N required 
 (E/Nopt = 10 Td vs E/Nss = 100 Td (in pure O2)) 

ü  detection is rather challenging (A=2.2 10-4 s-1) [S.M. Newnan et al., J. Chem. Phys. 110 (1999) 10749] 
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INTRODUCTION 
Ø  O2(a1Δg): 

[A.A. Frimer, Singlet Oxygen, CRC Press, Boca Raton, 1985] 

ü  a very stable excited (0.98 eV) molecular state              easy to transport 
  (long radiative lifetime ~74 min (in gas phase) and low quenching probability) 

ü  efficient production by electric discharge is difficult              low E/N required 
 (E/Nopt = 10 Td vs E/Nss = 100 Td (in pure O2)) 

ü  detection is rather challenging (A=2.2 10-4 s-1) [S.M. Newnan et al., J. Chem. Phys. 110 (1999) 10749] 

1 Td = 10-17 V.cm2 [P. Segur and M.C. Bordage in Proceedings  XIX ICPIG 1989 Belgrade] FTOUL 

O2 pure Ar/O2 – 10% O2 He/O2 – 10% O2 
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INTRODUCTION 
Ø  O2(a1Δg): 

[A.A. Frimer, Singlet Oxygen, CRC Press, Boca Raton, 1985] 

ü  a very stable excited (0.98 eV) molecular state              easy to transport 
  (long radiative lifetime ~74 min (in gas phase) and low quenching probability) 

ü  efficient production by electric discharge is difficult              low E/N required 
 (E/Nopt = 10 Td vs E/Nss = 100 Td (in pure O2)) 

ü  detection is rather challenging (A=2.2 10-4 s-1) [S.M. Newnan et al., J. Chem. Phys. 110 (1999) 10749] 

Potential applications: 

Ø  Lasers: pumping of the oxygen-iodine laser 

Ø  Biological applications 

[A.P. Napartovich, J. Phys. D: Appl. Phys. 34 (2001) 1827] 

[M.J. Kushner, J. Phys. D: Appl. Phys. 38 (2005) 1633] 
ü  high yield requires high specific deposited energy (~ 4-5 eV/O2) 
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How do we generate SDO at amospheric pressure by electric discharges? 

Ø  stable electric discharge at high pressure and high power loading 

INTRODUCTION 

Ø  electric discharge operating at low reduced electric field 

Efficient SDO production requires to separate: 

Ø  plasma production: high E/N 

Ø  SDO excitation: low E/N 

Solutions to answer these two big issues: 

Ø  DC microdischarges: MHCD+MCSD 

Ø  non-self-sustained discharges 

[G. Bauville et al., Appl. Phys. Lett. 90 (2007) 031501] 

[A.E. Hill in Proceedings LASERS 2000] 
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[R.H. Stark and K.H. Schoenbach, J. Appl. Phys. 85 (1999) 2075] 

Ionization Zone 
Sandwich – 700 µm 

Micro-Hollow Cathode Discharge 
    (MHCD) 

Excitation Zone 
MCSD plasma – 5 to 10 mm 
Micro-Cathode Sustained Discharge 
           (MCSD) 

Diameter – 800 µm 

C 
Cathode 

A1 
Anode 

A2 
Anode 

Ø  MCSD have been proven efficient for O2(a1Δg) generation: 

MICRODISCHARGES 

Ø  MCSD is similar to a positive column: 
 

ü  low E/N and Tgas 
ü  stable at high pressure and high power loading 

2007 (G. Bauville et al, Appl. Phys Lett 90, 031501)   1015 cm-3 in Ar/O2 @ 100 mbar 
2008 (J. S. Sousa et al, Appl. Phys Lett 93, 011502)   1016 cm-3 in He/O2/NO @ 1000 mbar 
2010 (J. S. Sousa et al, Appl. Phys Lett 97, 141502)   1017 cm-3 in MCSD arrays 
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PLASMA DEVELOPMENT 
in Ar/O2 MIXTURES 

P=133 Torr 

P=85 Torr 

P=112 Torr 

P=36 Torr 

O2=5 torr, I=0.5 mA, Q(Ar)=430 sccm 

In Ar/O2 mixtures, MCSDs are 
blown by the gas flow but remain 
diffuse with a large radial expansion 
 
Blowing occurs for Q>100 sccm  

dramatic at higher pressures                    

P=525 Torr 

Gas Flow 

[J. S. Sousa et al, IEEE Trans. Plasma Sci. 39 (2011) 2680] 
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O2=7 mbar, I=0.5 mA, Q(He)=430 sccm 

In He/O2 mixtures, MCSDs are 
Ø    very diffuse 
Ø    large radial expansion  
Ø    highly on axis symmetric 

Gas Flow 

PLASMA DEVELOPMENT 
in He/O2 MIXTURES 

[J. S. Sousa et al, IEEE Trans. Plasma Sci. 39 (2011) 2680] 
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MCSD CHARACTERISATION 
Ø  MCSD characterisation by different optical diagnostic techniques: 

q  O2(b1Σ+
g) : OES @ 760 nm 

ü  Tgas : 300 – 500 K 

q  O3 : OAS @ 254 nm 

ü  1013 – 1016 cm-3 

q  ne : Stark broadening 

ü  1013 cm-3 in pure Rg 
ü  non measurable in Rg/O2 

q  O-atoms : TALIF 

q  O2(a1Δg) : OES @ 1.27 µm 

ü  dominated by Rg emission 
 

BUT 
 

long lifetime       afterglow measurements 

ü  confined to the discharge chamber 

(in collaboration with Nader Sadeghi (LSP)) 

(in collaboration with Lionel Magne (LPGP)) 
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Gas Input 

       VUV 
Monochromator 

Imaging 
Spectrometer 

PM 

IR Cell #2 

to exhaust unit 

UV-VUV Absorption Cell 

512 pixels 
InGaAs Detector 

Optical Fiber 

Microwave Discharge 
In Hydrogen 

VUV emission for O2(a1Δg) 
 

or D2 lamp: UV emission for O3 

InGaAs Detector 

IR Calibrated 
Emission Cell #1 IR Filter 

C 
Cathode 

A1  
Anode 

A2  
Anode 

Window A 
(MCSD) 

