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Pulsed electron-beam-sustained discharge in oxygen-containing
gas mixtures: electrical characteristics, spectroscopy,

and singlet oxygen yield”

N.P. Vagin, A.A. Tonin, Yu.M. Klimachev, A.A. Kotkov, I.V. Kochetov, A.P. Napartovich,
Yu.P. Podmar’kov, L.V. Seleznev, D.V. Sinitsyn, M.P. Frolov, G.D. Hager, N.N. Yuryshev

Abstract. The electrical and spectroscopic characteristics of
electron-beam-sustained discharge (EBSD) in oxygen and
oxygen-containing gas mixtures are studied experimentally
under gas pressures up to 100 Torr in a large excitation
volume (~ 18 L). It is shown that the EBSD in pure oxygen
and its mixtures with inert gases is unstable and is
characterised by a small specific energy contribution. The
addition of small amounts (~ 1% —10%) of carbon
monoxide or hydrogen to oxygen or its mixtures with inert
gases considerably improves the stability of the discharge,
while the specific energy contribution W increases by more
then an order of magnitude, achieving ~ 6.5 kJ L™ 'atm ™
per molecular component of the gas mixture. A part of the
energy supplied to the EBSD is spent to excite vibrational
levels of molecular additives. This was demonstrated exper-
imentally by the initiation of a CO laser based on the
0, :Ar: CO =1:1:0.1 mixture. Experimental results on
spectroscopy of the excited electronic states O,(a lAg) and
O,(b IE;’ ), of oxygen formed in the EBSD are presented. A
technique was worked out for measuring the concentration of
singlet oxygen in the O,(a lAg) state in the afterglow of the
pulsed EBSD by comparing with the radiation intensity of
singlet oxygen of a given concentration produced in a
chemical generator. Preliminary measurements of the sin-
glet-oxygen yield in the EBSD show that its value ~ 3 % for
W ~1.0kJ L 'atm™" is in agreement with the theoretical
estimate. Theoretical calculations performed for W ~
65kJ L 'atm™! at a fixed temperature show that the
singlet-oxygen yield may be ~ 20 %, which is higher than
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the value required to achieve the lasing threshold in an
oxygen—iodine laser at room temperature.

Keywords: singlet oxygen, non-self-sustained discharge, CO laser,
oxygen—iodine laser.

1. Introduction

A singlet-oxygen molecule in the excited electronic O,(a A o)
state serves as an energy donor for the emitting atomic
iodine in chemical oxygen-—iodine lasers (COILs). The
generation of singlet oxygen in an electric discharge (see
reviews [l —3]) makes it possible to avoid the use of toxic
materials required for obtaining singlet oxygen in a
chemical generator. The possibility of developing an
electric-discharge oxygen—iodine laser (OIL) was pointed
out in a large number of publications (see, for example, [4—
19]). It was emphasised that to obtain a positive gain for
atomic iodine, the singlet-oxygen yield

[0, (a 4,)]

Y= 00+ [0,z )

where [O,(a 1Ag)] and [02(X3Zg_)} are the concentrations of
singlet oxygen and oxygen in the ground state, must exceed
the temperature-dependent threshold yield

Y = [1 + 1.5exp(402/7)] ",

which is equal to 15% for the gas at room temperature.
The attainment of such (and even higher) values of the
singlet-oxygen yield in a self-sustained discharge was
reported in papers [7, 12—14]. However, the low partial
pressures of oxygen (less than 1 Torr) in experiments on the
formation of singlet oxygen in a self-sustained discharge do
not correspond to the present-day requirements imposed on
OlLs, since the partial pressure of oxygen must exceed
10 Torr.

It was mentioned in [16— 18] that the efficiency of oxygen
excitation from the ground state to the singlet O,(a 4 o) state
depends on the reduced field strength E/N. This dependence
has a distinct peak for the field strength E£/N ~ 1071 V cm?
characteristic of a non-self-sustained discharge. The EBSD
in mixtures of oxygen with inert gases was studied exper-
imentally as a non-self-sustained discharge for generating
singlet oxygen in [5, 6, 11], while a mixture of oxygen with
nitrogen was used for this purpose in Ref. [10]. In these
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experiments, the specific energy contribution W correspond-
ing to the partial pressure of oxygen was 100—
200 J L™" atm™". For such values of W, the singlet-oxygen
yield does not exceed a few percent. Such low values of W
are due to the discharge instability in oxygen-containing gas
mixtures even in small discharge volumes (~ 0.1 L).

