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Generation of singlet oxygen for an oxygen —iodine laser

in a radio-frequency discharge

O.V. Braginskii, A.N. Vasil’eva, K.S. Klopovskii, A.S. Kovalev, D.V. Lopaev,
Yu.A. Mankelevich, N.A. Popov, A.T. Rakhimov, T.V. Rakhimova

Abstract. The generation of singlet oxygen (SO) in a radio-
frequency discharge (13.56 MHz) in the gas flow was
investigated experimentally and theoretically. The oxygen
pressure was varied from 2 to 20 Torr and the energy
deposition in gas from 10 to 2000 J mmol . The saturation
of the SO concentration with increasing the energy deposition
was shown to arise from the three-body process of SO
quenching by atomic oxygen. Removing atomic oxygen
allowed a 2.5-fold increase in the ultimate SO concentration
at the discharge output. For an oxygen pressure of 15 Torr,
the SO fraction amounts to 10 %.

Keywords: singlet oxygen, oxygen—iodine laser, radio-frequency
discharge.

1. Introduction

At present, processes involving metastable electronically
excited molecules of singlet oxygen (SO) Oz(alAg) attract
considerable interest. This is due to the fact that SO
possesses a very long radiative lifetime (~ 4500 s) and
extremely low rates of nonresonance deactivation, making
it possible to produce a nonequilibrium energy stock in an
OQ(alAg)-containing medium and preserve it over a long
period of time. Not only does this property of SO play an
important part in different fields of science, such as low-
temperature plasma physics, biology, atmosphere physics
etc., but it is also employed in laser technology. The most
spectacular example is an oxygen—iodine laser (OIL) [1, 2].
The operation of this laser is based on the resonance
transfer of excitation energy from Oz(alAg) molecules to
iodine atoms I( 2P1/2)

k+
0,(a'Ay) +1(°P3) = 0,(X°2;) +1(°Py ) +400 K, (1)
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where k™ = 7.6 x 107" cm?® s7! is the rate constant of the
direct process at 300 K [1] and k= =2.67 x 107! cm?® s7!
is the rate constant for the inverse process [1, 2]. The
population inversion between the I(*P, ) and 1(%p, /2)
levels of atomic iodine is achieved when the Oz(alAg) yield
is

[0y(a'Ay) I
110, + (05 1+ 2Ky @
where
3 400
ko = 2exp | 3
. 4exp( Tg) 3

is the equilibrium constant for the process (1). At the
temperature T, = 300 K, the SO yield # = [O,(a lAg)]><
([Oz(alAg)]—&-[Oz])" should exceed 0.15. In a chemical
OIL, the OZ(a'Ag) molecules are chemically produced in a
reactor, as a rule, in the gas—liquid reaction of chlorination
of the solution of alkali and hydrogen peroxide. The gas
mixture issuing from the reactor contains oxygen, water
vapour, H,O,, and unreacted chlorine, and therefore the
development of a non-chemical SO generator is of
considerable interest.

It is known that SO can be efficiently excited in a gas
discharge. Two conditions should be fulfilled to operate an
electric-discharge generator of SO (EGSO). Since the SO
yield required to obtain inversion in an OIL increases
exponentially with increasing temperature, in the EGSO
it should be rather high (~ 0.2). In this case, the absolute
concentration of O,(a lAg) should also be high (comparable
to and exceeding the concentration typical for chemical
OILs [1]), i.e. higher than 10'® cm™>. It was shown [2—5]
that radio-frequency and microwave discharges are promis-
ing tools for the excitation of SO.

In Ref. [4], we studied experimentally and theoretically
the production and loss kinetics of SO in the flow of pure
oxygen as well as in its mixtures with argon and helium
excited by a radio-frequency discharge (13.56 MHz) in a
quartz tube in broad pressure (1-20 Torr) and energy
deposition (1-2000 J mmol ') ranges. It was shown that
the RF discharge can exist in three regimes, depending on
the energy deposition into the plasma: in the regime of
homogeneous discharge between the electrodes, or in the o
regime (in the o discharge regime); in a substantially
inhomogeneous regime, when plasma jets are formed
beyond the electrode regions (the jet regime); and in the
transition o — y regime, when bright near-electrode layers
appear in the discharge. SO is most actively produced in the
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o discharge regime; in this case, the energy efficiency is
found to be close to 5 %. In the jet regime, the efficiency is
significantly lower (1 % —2 %) owing to considerable energy
losses in the near-electrode layers, in which secondary ion
emission effects come into play.