+ HT - HT 

MHCD 

440 kΩ 440 kΩ O2(a1Δg) detection 
by IR OES IR Filter + InGaAs + OpAmp 

calibration: QTH lamp 

# photons reaching the detector 
vs 

total emission of the cell: 
calculated by MC code including 

all geometrical factors 

AFTERGLOW 
[G. Bauville et al, Appl. Phys. Lett. 90, 031501] 
[J. S. Sousa et al, Appl. Phys. Lett. 93, 011502] 
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Ø  Measurement of the radiative emission of O2(a1Δg) at 1.27 µm 

Ø  Same normalized spectra 
 

ü  in the MCSD operating in pure O2 
at low pressure 
 

ü  in the afterglow (~25cm) in He/
O2/NO at atmospheric pressure 

no spurious signals due to NO*, NOx* 

 only O2(a1Δg) radiative emission 1220 1240 1260 1280 1300 1320

0.0

0.2

0.4

0.6

0.8

1.0

He/O2/NO ; p = 1000 mbar

 

 

In
te

ns
ity

 [A
.U

.]

λ [nm]

(B) O2(a
1Δ) = 4,4 1015 cm-3

1220 1240 1260 1280 1300 1320

0.0

0.2

0.4

0.6

0.8

1.0

O2(a
1Δ) = 6,3 1014 cm-3

pure O2 ; p = 15 mbar

(A)

λ [nm]

 

 

In
te

ns
ity

 [A
.U

.]

but what about the induced collision emission: (A=2.2 10-4 s-1 A=102 s-1 in solvents) 

O2(a1Δg) – IR OES 



Oxygen	Plasma	Kine/cs	Workshop	–	September	19-20	2016	–	Reykjavik,	Iceland	

Gas Input 
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[S. Ogawa, Can. J. Phys. 59 (1975) 1845] 

Ø  Measurement of the O2(a1Δg) number density

ü  VUV diagnostic to exclude any possibility of induced-emission collision 
 

ü  O2(a1Δg) largely contribute to the light absorption between 125 and 130 nm 

O2(a1Δg) number density deduced by the relation: 
 

ln(I0/I) = [O2(a1Δg)] . σa . L + [O2(X3Σg)] . σX . L 

At 128.5 nm 
σa[O2(a1Δg)] = 1.67 10-17 cm2  40 times greater than  σX[O2(X3Σg)] = 4 10-19 cm2  

O2(a1Δg) – VUV OAS 
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Gas Input 

       VUV 
Monochromator 

Imaging 
Spectrometer 

PM 

IR Cell #2 

to Pumping Unit 

VUV Absorption Cell 

512 pixels 
InGaAs Detector 

Optical Fiber 

Microwave Discharge 
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(VUV emission) 
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Emission Cell #1 IR Filter 
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A2  
Anode 
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440 kΩ 440 kΩ Agreement between IR and VUV 
measurements within 15% 

Measurements in the flowing afterglow: 
1 mV  =  3.8 1015 O2(a1Δg) cm-3 

 

detection limit: 10 µVà 3.8 1013 cm-3 

O2(a1Δg) MEASUREMENTS 
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Ø  O2(a1Δg) density ~1015 cm-3, whenever: 

ü   helium flow > 10000 sccm 
            (very high gas flow) 

 

ü   O2 concentration ~2% 

In He/O2 mixtures at atmospheric pressure: 
 

Ø  O2(a1Δg) quenching by O-atoms and O3 
    for long residence time 
 

Ø  main destruction channels: 
 

        O2(a1Δg) + O + He à O2(X3Σg) + O + He 
 

        O2(a1Δg) + O3 à O + O2(X3Σg) + O2(X3Σg) 

In order to obtain 
greater O2(a1Δg) densities:  
 

Ø  addition of O-atom and O3 scavengers: NO 

INFLUENCE OF FLOW 
He/O2 at atmospheric pressure 

O2(a1Δg) PRODUCTION 

[J. S. Sousa et al, J. Phys. D: Appl. Phys. 46 (2013) 464005] 
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INFLUENCE OF NO 

Influence of adding NO molecules at low concentration: 
 

Ø  decrease of the O-atom density 
 

  O + NO + He à NO2 + He 
 

Ø  large increase of O2(a1Δg) density (x6) 
 

Ø  O2(a1Δg) densities higher than 1015 cm-3 

However, NO and NO2 
molecules also have a 

quenching effect on O2(a1Δg) 

Optimum NO concentration depends on: 
 

Ø  gas flow 
 

Ø  O2 partial pressure 
 

Ø  energy deposited 
      per O2 molecule (P/Q) 

He/O2/NO at atmospheric pressure [J. S. Sousa et al, J. Phys. D: Appl. Phys. 46 (2013) 464005] 
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INFLUENCE OF NO: O-ATOMS* 

Ø  adding NO molecules at low concentration 
 

Ø  decrease of the O-atom density 
 

            O + NO + He à NO2 + He 
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Ø  O-atoms confined to the discharge volume 

He/O2 mixtures 
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* in collaboration with Lionel Magne and Pascal Jeanney (LPGP) 

[J. S. Sousa et al, J. Phys. D: Appl. Phys. 46 (2013) 464005] 
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INFLUENCE OF NO: O3 
Ø  Measurement of the O3 number density by UV absorption

ü  O3 largely contribute to the light absorption at 254 nm : σ[O3] = 1.15 10-17 cm2 

He/O2/NO at atmospheric pressure 

Influence of adding 
small concentrations of NO: 
 

Ø  large increase of O2(a1Δ) density 
(up to 50 times more) 

 

Ø  huge reduction of O3 density 
(up to its complete destruction) 