The addition of molecular components to gas mixtures
in Ref. [20] increased the free electron concentration in the
discharge and, hence, the stability of the EBSD. In this
paper, we continue the investigations of the electrical
characteristics of the EBSD in oxygen-containing gas
mixtures, which was started in Ref. [20]. The aim of our
work is to estimate the singlet-oxygen yield in the EBSD
with and without molecular additives. Spectroscopic anal-
ysis of glow and afterglow of pulsed EBSD in the visible and
near-IR spectral regions is carried out. A technique is
worked out for measuring the singlet-oxygen concentration
from its luminescence in the afterglow of a pulsed EBSD by
comparing with the radiation intensity of singlet oxygen of a
given concentration produced in a chemical singlet-oxygen
generator.

2. EBSD in oxygen-containing gas mixtures

The experiments on measuring the characteristics of electric
discharge in oxygen-containing gas mixtures were carried
out on a pulsed electroionisation setup with an excited
volume of ~ 18 L [20]. The electrical conductivity of the gas
in a non-self-sustained discharge was created by an external
ionisation source in the form of an electron beam with an
electron energy ~ 150 keV. The voltage was supplied to the
EBSD from a capacitor bank with total capacitance C
which could be varied in different experiments from 45 to
370 uF. The energy Q supplied to the EBSD was
determined by measuring the initial voltage U, and the
final voltage (after the termination of the pulse) U; across
the electric discharge gap: O = C(U$ — Ulz)/2. The EBSD
pulse duration was determined by the duration of the
electron beam, which was ~ 100 ps in our experiments.
We studied in our experiments the properties of the
pulsed EBSD in oxygen-containing gas mixtures. The purity
of oxygen was 99.999 %. Figure 1 shows the dependences of
W on the initial reduced field intensity E/p of the EBSD in
various oxygen-containing mixtures. The maximum value of
the specific energy contribution to the EBSD was limited by
the electric breakdown in the gap between the electrodes
(vertical arrows in Fig. 1). For pure oxygen under pressures
between 3 and 100 Torr, W < 0.1 kJ L' atm™'. For a
given initial value of parameter E/p, dilution of oxygen
by argon increased the value of W reduced to the partial
pressure of molecular components of the gas mixture. The
stability of the EBSD decreased with increasing field
strength. This was manifested in the emergence of pulsations
in the temporal dynamics of the current pulses. The
mechanism of such instability of argon-containing mixtures
was discussed in Ref. [21]. Small (up to 10 %) additives of
CO or H, into the gas mixture increased the stability of the
EBSD and led to a higher peak value of W [22]. Earlier, CO
additives were used for stabilising the EBSD for developing
an effective pulsed N,O laser [23, 24]. The addition of
~ 10 % carbon monoxide to pure oxygen in our experiments
increased the maximum value of W to ~ 2.3 kJ L™" atm™'
(see Fig. 1). The maximum value of W reduced to the
molecular components of the mixture (O,, CO or H,) in

w/kJ L™" atm™

o pure O,

+ Oy:Ar=1:1

¢ 0,:CO =1:0.1

0 0,:Ar:CO=1:1:0.1
A O,:He:CO=1:1:0.1
4 * O,:Ar:H, =1:1:0.05

8 E/p/kvVem™ atm™

Figure 1. Dependences of specific energy contribution W corresponding
to the partial pressure of the molecular components (O,, CO, or H,) on
parameter E/p for the total gas pressure p = 30 Torr; C = 370 pF.

O,:He:CO=1:1:0.1and O, :Ar:H, =1:1:0.05 gas
mixtures was ~ 2 kJ L™ atm™'. In order to increase the
maximum value of W, it is apparently expedient to use the
O,:Ar:CO=1:1:0.1 gas mixture for which the max-
imum energy contribution (~6.5kJ L7 atm™') was
attained.