An important finding of these investigations is the
saturation of the SO concentration with increasing pressure
and specific energy deposition. In this case, despite the
saturation of the SO concentration, the parameter
Y =[Os(a 1Ag)]/[Oz(XﬂYg*)] amounted to ~30% for a
low oxygen pressure (1—2 Torr) and a high energy depo-
sition, i.e. in the jet discharge regime.

A detailed investigation of the production and loss of SO
in the o regime carried out on the basis of an elaborate self-
consistent discharge model allowed us to elucidate the
reason why the SO yield saturated with pressure. It was
shown that this effect is caused by a rapid O,(a 1Ag)
quenching in the reaction

OC’P) + 0,(a'A,) + 0, — 20, + O(’P). 4)

By comparing the experimental and numerical data on the
O,(a 1Ag) quenching kinetics, we estimated the rate con-
stants for this process as ks ~ 10732 em®s .

The progress in the employment of electric-discharge SO
excitation in an OIL is associated primarily with the
possibility of increasing the pressure of the active medium.
In this connection the aim of our work is to investigate the
kinetics of SO saturation in an RF discharge in oxygen and
to try for new ways of eliminating the effect of the SO
concentration saturation. The investigation was carried out
in the transition o —y regime, when the specific energy
deposition in the plasma is already relatively high (from 100
to 300 J mmol ') and the inefficient jet regime is not yet
realised and the energy efficiency of O,(a lAg) excitation is
rather high (~ 3 %). The pressure range under investigation
was 4—-20 Torr.

Since the SO concentration saturation is determined by
the process (1), to eliminate the saturation requires remov-
ing atomic oxygen from the gas mixture. As determined
earlier in RF discharge experiments, the main process
responsible for the loss of the atoms throughout the pressure
range under investigation is their heterogeneous recombi-
nation at the walls of the quartz discharge tube [4]. It is well
known that the probability of surface recombination of the
O(3P) atoms with the oxides of some metals (for instance,
HgO, AgO, etc.) is rather high. That is why the walls of the
discharge tube were coated with mercury oxide HgO to
remove atomic oxygen.

2. Experiment

Figure 1 shows the scheme of the setup for producing a RF
discharge. The discharge was initiated in the flow of pure
oxygen in 1-m long quartz tube with an internal diameter of
14 mm by using RF generator (/) with a power up to
200 W operating at a frequency of 13.56 MHz. The
generated power was delivered via a matching device to
two 30-cm long water-cooled electrodes located outside the
tube. A special spacer provided the thermal contact between
the electrodes and the tube. Therefore, the discharge tube
was also cooled with the aid of the electrodes. An RF
measuring system furnished measurements of the incident
and reflected wave amplitudes as well as of the voltage

across the electrodes, the discharge current, and the angle of
phase shift between them. This allowed us to monitor the
RF power deposited into the gas with a good accuracy. The
gas evacuation system provided a gas flow velocity in the
tube up to 12 m s~! for a pressure up to 40 Torr. The gas
pressure was monitored by two deformation sensors at the
inlet and outlet of the tube. The gas and tube surface
temperatures were determined with the aid of thermocou-
ples translatable along the tube length.

o

Figure 1. Scheme of the setup for obtaining a transverse RF discharge:
(1) main RF generator; (2) auxiliary RF generator (40 MHz, 1-cm long
electrodes); (3) measuring system, which determines the position of
optical fibre relative to the main RF discharge electrodes; (4) two-
channel optical fibre; (5) monochromators; (6) Ge detector cooled by
liquid nitrogen; (7) photomultiplier for recording the radiation of
oz(blzg) molecules; (8) photomultiplier for recording the radiation of
atomic oxygen [O(’P) — O(°S), =777 nm] and argon [Ar(2p;) —
Ar(lsy), A=750 nm]; (9) synchronous detectors; (/0) computer;
(11) interference filters; (/2) absolute radiation power radiometer;
(13) ICCD camera; (/4) ICCD controller.