[J. S. Sousa et al, J. Phys. D: Appl. Phys. 46 (2013) 464005] 
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INFLUENCE OF NO: O3 
He/O2/NO at atmospheric pressure 

Ø  O2(a1Δ) is quenched by O in the discharge 
     and by O3 in and after the discharge 

Ø  the effect of NO is to quench O and O3 

     and hence to reduce losses of O2(a1Δ) 

Ø  NO is not lost in the process, 
    but rather it is recycled in collisions: 
 

NO2 + O à NO + O2 

O3 O 

+ NO 

NO2 + O2 

+ O2 + He 

+ NO + He 

NO2 + He 

+ NO2 

NO + O2 

[J.S. Sousa et al., Eur. Phys. J.: Appl. Phys. 47 (2009) 22807] 
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INFLUENCE OF CURRENT 
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p(NO) = 0.12mbar 
p(O2) = 15mbar 
Q(He) = 4050sccm 

He/O2/NO at atmospheric pressure 

Ø  O2(a1Δg) density increase 
     is nearly linear up to 3 mA 

Ø  O2(a1Δg) density begins to 
    saturate at higher currents 

[J. S. Sousa et al, J. Phys. D: Appl. Phys. 46 (2013) 464005] 
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p(NO) = 0.12mbar 
p(O2) = 15mbar 
Q(He) = 4050sccm 

He/O2/NO at atmospheric pressure 

O2(a1Δg) generation can be improved by using arrays of several MCDS’s 

O2(a1Δg) densities 
higher than 1016 cm-3 

at atmospheric pressure 

for producing O2(a1Δg) densities greater than 
1016 cm-3, higher currents seem to be needed, 
but P/Q is near its optimum value 

shorter MHCD lifetime 
 

less MCSD liability 
high current 

[J. S. Sousa et al, J. Phys. D: Appl. Phys. 46 (2013) 464005] 
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MCSD’s IN SERIES 

For the same gas composition, 
O2(a1Δg) density increase is linear up to: 
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O2(a1Δg) densities 
of ~1 1017 cm-3 

at atmospheric 
pressure 

Ø  2-3 mA/MCSD 
 

Ø  6-8 MCSD’s in series 

20 

Yield=6% 

20 

O2(a1Δg) fluxes greater 
than 100 mmole/h 

can reach bio targets 
[J.S. Sousa et al., Plasma Sources Sci. Technol. 22 (2013) 035012] 
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Plasma Sources Sci. Technol. 22 (2013) 035012 J S Sousa et al

Figure 9. Evolution versus the number of ignited discharges of the
O2(a

1!g) density measured in the effluent, at 30 cm downstream
of the last MCSD, while operating the array of MCSDs at 3 mA
per discharge in He/O2/NO mixtures, at a total gas flow of 11 slm
and O2 and NO partial pressures equal to 36.9 mbar and 0.5 mbar,
respectively. An estimation of the O2(a

1!g) density as a function
of the number of active discharges, based on the experimental data
of figure 8, is also plotted (red stars).

reactor configuration and materials it is not very advantageous
to use arrays of more than 14 MCSDs.

In addition to direct experimental data, an estimation
of the O2(a

1!g) density as a function of the number of
active discharges is plotted in figure 9, taking into account
the experimental data of figure 8. The quite good agreement
between both sets of data, which were acquired independently,
indicates that the main O2(a

1!g) loss when working with
several MCSDs in He/O2/NO mixtures results from surface
interactions of O2(a

1!g) produced in the upstream discharges
with the metallic electrodes of the downstream MCSDs. Thus,
we could increase the O2(a

1!g) density by reducing the
metallic surface in contact with the gas. As the MHCDs’
anodes are currently grounded, we could easily suppress them.
This would likely induce an increase in the O2(a

1!g) density.
In addition to volume losses during transport and surface losses
with the electrodes of the downstream discharges, there are
other loss channels to be considered. Actually, we studied the
operation of up to 20 MCSDs in groups of different numbers
of ignited discharges. As illustrated in figure 10, it was
observed that, no matter the gas composition and discharge
current, the O2(a

1!g) density obtained while operating an
array of a given number of discharges is at least 15–20% lower
than the theoretical sum of the O2(a

1!g) densities obtained
while operating several smaller arrays with an equivalent total
number of ignited MCSDs. For certain operating conditions,
this difference is even more significant, exceeding 60%, as we
can see in figure 10. The fact that the theoretical sum of the
O2(a

1!g) densities obtained by operating several small arrays
of MCSDs (from four up to eight discharges) is higher than that
measured while using a larger array of an equivalent number of
total ignited discharges points out that O2(a

1!g) produced by
a given discharge is quenched in the downstream discharge
volumes above and beyond the losses due to the surface
interaction with their electrodes. Actually, the electrons, O
atoms, O3 and NOX, among other species produced and present
in the downstream discharges, might be responsible for the
observed O2(a

1!g) losses. In fact, the contribution of each

Figure 10. O2(a
1!g) density measured in the effluent, at 30 cm

downstream of the last MCSD, while operating six different arrays
of MCSDs (1–7, 8–14, 15–20, 8–20, 1–14, 1–20) at 3.5 mA per
MCSD in He/O2/NO mixtures, at a total gas flow of 4.6 slm and O2
and NO partial pressures equal to 11 and 0.17 mbar, respectively.
The theoretical sum of the O2(a

1!g) densities obtained with several
arrays of MCSDs is also shown in columns 3, 8 and 12. Note that
the number of active discharges increases with increasing distance
to the detection cell, i.e. MCSD #1 and #20 are located at 30 and
53.75 cm upstream of the detection cell, respectively.

Figure 11. O2(a
1!g) dimol visible emission at 634 nm (red)

throughout 50 cm in the effluent, while operating the array of 20
MCSDs at 5 mA per discharge in He/O2/NO mixtures, at a total gas
flow of 16 slm and O2 and NO partial pressures equal to 58.6 mbar
and 0.8 mbar, respectively. The corresponding density of O2(a

1!g),
measured in the effluent at 30 cm downstream of the last MCSD, is
7.9 × 1016 cm−3.

downstream MCSD to the density of the above-mentioned
species changes the effluent chemistry kinetics, which could
enhance the O2(a

1!g) losses.
Finally, there are still other O2(a

1!g) losses to be
taken into account, especially at high O2(a

1!g) densities, as
discussed in the next section.