3. Theoretical estimates for the singlet-oxygen
yield in EBSD

The results of our experimental investigations show that the
addition of CO or H, makes it possible to increase
substantially the stability of EBSD in oxygen-containing
mixtures and attain a high specific energy contribution
(~ 6.5 kJ L™" atm™") corresponding to the molecular com-
ponents of the mixture in a large (~ 18 L) volume being
excited. For such an energy contribution, it can be expected
that the singlet-oxygen yield would exceed Y, for OILs.
However, when molecular gases are added, a part of the
energy supplied to the discharge is spent on their excitation.
In order to estimate the role of inelastic processes of
electron interaction with CO, H, or D, additives and to
evaluate the singlet-oxygen yield in the EBSD, we simulated
the kinetic processes occurring in the discharge plasma.

Our investigations were based on the kinetic model
described in detail in Ref. [25] where it was used for
calculating the reduced electric field strength E/N in the
positive column of a self-sustained discharge in the singlet
oxygen:0, = 1:1 gas mixture.

Complication of the model due to allowance for the
molecular components CO, H, and D, is described briefly in
Ref. [20]. In the present work, the processes of excitation of
vibrational levels of molecular components, the processes of
detachment of electrons from O™ ions during collisions with
CO, H, and D, molecules, processes of ionisation and
recombination, as well as excitation of atoms and molecules
under the action of an electron beam were included addi-
tionally. For large values of W attained in the experiments,
the distribution function of molecules over vibrational levels
is found to be considerably nonequilibrium. An analogous
model [26] was used to describe a strong departure from
equilibrium and the effects of molecular anharmonism in
vibration —vibration exchange processes.
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The excitation of vibrational levels of molecular addi-
tives may lead to a decrease in the efficiency of the singlet-
oxygen excitation. For example, an addition of 5% CO to
the O, : Ar = 1 : 1 mixture leads to a decrease in the
maximum efficiency of the electron energy fraction (56 %)
spent on exciting the state O,(a 1Ag) to 18 % (with allowance
for cascade excitation). The optimal value of E/N corre-
sponding to the maximal excitation of singlet oxygen
increased in this case from 0.69x 107! to 22x
1071 V. ecm?. This is due to a large cross section of
excitation of CO molecular vibrational levels. Since the
cross section of vibrational excitation of H, and D,
molecules is considerably lower, an addition of 2.5% H,
or D, to the O,:Ar=1:1 mixture does not lead a
noticeable change in the electron energy balance. In parti-
cular, the maximum effective electron energy fraction spent
on the excitation of singlet oxygen decreases to 43 % and
49 %, respectively upon an addition of 2.5 % H, or D,. The
optimal value of E/N changes only slightly in this case.

For analysing the peculiarities of the singlet-oxygen
excitation in a non-self-sustained discharge, the dependences
of the singlet-oxygen yield on the energy supplied to the
discharge are presented in Fig. 2 for various mixtures under
a pressure of 30 Torr and at a constant gas temperature of
300 K, i.e., under the conditions of the effective gas cooling.
The current pulse of the electron beam was assumed to be
rectangular and had a duration of 100 ps. The reduced
electric field was assumed to be constant in our calculations
and corresponded to the maximum effective excitation of
singlet oxygen for each mixture of gases. The theoretical
value of the energy supplied to the discharge was varied in
the numerical model by changing the electron beam current.

The results of these calculations show that the recombi-
nation mechanism is predominantly responsible for peri-
shing of electrons. This points to a high rate of detachment
of electrons in oxygen-containing gas mixtures with an
addition of molecular gases. The concentration of singlet
oxygen was calculated for the instant of time 200 ps
beginning 100 ps after termination of the EBSD pulse.
The vertical lines in Fig. 2 show the maximum energy
contribution corresponding to the partial pressure of
molecular components of the mixture, attained in experi-

Y (%)
O,:Ar=1:1

O,:Ar:H,=
1:1:0.05

0 2 4 6 Ww/kIL™" atm™

Figure 2. Theoretical dependences of the singlet-oxygen yield Y on the
specific energy contribution corresponding to the molecular components
for the mixtures O, Ar=1:1 (/), O): Ar:H, =0.95:1:0.05 (2),
0, :Ar: D, =0.95:1:0.05 (3), and O, : Ar:CO=09:1:0.1 (4).
Vertical lines show the maximum energy contribution attained experi-
mentally for the mixtures O,—Ar, O,—Ar — CO, and O,—Ar — H,. The
horizontal line corresponds to the threshold value Yy, at 7= 300 K.