The concentration of oxygen molecules which were in
the metastable states alAg and blZg+ were measured along
the gas flow as functions of the transport time by emission
spectroscopy technique from the absolute emission inten-
sities of the transitions O,(a 1Ag, v=0) — OZ(XSZg_, v=0)
(A=1268 nm) and Oy(b'Z/ v= 0)— 0yX’Z,, v=0)
(A =762 nm), respectively. The emission from the tube
section selected by a system of apertures was focused
onto the input of two-channel optical fibre (4), providing
two independent optical measuring channels. This optical
system was assembled on platform (3) translatable along
the tube length, which allowed us to measure the concen-
trations of excited particles at different distances from the
discharge.

The radiation in both channels was modulated and
directed to the entrance slits of monochromators (5). Ge
detector (6) cooled by liquid nitrogen was placed at the exit
slit of the first monochromator employed to record emission
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from the O,(a 1Ag) molecules. IR photomultiplier (7) was
placed at the exit slit of the second monochromator for the
simultaneous recording of emission from the O,(b lZl;)
molecules. The output signals from both photodetectors
were fed to synchronous detectors (9) controlled by
personal computer (/0). In addition, the signal about
the position of optical system (3) relative to the RF
discharge electrodes was fed to ADC of one of the
synchronous detectors. The sensitivity of this optical system
provided the measurement of concentrations of Oz(a'Ag)
molecules and O,(b'Z,") molecules down to (2—3)x
10" em™* and 10" ecm™°, respectively.

Oxygen atoms in the O(’P) ground state were detected
by the method of actinometry by argon atoms. We
employed the O(°P) — O(°S) transitions at 777 nm and
the Ar(2p;) — Ar(ls,) transition at 750 nm, for which the
cross sections for electron excitation and collisional deac-
tivation rates are known well enough, making it possible to
obtain reliable results about the concentration of atomic
oxygen at high pressures. This method involving two
channels (monochromator—photomultiplier) was described
in detail in Ref. [4]. We studied the O(°P) concentration
dynamics by using ICCD system (13, /4) with a set of
interference filters ( /1) for the emission lines of oxygen and
argon atoms. This allowed us to determine the spatial
distribution of the atoms in the discharge volume with
the help of a tomography algorithm similar to the Abelian
transformation. This information was used to obtain the
distribution of the concentration of atomic oxygen in the
discharge along the gas flow.

3. Experimental results

Experiments showed that the concentration of Og(alAg)
attains saturation in the interelectrode space, the characte-
ristic time required to attain the saturation decreasing with
increase in the energy deposition. Figure 2 shows the
dependence of the ratio [O(°P)]/N (N is the total particle
density in the discharge volume for the corresponding gas
temperature) along the discharge, and Fig. 3 shows the
distribution of [OZ(alAg)] in pure O, at a pressure of
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Figure 2. [O(’P)]/N ratio distribution along of the discharge (N is the
total particle density in the discharge volume for the corresponding gas
temperature) in pure O, at a pressure of 15 Torr, a flow velocity of
6.3 m s!, and an energy deposition of 190 J mmol~'. The tube walls
were not coated with HgO.
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Figure 3. Distribution of [O,(a ]Ag)] in pure O, for a pressure of 15 Torr,
a flow velocity of 6.3 m s™', and an energy deposition of 190 J mmol~".
The tube walls were not coated with HgO.

15 Torr, a flow velocity of 6.3 m s™', and an energy depo-
sition of 190 J mmol~'. One can see that even at the very
beginning of the discharge, the [O(°P)]/N ratio attains its
stationary value, which somewhat increases towards the
discharge end. The concentration of O,(a 1Ag) molecules
reaches a maximum closer to the end of the electrodes,
approximately at a distance of 15-20 cm.