3.2. O2(a
1!g) dimol and O2(b

1"+
g ) emission

As previously introduced in section 2.3, the emission of the
so-called O2(a

1!g) dimol at 634 nm results from the collision
between two O2(a

1!g) molecules, as described by (1). At
high O2(a

1!g) densities (>1016 cm−3), this visible emission
can be observed with the naked eye as a red glow up to 1 m
downstream, as illustrated in figure 11.

Figure 12 shows spectra of the O2(a
1!g) dimol emission

around 634 nm acquired in the effluent for different currents
per discharge, when operating four MCSDs in a He/O2/NO
mixture at atmospheric pressure (8 slm of He, 3.7% of O2
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Figure 4. Infrared spectra measured in the flowing effluent (30 cm
downstream of the last MCSD) while operating 20 MCSDs in a
He/O2/NO mixture at atmospheric pressure; spectral resolution of
0.7 nm.

in a He/O2/NO mixture at atmospheric pressure (10.5 slm
of He, 3.5% of O2 and 500 ppm of NO) with a discharge
current of 3 mA per MCSD. The recorded spectra do not
suggest any evidence of perturbations, indicating that, in
He/O2/NO mixtures, the infrared signal measured in the range
1.17–1.35 µm in the flowing effluent 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 NO2* de-excitation, which could add a continuum
to the O2(a

1!g) spectrum. Therefore, the intensity of the
signal detected by the InGaAs detector can be used with
confidence to measure the O2(a

1!g) density in the flowing
effluent.

Assuming that the spatial distribution of the O2(a
1!g)

in the measurement cell is homogeneous, and knowing the
sensitivity of the InGaAs detector (0.9 A/W), the transmission
curve of the interference filter (35% transmission at 1.27 µm),
the geometrical dimensions of the optical detection system
and the radiative transition probability of O2(a

1!g), (A =
2.256 × 10−4 s−1) [45], the O2(a

1!g) absolute density can
be deduced from the amplitude of the InGaAs signal. In that
procedure, a Monte Carlo simulation was used to evaluate the
probability of a photon emitted in the detection cell reaching
the InGaAs element of the detector [46]. This figure was found
to be 1.9 × 10−4 in our geometry, where the measurement
cell is cylindrical (82 mm length, 14 mm diameter) with flat
end faces of quartz (effective window diameter 11 mm), and
the InGaAs detector has a 3 mm diameter circular surface
and a 60◦ collection angle. The distance from the cell
window to the detector is fixed at 25 mm. As a result, in our
experimental setup, the O2(a

1!g) density is correlated with
the intensity of the InGaAs signal by a factor of 3.8 × 1015

O2(a
1!g) cm−3 mV−1 [33, 34]. Given the characteristics of

the setup, the limit of detection is 1.0 × 1013 cm−3.
It should be emphasized that the densities of O2(a

1!g) are
very reproducible. In fact, over the course of the experiments,
performed over several months, the variation of the O2(a

1!g)

density was lower than 10%, for the given operating conditions
(gas mixture and flow, and discharge current I ! 5 mA).
The O2(a

1!g) densities presented throughout this paper
were measured in the effluent at 30 cm downstream of the
last MCSD.

Figure 5. O2(a
1!g) dimol emission around 634 and 703 nm and

O2(b
1"+

g ) emission around 762 nm in the flowing effluent (30 cm
downstream of the last MCSD), while operating 20 MCSDs (3 mA
per MCSD) in a He/O2/NO mixture at atmospheric pressure (10 slm
of He, 3.8% of O2 and 358 ppm of NO); spectral resolution of
0.13 nm.

2.3. O2(a
1!g) dimol and O2(b

1"+
g ) measurements

In addition to detecting the emission spectrum at 1.27 µm,
spectroscopic evidence of the presence of O2(a

1!g) can be
obtained more unusually by observing the emission in the
visible around the wavelengths of 634 and 703 nm, the intensity
of the latter being weaker. As shown in equations (1) and (2)
(where V is the vibrational number), the emitting species is a
colliding pair of O2(a

1!g) molecules, the so-called O2(a
1!g)

dimol [47]:

O2(a
1!g)(V = 0) + O2(a

1!g)(V = 0) → O2(X
3"−

g )

× (V = 0) + O2(X
3"−

g )(V = 0) + hυ (634 nm) (1)

O2(a
1!g)(V = 0) + O2(a

1!g)(V = 0) → O2(X
3"−

g )

× (V = 1) + O2(X
3"−

g )(V = 0) + hυ (703 nm). (2)

Another important channel of O2(a
1!g) relaxation is the

so-called energy pooling process [47]:

O2(a
1!g) + O2(a

1!g) → O2(X
3"−

g ) + O2(b
1"+

g )

→ O2(X
3"−

g ) + O2(X
3"−

g ) + hυ (762 nm). (3)

The singlet sigma oxygen, O2(b
1"+

g ), is the second
electronically excited state of molecular oxygen (∼1.63 eV).
O2(b

1"+
g ) has a radiative lifetime of about 7 s in the gas phase

(its Einstein coefficient, ∼0.1 s−1, is three orders of magnitude
higher than that of O2(a

1!g)).
The O2(a

1!g) dimol emission around 634 and 703 nm,
and the O2(b

1"+
g ) emission around 762 nm are collected

in the effluent, at 30 cm downstream from the last MCSD,
by an optical fiber and detected with a 75 cm focal length
spectrometer (Acton SP750 with a 600 g mm−1 grating blazed
at 500 nm) coupled with a 1340 pixel detector (Pixis from
Roper Scientific), providing a resolution of 0.13 nm per pixel
in the visible range, as illustrated in the acquired spectrum
of figure 5. The reproducibility of the measurement of the
emission intensity of both O2(a

1!g) dimol and O2(b
1"+

g ) is
better than 15%, for the given experimental conditions (gas
mixture and flow, and discharge current I ! 5 mA).
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Figure 12. Acquired spectra of the O2(a
1!g) dimol emission

around 634 nm in the flowing effluent (30 cm downstream of the last
MCSD), for different currents per discharge, while operating four
MCSDs in a He/O2/NO mixture at atmospheric pressure (8 slm of
He, 3.7% of O2, and 480 ppm of NO).