ments for various gas mixtures. The horizontal lines show
the threshold value of the singlet-oxygen yield (Y, = 15%
at T =300 K). For small energy contributions, the singlet-
oxygen concentration increases linearly and the slope of the
straight line is determined by the effective fraction of the
singlet-oxygen excitation. For the O,: Ar =1:1 mixture,
the maximum energy contribution obtained in the experi-
ment for a preserved stability of the EBSD was
~2kJ L " atm™". The singlet-oxygen yield for such an
energy contribution is much lower than Yy,. The addition of
H, to the gas mixture slightly lowers the effective fraction of
singlet-oxygen excitation, while the experimentally attained
energy contribution increases considerably to
2.6 kJ L™" atm™! and the singlet-oxygen yield approaches
Y- When CO was added to the gas mixture, the stability of
the EBSD increased considerably, which led to the value
W=65kI L™ atm™' corresponding to ~ 20% yield of
singlet oxygen, i.e., higher than Y.

4. Spectroscopy of EBSD
and luminescence of excited oxygen

The concentration of singlet oxygen is determined most
frequently (see for example, [1—3]) by measuring the singlet-
oxygen luminescence intensity near the wavelength
A =1.27 um of the O,(a 1Ag) — 02(X3Zg’) transition. How-
ever, the calculation of the singlet-oxygen concentration
from these data requires the knowledge of the Einstein
coefficient whose value may vary by a factor of two in
different works [27]. The application of such a measuring
technique requires very precise calibration of the IR detector
using the blackbody surface radiation. In real experiments,
however, the intensity of the bulk radiation source is
measured, which casts a doubt on the precision of such
a calibration (see also [28]).

To increase the reliability of measurement of the
absolute concentration and the yield of singlet oxygen,
we preliminarily compared in our experiments the radiation
intensity of singlet oxygen obtained in an EBSD and in a
chemical generator with a controllable concentration of
singlet oxygen. The geometry of the excited oxygen volume
and the optical scheme of radiation recording were identical
in both cases. It should be noted that, for such a calibration,
it is not necessary to use the Einstein coefficient or absolute
calibration of the IR detector. A similar technique can be
used for determining the oxygen concentration in the
O, (b IZ; ) state. In a chemical generator, the concentration
is determined by comparing the radiation intensity of
oxygen in this state (A& 762 nm) and at the
0,(a'4,) + 0x(a'4,) — Ox(XZ, )+ Oy(X°Z,) transition
with a wavelength A =~ 634 nm. We used this method to
determine, for example, the concentration of oxygen in the
0,(b'x ; ) state obtained in a self-sustained pulsed discharge
in oxygen (p=28Torr, U=15kV, C= 10nF,
Quisch = 2 J, V'=0.8 L. The concentration in these experi-
ments was ~ 10" cm ™.

The oxygen state O,(b 12;) plays an important role in
the formation of singlet oxygen in an electric discharge;
consequently, luminescence in the region of 762 nm provides
information on the singlet-oxygen concentration [17]. The
luminescence of the EBSD in the visible spectral range was
recorded with an ISP-51 prism spectrometer equipped with a
CCD array. The emission spectrum of the EBSD and its
afterglow recorded with a spectral resolution of ~ 2 nm are
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presented in Fig. 3. The spectrogram shows the P and R
branches of the O,(b lZ;) — 02(X3Zg_) transition
(A~ 762 nm), the luminescence of atomic oxygen (4=
778 nm), and the spectral line at the wavelength
~ 589 nm. It was proposed in Ref. [29] that this line is
the luminescence line of gold oxide. Experiments carried out
with a high spectral resolution show that this is a doublet of
atomic lines identified by us as the luminescence lines of
sodium (589.0 and 589.6 nm). The appearance of sodium in
the discharge may be due to the fact that this electro-
ionisation setup was earlier used as a CO, laser whose
optical elements were prepared from NaCl and KCI. Indeed,
the EBSD spectrum for high-energy contributions (higher
than 1 kJ L™' atm™') also contains the potassium doublet
(766.5 and 769.9 nm) (Fig. 4b). This doublet overlaps with
the P branch of the Oy(b'Y;)— O,(X’2;) transition
(Fig. 4a), which may lead to errors in the measurement
of luminescence intensity of the O, (b 12;“ ) state, especially
when spectral filters are used. However, the potassium lines
do not prevent the recording of luminescence on the R
branch of the OZ(b]Z;) — 02(X3Zg’) transition and of the
atomic oxygen line (4 ~ 778 nm).