Figure 4 shows the concentrations O,(a lAg)maX and
Oz(bIZg+ )max @s functions of specific energy deposition in
the discharge in pure O, for pressures of 4, 7, 10, and
15 Torr and a flow velocity of 6.3 m s~'. One can see that
these dependences are nonmonotonic. For all pressures, the
concentrations O,(a lAg)max and O, (b IZQ )max Father rapidly
reach saturation with increasing the energy deposition and
then gradually decrease. Earlier [4], when investigating the
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Figure 4. Maximum concentrations O,(a lAg)max (a) and Oz(blE;)max
(b) as functions of specific energy deposition in the discharge in pure O,

for different pressures and a flow velocity of 6.3 ms™ .
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SO concentration kinetics in the afterglow of an RF
discharge it was found that increasing the pressure at the
post-discharge stage resulted in a rapid quenching of
Oz(a]Ag), which was impossible to describe by the presently
known binary processes. On the basis of a detailed analysis
and comparative calculations performed for different pres-
sures it was established that the resultant experimental data
on the transport dynamics of SO could be explained only
assuming a three-body mechanism of O,(a 1Ag) deactivation
by oxygen atoms in the process (4) with the rate constant of
~ 107 cm® 571

In order to remove atomic oxygen, the walls of the
discharge tube were coated with mercury oxide in the
electrode region. Figure 5 shows the dependences of the
concentration O,(a 1Ag)max on the energy deposition in the
discharge, similar to the dependences plotted in Fig. 4. In
experiments with HgO, the SO concentration was measured
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Figure 5. Maximum concentrations O,(a lAg)maX as a function of specific
energy deposition in the discharge (the o and « — y regimes) in pure O,
for different pressures and a flow velocity of 6.3 m s~'. The tube walls
are coated with HgO.

in the afterglow of the discharge. It was found that, for a
flow velocity of ~ 6 m s~ the concentration O,(a lAg)max
remained almost invariable up to a distance of 20 cm from
the end of the electrodes. One can see that the removal of
atomic oxygen had a different effect on the characteristic
form of the dependences [Oz(alAg)max](W) for different
pressures. The most significant results is that in the region
of existence of the o and transition o — 7y regimes there
occurs no O,(a 1Ag) concentration saturation with increasing
power deposition in the plasma. In this case, the value of Y
for a pressure p =10 — 15 Torr amounts to 10% —12%
and is limited only by the RF generator power.

Obtaining a high SO concentration by using HgO
allowed us to record the Oz(alAg) dynamics also from
the O4('B,,) — 04(1Ag) dimole transition radiation arising
due to collisions of two O,(a 1Ag) molecules:

0,(a lAg, v=0)+O,(a 1Ag,v =0)
— 0,(X’Zy ,v=0) + 0,(X’Z,,v =0), 1 = 635 nm,
0,(a lAg, v=10)+0;(a 1Ag7v =0)

— 0,(X°Zg,v=0) + 0,(X’Z;,v = 1), 1 =703 nm.

Figure 6 shows a typical afterglow spectrum of the RF
discharge in pure oxygen at a pressure of 15 Torr, a flow
velocity of 3ms !, and an energy deposition of
450 J mmol~" at a distance of 20 cm from the electrode
end. The inset shows for comparison the same spectrum
together with the well-known O,(b'E], v=0)—
02(X32;, v=0) transition at 762 nm. This spectrum is
completely similar to the spectrum observed in chemical SO
generators. The dimole radiation of SO was strong enough
for the red radiation of the discharge afterglow to be visually
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Figure 6. Typical afterglow spectrum of the RF discharge in pure oxygen for a pressure of 15 Torr, a flow velocity of 3 m s™!, and an energy

deposition of 450 J mmol ™" at a distance of 20 cm from the electrode end.
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observed in the dark. Moreover, the dimole radiation power
also turned out to be high enough, and it was possible to
measure it directly with the help of an absolute power
radiometer. This allowed us to check the accuracy of the
absolute O,(a 1Ag) concentration measurements.