Figure 13. Evolution of the intensity of the O2(a
1!g) dimol

emission (in arbitrary units) versus the O2(a
1!g) densities obtained

in the effluent at 30 cm downstream of the last MCSD for several
experimental conditions.

and 480 ppm of NO). We observe a large increase in the
O2(a

1!g) dimol emission intensity with increasing current per
discharge. According to figure 7, the O2(a

1!g) density, as a
function of the discharge current, increases continuously up to
at least 7 mA per MCSD. As the O2(a

1!g) dimol emission
should scale with the square of the O2(a

1!g) density (see
equation (1)), a significant increase in its emission intensity
versus the discharge current is thus expected, as is shown in
figure 12.

For several experimental conditions, corresponding to
O2(a

1!g) densities in the range (1–10) × 1016 cm−3, the
O2(a

1!g) dimol emission was measured at 30 cm downstream
of the microplasma reactor. As shown in figure 13, this allowed
us to experimentally confirm the quadratic dependence of the
O2(a

1!g) dimol emission intensity on the O2(a
1!g) density

(see equation (1)). Hence, the collision between O2(a
1!g)

molecules becomes an important deactivation process of
O2(a

1!g) at high O2(a
1!g) densities.

Another important channel of O2(a
1!g) relaxation is the

so-called energy pooling process described by equation (3).
Looking in more detail at equations (1)–(3), we can conclude
that the O2(b

1"+
g ) emission intensity should be proportional

to that of the O2(a
1!g) dimol. Thus, the O2(b

1"+
g ) emission

intensity should also depend quadratically on the O2(a
1!g)

Figure 14. Evolution of the intensity of the O2(b
1"+

g ) emission (in
arbitrary units) versus the square of the O2(a

1!g) densities obtained
in the effluent at 30 cm downstream of the last MCSD for several
experimental conditions.

density. In fact, as shown in figure 14, the O2(b
1"+

g ) emission
intensity follows the same law as the O2(a

1!g)dimol intensity,
varying linearly with the square of the O2(a

1!g) density.
This means that the O2(b

1"+
g ) excited molecules observed

at 30 cm downstream of the last MCSD are, in reality, formed
in the effluent by energy pooling reactions between O2(a

1!g)
molecules (see equation (3)), and are not transported there
from the microplasma reactor. Actually, given the O2(b

1"+
g )

radiative lifetime (of about 7 s [5]) and the transit time to the
measurement cell (estimated to be in the range 75–150 ms for
the gas flows of figure 14), this could have been the case. The
O2(b

1"+
g ) molecules produced in the discharges by electron-

impact excitation of molecular oxygen are thus effectively
quenched during transport. Finally, as O2(b

1"+
g ) is a state

with 1.7 times higher energy than O2(a
1!g), its production in

the effluent reasonably far from the microplama reactor is also
very appealing for biomedical applications.

3.3. O3 production

As previously mentioned, NO admixture leads to a
considerable increase in the O2(a

1!g) density in the effluent
(of about one order of magnitude) [33, 34]. This achievement,
which can be observed in figure 15, is especially due to the fact
that adding NO into the gas mixture allows us to better control
the effluent chemistry, as NO efficiently quenches O atoms
and O3, which are responsible for most of the O2(a

1!g) loss
[3, 42, 43]. In fact, as illustrated in figure 15, by introducing
just a few tens of ppm of NO into the gas mixture, we can no
longer detect the presence of O3 molecules in the effluent at
30 cm downstream. In fact, in the case of the experimental
conditions of figure 15, for NO flows higher than 0.21 sccm,
corresponding to approximately 26 ppm of NO, the O3 density
becomes lower than the limit of detection (1.0 × 1012 cm−3).
Consequently, the O2(a

1!g) density becomes at least 104

times higher than that of O3. It should be pointed out that
under the experimental conditions of the previous sections,
NO was added into the gas mixture in such a way that the O3

density was always below the limit of detection. This means
that when operating the array of 20 MCSDs, and for certain
experimental conditions (e.g. those of the orange triangles’
curve of figure 7), we can obtain O2(a

1!g) densities at least
105 times higher than those of O3.

9

Plasma Sources Sci. Technol. 22 (2013) 035012 J S Sousa et al

Figure 12. Acquired spectra of the O2(a
1!g) dimol emission

around 634 nm in the flowing effluent (30 cm downstream of the last
MCSD), for different currents per discharge, while operating four
MCSDs in a He/O2/NO mixture at atmospheric pressure (8 slm of
He, 3.7% of O2, and 480 ppm of NO).

Figure 13. Evolution of the intensity of the O2(a
1!g) dimol

emission (in arbitrary units) versus the O2(a
1!g) densities obtained

in the effluent at 30 cm downstream of the last MCSD for several
experimental conditions.

and 480 ppm of NO). We observe a large increase in the
O2(a

1!g) dimol emission intensity with increasing current per
discharge. According to figure 7, the O2(a

1!g) density, as a
function of the discharge current, increases continuously up to
at least 7 mA per MCSD. As the O2(a

1!g) dimol emission
should scale with the square of the O2(a

1!g) density (see
equation (1)), a significant increase in its emission intensity
versus the discharge current is thus expected, as is shown in
figure 12.