Such an emission spectrum of an EBSD and its afterglow
in oxygen-containing mixtures was also observed at cryo-
genic temperatures (~ 100—150 K). Low temperatures of
oxygen-containing gas mixtures are interesting from the
point of view of lowering the threshold value of the singlet-
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Figure 3. Spectrum of the EBSD and its afterglow in the visible region.
Gas mixture O, : CO =1:0.1, p =30 Torr, W~ 1kJ L' atm™".
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Figure 4. 4. Spectrum of the EBSD and its afterglow near the wavelength
760 nm. Gas mixture O,:CO=1:0.1, p=230Torr, W~
1 kJ L™" atm™ (a) and 2.3 kJ L™! atm™ (b).

oxygen yield (Y, ~ 1 % at T'= 100 K). It should be noted
that the role of vibration—vibration VV-exchange between
CO molecules contained in the gas mixtures increases at
cryogenic temperatures. Such an exchange leads to the
population of a large number (right up to 40) of vibrational
levels V' of the CO molecule, on which luminescence
appears; in the case of feedback, lasing may occur in the
intermediate IR region (4~ 5 — 6 pm) (see, for example,
[30]).

Indeed, we observed in our experiments generation by a
CO, laser operating on the gas mixture O, : Ar: CO =
1:1:0.1 at a low temperature 7 ~ 100 K. The optical
cavity of this laser is formed by a highly reflecting spherical
copper mirror and a partially reflecting mirror (reflection
coefficient ~ 50 %). Figure 5 shows the dependences of the
specific energy removal P on the parameter E/N obtained
for the oxygen-containing O,: Ar:CO=1:1:0.1 gas
mixture and the nitrogen-containing N,:Ar:CO =
1:1:0.1 mixture which is normally used in a CO laser
for a density N =0.08 amagat (the relative density of
1 amagat corresponds to a pressure of 1 atm under normal
conditions). One can see that unlike a CO laser with a
typical nitrogen-containing mixture, the CO laser with an
oxygen-containing mixture exhibits a distinct peak of
specific energy removal for E/N ~ 2.2 kV cm ! amagat™!.
A decrease in P upon a further increase in the parameter
E/N in a laser with an oxygen-containing gas mixture may
be associated with an increase in the pump efficiency of
electronic levels of the oxygen molecule and with a decrease
in the pump efficiency of vibrational levels of the CO
molecule. Thus, investigation of the generation parameters
of such a laser provides information on processes of oxygen
excitation in an electric discharge.

P/IL7" amagat™

0 O0,:Ar:CO=1:1:0.1
100 + AN'_)ZAI“ZCO:hlIOAl
50 F
O 1 1 1
1.0 1.5 2.0 E/N/kV cm™' amagat™'

Figure 5. Dependence of the specific energy removal P of an electroio-
nisation CO laser on parameter E/N for N = 0.08 amagat, 7= 100 K for
the O;: Ar: CO=1:1:0.1 and N,: Ar: CO = 1:1:0.1 mixtures.

The singlet-oxygen luminescence in an EBSD and its
afterglow was recorded with an IKS-31 diffraction mono-
chromator (spectral resolution in our experiments was
~ 10 nm) equipped with an uncooled germanium photo-
diode with a response time of ~ 200 ps. The luminescence
signal at a wavelength of 1.27 pm decayed exponentially for
~ 10 ms (Fig. 6). To analyse the spectral-temporal charac-
teristics of luminescence of the EBSD, we measured the
signal amplitude at a certain instant at different wave-
lengths. Figure 7 shows the spectral distribution of
luminescence at the second and sixth milliseconds from
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Figure 6. Time dependence of the singlet-oxygen luminescence signal at
the wavelength 1.27 pum (top) and the signal from the photodetector
without an EBSD in the presence of an electron beam (bottom). Gas
mixture O,:He:CO=1:2:0.01, p=90 Torr, T7=300K, W~

0.5kJ L™ atm™".
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Figure 7. Spectral characteristics of singlet-oxygen luminescence at the
second (a) and sixth (b) milliseconds after the onset of the EBSD. Here
and in Fig. 8, the vertical segments show the measuring error.

the beginning of the EBSD. In both cases, the FWHM of
the spectral line was ~ 20 nm.