Figure 7 shows the dependences of the maximum
concentration O,(a 1Ag)max on the energy deposition for
an oxygen pressure of 15 Torr and a flow velocity of
3m s~ '. These data were obtained from intensity measure-
ments of the radiation arising from the O,(a lAg, v=0) —
02(X32g, v=0) at 1270 nm (after absolute calibration)
and from direct power measurements of the dimole radia-
tion at 635 nm. Taking into account the calibration
accuracy [£25% (1270 nm) and £15% (635 nm)], both
measurements yield the same result, which testifies to the
correctness of the data obtained.

[02(3- lAg)mux]/lolS Cm73
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Figure 7. Dependences of maximum concentration O,(a lAg)max on the
energy deposition for an oxygen pressure of 15 Torr and a flow velocity
of 3 m s! obtained from intensity measurements of the radiation arising
from the O(a'Ag,v = 0) — 0y(X*Z,v=0) at 2 = 1270 nm and from
direct power measurements of the dimole radiation at A = 635 nm. The
tube walls are coated with HgO.

4. Discussion of results

From a comparison of the experimental data shown in
Figs 4a and 5 one can draw the following conclusions.
Figure 5 shows that the dependences of the SO concen-
tration on the energy deposition W in the experiments with
HgO are not saturated, as was the case in the absence of
mercury oxide. However, their slope changes beginning
with some value of W specific for each pressure. This
testifies to a possible structural change of the RF discharge.
Namely, the discharge gradually passes to the o — y regime,
which is much less efficient from the standpoint of SO
excitation than the o regime [4].

A comparison of the maximum concentrations
Oz(a'Ag)max obtained in the discharge in the absence of
mercury oxide (Fig. 4a) with the data obtained with the use
of HgO (Fig. 5) shows that the O,(a 1Ag) concentration in
experiments with HgO increases by about a factor of 2—2.5
for p > 10 Torr and W = 100 — 200 J mmol~'. This sug-
gests that the O,(a lAg) concentration saturation in the
discharge is caused by the quenching of this molecule by
atomic oxygen [see the reaction (4)].

We analysed and simulated the experimental data by
using a self-consistent model of the RF discharge o mode
[4]. The calculated distributions of the O,(a'A,) and O(’P)

concentrations and the [O(°P)]/N ratio in the discharge
without HgO for an oxygen pressure of 15 Torr, an energy
deposition of 190 J mmol~!, and a flow velocity of
63ms | are given in Fig. 8a. A similar calculation in
the presence of mercury oxide on the tube walls is shown in
Fig. 8b. To model the dynamics of the [O(°P)]/N ratio in
the discharge, we employed an expression for the probability
Yo that an atom is lost at the hot quartz surface. This
expression is an approximation of our experimental data
obtained in the dc glow discharge in the tube [6]:
70 = 1.5 x 1073(0.5 + 1.7)A[O(’P)] /4 x 10"°), where 4 =1
for p < 5 Torr and 4 = 5/p for p > 5 Torr. In the case of a
cooled surface, i.e., for T,, ~ 280 K, the coefficient by the
parentheses was taken to be equal to 0.5 x 107>, This value
is in good agreement with the data of our experiment in the
dc discharge for a pressure higher than 3 Torr and a cooled
wall [6] as well as with the data of Refs [7, 8].
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Figure 8. Calculated O,(a'A,)-, Oy(b'Z])-, and O(*P)-concentration
and [O(*P)]/N-ratio distributions lengthwise of the discharge for an
oxygen pressure of 15 Torr, an energy deposition of 190 J mmol ™!, and
a flow velocity of 6.3 m s~ without (a) and with (b) the HgO coating.

A comparison of Figs4a and 8a shows that the
experimental results are adequately described by the calcu-
lated values of the [O(*P)]/N ratio. The calculations suggest
that the main process responsible for the production of
atomic oxygen is the dissociation of the O, molecules by
electron impact in the processes

e +0,(X’%;) — e +O(°P) + O(’P), (5)

e+0,(X’%,) —e+0O(°P) +O('D), (6)