For several experimental conditions, corresponding to
O2(a

1!g) densities in the range (1–10) × 1016 cm−3, the
O2(a

1!g) dimol emission was measured at 30 cm downstream
of the microplasma reactor. As shown in figure 13, this allowed
us to experimentally confirm the quadratic dependence of the
O2(a

1!g) dimol emission intensity on the O2(a
1!g) density

(see equation (1)). Hence, the collision between O2(a
1!g)

molecules becomes an important deactivation process of
O2(a

1!g) at high O2(a
1!g) densities.

Another important channel of O2(a
1!g) relaxation is the

so-called energy pooling process described by equation (3).
Looking in more detail at equations (1)–(3), we can conclude
that the O2(b

1"+
g ) emission intensity should be proportional

to that of the O2(a
1!g) dimol. Thus, the O2(b

1"+
g ) emission

intensity should also depend quadratically on the O2(a
1!g)

Figure 14. Evolution of the intensity of the O2(b
1"+

g ) emission (in
arbitrary units) versus the square of the O2(a

1!g) densities obtained
in the effluent at 30 cm downstream of the last MCSD for several
experimental conditions.

density. In fact, as shown in figure 14, the O2(b
1"+

g ) emission
intensity follows the same law as the O2(a

1!g)dimol intensity,
varying linearly with the square of the O2(a

1!g) density.
This means that the O2(b

1"+
g ) excited molecules observed

at 30 cm downstream of the last MCSD are, in reality, formed
in the effluent by energy pooling reactions between O2(a

1!g)
molecules (see equation (3)), and are not transported there
from the microplasma reactor. Actually, given the O2(b

1"+
g )

radiative lifetime (of about 7 s [5]) and the transit time to the
measurement cell (estimated to be in the range 75–150 ms for
the gas flows of figure 14), this could have been the case. The
O2(b

1"+
g ) molecules produced in the discharges by electron-

impact excitation of molecular oxygen are thus effectively
quenched during transport. Finally, as O2(b

1"+
g ) is a state

with 1.7 times higher energy than O2(a
1!g), its production in

the effluent reasonably far from the microplama reactor is also
very appealing for biomedical applications.

3.3. O3 production

As previously mentioned, NO admixture leads to a
considerable increase in the O2(a

1!g) density in the effluent
(of about one order of magnitude) [33, 34]. This achievement,
which can be observed in figure 15, is especially due to the fact
that adding NO into the gas mixture allows us to better control
the effluent chemistry, as NO efficiently quenches O atoms
and O3, which are responsible for most of the O2(a

1!g) loss
[3, 42, 43]. In fact, as illustrated in figure 15, by introducing
just a few tens of ppm of NO into the gas mixture, we can no
longer detect the presence of O3 molecules in the effluent at
30 cm downstream. In fact, in the case of the experimental
conditions of figure 15, for NO flows higher than 0.21 sccm,
corresponding to approximately 26 ppm of NO, the O3 density
becomes lower than the limit of detection (1.0 × 1012 cm−3).
Consequently, the O2(a

1!g) density becomes at least 104

times higher than that of O3. It should be pointed out that
under the experimental conditions of the previous sections,
NO was added into the gas mixture in such a way that the O3

density was always below the limit of detection. This means
that when operating the array of 20 MCSDs, and for certain
experimental conditions (e.g. those of the orange triangles’
curve of figure 7), we can obtain O2(a

1!g) densities at least
105 times higher than those of O3.
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Figure 4. Infrared spectra measured in the flowing effluent (30 cm
downstream of the last MCSD) while operating 20 MCSDs in a
He/O2/NO mixture at atmospheric pressure; spectral resolution of
0.7 nm.

in a He/O2/NO mixture at atmospheric pressure (10.5 slm
of He, 3.5% of O2 and 500 ppm of NO) with a discharge
current of 3 mA per MCSD. The recorded spectra do not
suggest any evidence of perturbations, indicating that, in
He/O2/NO mixtures, the infrared signal measured in the range
1.17–1.35 µm in the flowing effluent 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 NO2* de-excitation, which could add a continuum
to the O2(a

1!g) spectrum. Therefore, the intensity of the
signal detected by the InGaAs detector can be used with
confidence to measure the O2(a

1!g) density in the flowing
effluent.

Assuming that the spatial distribution of the O2(a
1!g)

in the measurement cell is homogeneous, and knowing the
sensitivity of the InGaAs detector (0.9 A/W), the transmission
curve of the interference filter (35% transmission at 1.27 µm),
the geometrical dimensions of the optical detection system
and the radiative transition probability of O2(a

1!g), (A =
2.256 × 10−4 s−1) [45], the O2(a

1!g) absolute density can
be deduced from the amplitude of the InGaAs signal. In that
procedure, a Monte Carlo simulation was used to evaluate the
probability of a photon emitted in the detection cell reaching
the InGaAs element of the detector [46]. This figure was found
to be 1.9 × 10−4 in our geometry, where the measurement
cell is cylindrical (82 mm length, 14 mm diameter) with flat
end faces of quartz (effective window diameter 11 mm), and
the InGaAs detector has a 3 mm diameter circular surface
and a 60◦ collection angle. The distance from the cell
window to the detector is fixed at 25 mm. As a result, in our
experimental setup, the O2(a

1!g) density is correlated with
the intensity of the InGaAs signal by a factor of 3.8 × 1015

O2(a
1!g) cm−3 mV−1 [33, 34]. Given the characteristics of

the setup, the limit of detection is 1.0 × 1013 cm−3.
It should be emphasized that the densities of O2(a

1!g) are
very reproducible. In fact, over the course of the experiments,
performed over several months, the variation of the O2(a

1!g)

density was lower than 10%, for the given operating conditions
(gas mixture and flow, and discharge current I ! 5 mA).
The O2(a

1!g) densities presented throughout this paper
were measured in the effluent at 30 cm downstream of the
last MCSD.

Figure 5. O2(a
1!g) dimol emission around 634 and 703 nm and

O2(b
1"+

g ) emission around 762 nm in the flowing effluent (30 cm
downstream of the last MCSD), while operating 20 MCSDs (3 mA
per MCSD) in a He/O2/NO mixture at atmospheric pressure (10 slm
of He, 3.8% of O2 and 358 ppm of NO); spectral resolution of
0.13 nm.