Figure 8 shows the dependences of the singlet-oxygen
luminescence intensity at the second millisecond on the
value of W for O,: CO=1:0.1 and O,: CO=1:0.01 gas
mixtures with approximately 10% and 1% carbon mon-
oxide content. When a mixture with a lower CO
concentration was used, the singlet-oxygen luminescence
intensity increased. This is apparently associated with an
increase in the fraction of energy spent on exciting oxygen.
A comparison of the helium- and argon-containing gas
mixtures (O,:Ar:CO=1:1:0.01 and O,:He:CO =
1:1:0.01) shows that the use of helium makes it possible
to almost double the singlet-oxygen yield. Such an effect
may be associated with an increase in the role of diffusion in
thermal conduction in the helium-containing gas and with
smoothening of spatial gradients. The argon-containing
mixture exhibits intense luminescence during the first one
or two milliseconds, which was identified by us as the glow
of excited argon (4 = 1.2702 pm); this hampers the obser-
vation of singlet-oxygen luminescence.

w/kIL ™" atm™
Figure 8. Amplitudes of the singlet-oxygen luminescence signal at the
second millisecond after the onset of the EBSD as functions of the

specific energy contribution for mixtures O,:CO =1:0.01 and
0,:CO=1:0.1.

Thus, our experiments show that the choice of the gas
mixture plays an important role in increasing the energy
contribution and the singlet-oxygen yield. Preliminary
measurements of the singlet-oxygen yield in the EBSD
show that its value for W~ 1.0kJ L™ atm™ is ~ 3 %.
The theoretical model in which the temperature variation of
the gas upon its excitation in the EBSD was taken into
account predicted a singlet-oxygen yield of 4 % —6 % under
these experimental conditions, which is in good agreement
with the results of measurement of the singlet-oxygen
concentration.

5. Conclusions

The results of experimental investigations show that
molecular additives (CO or H,) in pure oxygen or oxygen
diluted with inert gases lead to a considerable increase in
the EBSD stability and to a high specific energy contribu-
tion for a large excitation volume (~ 18 L). The highest
value of W recalculated for the molecular components of
the mixture (~ 6.5 kJ L' atm™!) was obtained experimen-
tally for the O,: Ar:CO=1:1:0.1 gas mixture for a
total gas pressure of 30 Torr. Part of the energy supplied to
the EBSD is spent on exciting vibrational levels of
molecular additives. This was demonstrated experimentally
by the initiation of a CO laser based on the
O,: Ar: CO=1:1:0.1 mixture.

An analysis of experimental results on spectroscopy of
luminescence and afterglow of the EBSD in oxygen-con-
taining gas mixtures in the visible and near-IR spectral
regions shows that the composition of the gas mixture
determines the singlet-oxygen yield to a considerable extent.
The optical scheme for recording the singlet-oxygen lumi-
nescence was calibrated by comparing the luminescence
intensities of excited oxygen obtained in chemical and
electrical singlet oxygen generators. Preliminary measure-
ments of the singlet-oxygen yield in the EBSD show that its
value for W~1.0kJ L' atm™" is ~ 3 %, which is in good
agreement with the theoretical estimate. Theoretical analysis
carried out for W ~ 6.5 kJ L™ atm™! under the assumption
of a constant gas temperature shows that the singlet-oxygen
yield in the first electron excited state O,(a'4 ¢) May amount
to ~ 20 %, i.e., exceed the value required for attaining the
generation threshold in the oxygen—iodine laser at room
temperature. A large singlet-oxygen yield with a high
efficiency of its production should be expected for other
types of non-self-sustained discharge, e.g., for the discharge
described in Ref. [16]. It should be noted that experimental
results were obtained for the pulsed discharge without
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cooling a gas, which is required for developing an OIL with &29.
an electric-discharge source of singlet oxygen [18]. A low- 30

ering of gas temperature simplifies the conditions for
developing an OIL based on a singlet-oxygen generator
using a non-self-sustained discharge.

Acknowledgements.

This work was supported by the

Russian Foundation for Basic Research (Grant No. 02-

02-17452),

AFRL, EOARD, International Centre for

Science and Technology (Project No. 2415P), the Russian

Science

Support Foundation, and Grant Nos MK-

930.2004.2 and NSh-794.2003.2 from the President of the
Russian Federation.

References

1.

2.

3.

18.

19.

s 20.

21.

22.