where 02(X32g’ ) are the O, molecules in the ground
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electronic state. The principal channel for the loss of oxygen
atoms is their heterogeneous recombination at the surface
of the quartz tube with a characteristic time t,, ~ 10 ms,
which is determined by the characteristic frequencies of
atomic diffusion and recombination at the surface. The
conversion of atomic oxygen to ozone makes only a small
contribution to the loss of the atoms. Note that in a 1D
model with a constant transit velocity vy it is difficult to
take into account the real radial velocity distribution of the
gas flow v(r) = 2vy(1 — rz/Rz), where v, is the average flow
velocity and R is the tube radius. Considering that the
characteristic time of radial particle diffusion is shorter than
the time of particle transit through the discharge region, the
attainment of stationary [O(3P)} /N and [O,(a 1Ag)] distri-
butions as well as the experimental energy deposition for a
given RF voltage at the electrode are more adequately
described using the velocities of near-wall flows rather than
the average velocity vy. In the calculations reported, we
used the value v;=0.4v,. In this case, the calculated
specific energy deposition was equal to about
190 J mmol .

We now compare the experimental and calculated data
on the O,(a 1Ag) concentration distribution along the dis-
charge. One can see from Fig. 8a that, despite the good
agreement between the results of calculation and the
experimental data on the [O(3P)] /N ratio, the calculated
02(a'Ag) concentration increases somewhat slower than the
experimental one, and the concentration of SO turns out to
be higher by the end of discharge. Our calculations suggest
that the main process responsible for the production of
Oz(alAg) is the excitation of oxygen by direct electron
impact,

e+0,(X’Z;) — e+ 0y(a'Ay), (7)

and the attainment of saturation is primarily determined by
the three-body deactivation (4). The rates of quenching o
the O,(a 1Ag) molecules in the course of the two-particle
reaction involving atomic oxygen due to hyperelastic
collisions are approximately two times lower.

Note that we used in this calculation the rate constant
for reaction (4) proposed in Ref. [4]. However, as noted in
Ref. [4], the process (4) is multistage, and it is quite probable
that this rate constant, as the ‘gross’ of the process, does not
provide an equally adequate description of all its stages
under different conditions and exhibits a nontrivial depen-
dence on the gas temperature. By way of illustration, Fig. 8a
shows the [Oz(a]Ag)] distribution calculated for k, =
2x 1072 cm® 57!, One can see that a two-fold increase
in k4 provides a rather good reproduction of both the form
of Os(a 1Ag) concentration distribution and its maximum
value, which also corresponds to the experimental data
obtained for the dimole radiation of O,(a 1Ag).

Calculations for the conditions of Fig. 8a but with the
HgO coating of the tube walls (in the model it was assumed
that this corresponds to y, = 1) are given in Fig. 8b. They
were performed for ky = 2.4 x 10 3 cm® s™!. One can see
that the O,(a 1Ag) concentration increases two-fold on
removal of atomic oxygen in comparison with the concen-
tration of SO without HgO. Interestingly, the calculated
[O,(a 1Ag)] distribution in the discharge exhibits a weak
saturation, which is due to impacts of the second kind. The
increase in the O,(a lAg) concentration after discharge early
in the afterglow reflects the increase in the gas density due to

£ 0= 1

= 7.
doi>

the dynamics of the gas temperature. Note that the SO
concentration rose by about a factor of three in the
experiment with the use of HgO under similar conditions.
The 1.5-fold difference between the experimental and
calculated values of O,(a 1Ag)max with the use of HgO shows
that higher, on the average, electron temperatures
(T, > 2.2 eV) are realised under real experimental condi-
tions.

Therefore, the results of this work demonstrate the
feasibility of obtaining a high SO yield in high-pressure
RF discharges. In particular, the yield of SO for an oxygen
pressure of 15 Torr is ~ 10 %.

5. Conclusions

We have studied experimentally and theoretically the
excitation of SO in O,(a 1Ag) in the o and intermediate
o —7y regimes of an RF discharge at a frequency of
13.56 MHz.

Experiments were carried out on the heterogeneous
removal of oxygen atoms from the surface of the discharge
tube coated with mercury oxide HgO. It was shown that the
decrease in the concentration of the atomic oxygen in the
discharge results in an increase in the density of the
Oz(alAg) molecules by about a factor of 2—2.5 for an
oxygen pressure above 10 Torr. High SO yields (~ 10 %)
were obtained for the discharge at a pressure of 15 Torr.
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