2.3. O2(a
1!g) dimol and O2(b

1"+
g ) measurements

In addition to detecting the emission spectrum at 1.27 µm,
spectroscopic evidence of the presence of O2(a

1!g) can be
obtained more unusually by observing the emission in the
visible around the wavelengths of 634 and 703 nm, the intensity
of the latter being weaker. As shown in equations (1) and (2)
(where V is the vibrational number), the emitting species is a
colliding pair of O2(a

1!g) molecules, the so-called O2(a
1!g)

dimol [47]:

O2(a
1!g)(V = 0) + O2(a

1!g)(V = 0) → O2(X
3"−

g )

× (V = 0) + O2(X
3"−

g )(V = 0) + hυ (634 nm) (1)

O2(a
1!g)(V = 0) + O2(a

1!g)(V = 0) → O2(X
3"−

g )

× (V = 1) + O2(X
3"−

g )(V = 0) + hυ (703 nm). (2)

Another important channel of O2(a
1!g) relaxation is the

so-called energy pooling process [47]:

O2(a
1!g) + O2(a

1!g) → O2(X
3"−

g ) + O2(b
1"+

g )

→ O2(X
3"−

g ) + O2(X
3"−

g ) + hυ (762 nm). (3)

The singlet sigma oxygen, O2(b
1"+

g ), is the second
electronically excited state of molecular oxygen (∼1.63 eV).
O2(b

1"+
g ) has a radiative lifetime of about 7 s in the gas phase

(its Einstein coefficient, ∼0.1 s−1, is three orders of magnitude
higher than that of O2(a

1!g)).
The O2(a

1!g) dimol emission around 634 and 703 nm,
and the O2(b

1"+
g ) emission around 762 nm are collected

in the effluent, at 30 cm downstream from the last MCSD,
by an optical fiber and detected with a 75 cm focal length
spectrometer (Acton SP750 with a 600 g mm−1 grating blazed
at 500 nm) coupled with a 1340 pixel detector (Pixis from
Roper Scientific), providing a resolution of 0.13 nm per pixel
in the visible range, as illustrated in the acquired spectrum
of figure 5. The reproducibility of the measurement of the
emission intensity of both O2(a

1!g) dimol and O2(b
1"+

g ) is
better than 15%, for the given experimental conditions (gas
mixture and flow, and discharge current I ! 5 mA).
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Figure 4. Infrared spectra measured in the flowing effluent (30 cm
downstream of the last MCSD) while operating 20 MCSDs in a
He/O2/NO mixture at atmospheric pressure; spectral resolution of
0.7 nm.

in a He/O2/NO mixture at atmospheric pressure (10.5 slm
of He, 3.5% of O2 and 500 ppm of NO) with a discharge
current of 3 mA per MCSD. The recorded spectra do not
suggest any evidence of perturbations, indicating that, in
He/O2/NO mixtures, the infrared signal measured in the range
1.17–1.35 µm in the flowing effluent 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 NO2* de-excitation, which could add a continuum
to the O2(a

1!g) spectrum. Therefore, the intensity of the
signal detected by the InGaAs detector can be used with
confidence to measure the O2(a

1!g) density in the flowing
effluent.

Assuming that the spatial distribution of the O2(a
1!g)

in the measurement cell is homogeneous, and knowing the
sensitivity of the InGaAs detector (0.9 A/W), the transmission
curve of the interference filter (35% transmission at 1.27 µm),
the geometrical dimensions of the optical detection system
and the radiative transition probability of O2(a

1!g), (A =
2.256 × 10−4 s−1) [45], the O2(a

1!g) absolute density can
be deduced from the amplitude of the InGaAs signal. In that
procedure, a Monte Carlo simulation was used to evaluate the
probability of a photon emitted in the detection cell reaching
the InGaAs element of the detector [46]. This figure was found
to be 1.9 × 10−4 in our geometry, where the measurement
cell is cylindrical (82 mm length, 14 mm diameter) with flat
end faces of quartz (effective window diameter 11 mm), and
the InGaAs detector has a 3 mm diameter circular surface
and a 60◦ collection angle. The distance from the cell
window to the detector is fixed at 25 mm. As a result, in our
experimental setup, the O2(a

1!g) density is correlated with
the intensity of the InGaAs signal by a factor of 3.8 × 1015

O2(a
1!g) cm−3 mV−1 [33, 34]. Given the characteristics of

the setup, the limit of detection is 1.0 × 1013 cm−3.
It should be emphasized that the densities of O2(a

1!g) are
very reproducible. In fact, over the course of the experiments,
performed over several months, the variation of the O2(a

1!g)

density was lower than 10%, for the given operating conditions
(gas mixture and flow, and discharge current I ! 5 mA).
The O2(a

1!g) densities presented throughout this paper
were measured in the effluent at 30 cm downstream of the
last MCSD.

Figure 5. O2(a
1!g) dimol emission around 634 and 703 nm and

O2(b
1"+

g ) emission around 762 nm in the flowing effluent (30 cm
downstream of the last MCSD), while operating 20 MCSDs (3 mA
per MCSD) in a He/O2/NO mixture at atmospheric pressure (10 slm
of He, 3.8% of O2 and 358 ppm of NO); spectral resolution of
0.13 nm.

2.3. O2(a
1!g) dimol and O2(b

1"+
g ) measurements

In addition to detecting the emission spectrum at 1.27 µm,
spectroscopic evidence of the presence of O2(a

1!g) can be
obtained more unusually by observing the emission in the
visible around the wavelengths of 634 and 703 nm, the intensity
of the latter being weaker. As shown in equations (1) and (2)
(where V is the vibrational number), the emitting species is a
colliding pair of O2(a

1!g) molecules, the so-called O2(a
1!g)

dimol [47]:

O2(a
1!g)(V = 0) + O2(a

1!g)(V = 0) → O2(X
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g )

× (V = 0) + O2(X
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g )(V = 0) + hυ (634 nm) (1)
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so-called energy pooling process [47]:

O2(a
1!g) + O2(a

1!g) → O2(X
3"−

g ) + O2(b
1"+

g )

→ O2(X
3"−

g ) + O2(X
3"−

g ) + hυ (762 nm). (3)

The singlet sigma oxygen, O2(b
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g ), is the second
electronically excited state of molecular oxygen (∼1.63 eV).
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1"+
g ) has a radiative lifetime of about 7 s in the gas phase

(its Einstein coefficient, ∼0.1 s−1, is three orders of magnitude
higher than that of O2(a

1!g)).
The O2(a

1!g) dimol emission around 634 and 703 nm,
and the O2(b

1"+
g ) emission around 762 nm are collected

in the effluent, at 30 cm downstream from the last MCSD,
by an optical fiber and detected with a 75 cm focal length
spectrometer (Acton SP750 with a 600 g mm−1 grating blazed
at 500 nm) coupled with a 1340 pixel detector (Pixis from
Roper Scientific), providing a resolution of 0.13 nm per pixel
in the visible range, as illustrated in the acquired spectrum
of figure 5. The reproducibility of the measurement of the
emission intensity of both O2(a

1!g) dimol and O2(b
1"+
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better than 15%, for the given experimental conditions (gas
mixture and flow, and discharge current I ! 5 mA).

4

SDO dimol 
[J.S. Sousa et al., Plasma Sources Sci. Technol. 22 (2013) 035012] 
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BIO APPLICATIONS 

Ø  the density ratio of O2(a1Δg) to O3 can 

be easily and finely tuned through the 

discharge current, and the O2 and NO 

concentration 

0,0 0,3 0,6 0,9 1,2 1,5
0

2

4

6

8 Q(He) = 8000 sccm I = 3 mA

Q(NO) (sccm)

P(O2) = 10 mbar

 O2(a
1Δ)

 O3

 

 

N
 ( 1

015
 c

m-3
)

Ø  the maximum and minimum values of 

the density ratio of O2(a1Δg) to O3 are 

obtained using the detection limits and are, 

thus, underestimated 

[J.S. Sousa et al., Plasma Sources Sci. Technol. 22 (2013) 035012] 
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BIO APPLICATIONS 

Ø  MCSD’s appear to be very suitable and useful tools 

    for examining the biological components targeted by these different ROS 

0,0 0,3 0,6 0,9 1,2 1,5
0

2

4

6

8 Q(He) = 8000 sccm I = 3 mA

Q(NO) (sccm)

P(O2) = 10 mbar

 O2(a
1Δ)

 O3

 

 
N

 ( 1
015

 c
m-3

)

Condition A 
He/O2/NO 

8000/80/1.4 sccm 
I = 3 mA/MCSD 

O2(a1Δg) ~ 1.5 1016 cm-3 
O3 < 1.2 1012 cm-3 

Condition Z 
He/O2/NO 

8000/300/0 sccm 
I = 2 mA/MCSD 

O2(a1Δg) < 1.0 1013 cm-3 
O3 ~ 7.0 1015 cm-3 

 > 103 

 < 10-3 

O2(a1Δg) – A 
 

O2(a1Δg) – Z 

O3 – A 
 

O3 – Z 
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DNA OXIDATION 
Ø  DNA (in solution) oxidation by O2(a1Δg) and O3 at ~25cm downstream 

Ø  Electrophoresis 
 
Ø  HPLC-tandem MS 

Post-treatment analysis: 

PBS buffer 
 

(10 mM KH2PO4, pH = 6.8) 

No O-atoms! 

Low NOx concentration 
 

(< 150 ppm) 

2-4 mL 1mM aqueous solution 

(in collaboration with P.M. Girard & E. Sage – Curie) 

(in collaboration with J.L. Ravanat – CEA) 
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Ø  DNA oxidation by O3 was achieved! 

Ø  oxidized nucleosides production 
    increases almost linearly with the O3 flow 

DNA OXIDATION 

Adenine 

condition Z 

Thymine 

condition Z 

[J. S. Sousa et al, DOI 10.1007/978-94-007-2852-3_9 (Ch9, 
pp107– 119), Springer Science+Business Media B.V. (2012)] 
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Ø  Actually, O3 overoxidized DNA! 

DNA OXIDATION 

Cytosine 

condition Z 

Guanosine 

condition Z 

Ø  O3 is very effective on oxidizing Cytosine 

Ø  5-OHdCyd and 8-oxodGuo are easily oxidized [T. Douki et al., Radiat. Res. 153 (2000) 29] 

[J. S. Sousa et al, DOI 10.1007/978-94-007-2852-3_9 (Ch9, 
pp107– 119), Springer Science+Business Media B.V. (2012)] 
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DNA OXIDATION 
Ø  DNA oxidation by O2(a1Δg) was also achieved! 

Ø  Actually, O2(a1Δg) overoxidized DNA! 

Ø  O2(a1Δg) oxidizes all bases but Cytosine! 

Can we conclude that O2(a1Δg) 
is the active species? 

condition A condition A 

condition A 
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DNA OXIDATION 

Ø  O3 seems to be more effective on oxidizing DNA 

More experiments need to be done in order to clearly understand 
 the reactivity of O2(a1Δg) and O3 with DNA 

Ø  10 times more damages in condition A than those which could be induced by residual O3 

ü  possible role of NOX à HNO3 in solution (under investigation) 

BUT 
ü  O2(a1Δg) is physically de-excited in water 

Ø  both O3 and O2(a1Δg) seem to oxidize DNA 
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Ø  results from dGuo oxidation by O2(a1Δg)? 

4-OH-8-oxo 

 

ü  4-OH-8-oxo production increases linearly with O2(a1Δg) flow 

dGuo OXIDATION 

condition A 

[J. S. Sousa et al., Appl. Phys. Lett. 97 (2010) 141502] 