23.

24.

25.

26.

27.

e 28.

Wayne R.P. Adv. Photochemistry, 7, 311 (1969).

Wasserman H.H., Murray R.W. (Eds) Singlet Oxygen

(New York: Acad. Press, 1979).

Frimer A.A. (Ed.) Singlet O,. Physical-Chemical Aspects
(Boca Raton, Florida: CRC Press Inc., 1985).

Zalesskii V. Zh. Eksp. Teor. Fiz., 67, 30 (1974).

Fournier G., Bonnet J., Pigache D. J. de Phys. (Colloque C9),
41, 449 (1980).

Fournier G., Bonnet J., David D., Pigache D. Proc. XV Intern.
Conf. Phenomena in Ionized Gases. Pt. II. (Minsk, 1981) p. 837.
Black G., Slanger T. J. Chem. Phys., 74, 6517 (1981).
Velikhov E.P., Klopovskii K.S., et al. Dokl. Akad. Nauk SSSR,
273, 600 (1983).

Vasil’eva A.N., Grishina I.A., Klopovskii K.S., Rakhimova AT,
et al. Fiz. Plazmy, 15, 190 (1989).

Blablin A.A., Vasil’eva A.N., Kovalev A.S., Lopaev D.V.

Fiz. Plazmy, 15, 1012 (1989).

Vasil’eva A.N., Gulyaev K.S., Kovalev A.S., Lopaev D.V. TVT,
29, 56 (1991).

Itami S., Nakamura Y., Shinagawa K., Okamura M., Fujii H.,
et al. Proc. SPIE Int. Soc Opt. Eng., 3889, 503 (1999).

Fujii H., Itami S., Schmiedberger J., et al. Proc. SPIE Int. Soc.
Opt. Eng., 4065, 818 (2000).

Schmiedberger J., Hirahara S., Fujii H., et al. Proc. SPIE Int.
Soc. Opt. Eng., 4184, 32 (2000).

Shepelenko A.A., Mikheev P.A., Kupryaev N.V., Voronov A.IL
Izv. Ros. Akad. Nauk. Ser. Fizich., 64, 1259 (2000).

Hill A. Proc. Int. Conf. LASERS’ 2000. Corcoran V.,
Corcoran T. (Eds) (McLean, VA: STS Press, 2001) p. 249.
King D., Carroll D., Laystrom J., Verdeyen J., Sexauer M.,
Solomon W. Proc. Int. Conf. LASERS’ 2000. Corcoran V.,
Corcoran T. (Eds) (McLean, VA: STS Press, 2001) p. 265.
Napartovich A., Deryugin A., Kochetov 1. J. Phys. D: Appl.
Phys., 34, 1827 (2001).

Ionin A., Napartovich A., Yuryshev N. Proc. SPIE Int. Soc.
Opt. Eng., 4631, 284 (2002); 4760, 506 (2002).

Tonin A.A., Klimachev Yu.M., Kotkov A.A., et al. J. Phys. D:
Appl. Phys., 36, 982 (2003).

Aleksandrov N., Kochetov 1., Mazalov D., et al. Fiz. Plazmy, 18,
1468 (1992).

Ionin A.A., Klimachev Yu.M., Kotkov A.A., Kochetov I., et al.
Russia Patent No. 2206495 with priority from 10.04.2002.

Ionin A.A., Suchkov A.F., Frolov K.K. Kvantovaya Elektron., 15,
1967 (1988) [Sov. J. Quantum Electron., 18, 1228 (1988)].
Zhivukhin I., Tonin A., Kel'ner M., et al. Kvantovaya Elektron.,
16, 1609 (1989) [Sov. J. Quantum Electron., 19, 1036 (1989)].
Vagin N.P., Ionin A.A., Klimachov Yu.M., et al. Fiz. Plazmy, 29,
211 (2003).

Gordiets B., Zhdanok S., in Neravnovesnaya kolebatel’naya
kinetika (Nonequilibrium Vibrational Kinetics)

Ed. by M. Capitelli (Moscow: Mir, 1989).

Miller H.C., McCord J.E., Choy J., Hager G.D. J. Quantitative
Spectroscopy Radiative Transfer, 69, 305 (2001).

Duo L., Cui T., Wang Z., Chen W., Yang B., Sang F. J. Phys.
Chem. A, 105, 281 (2001).

Torchin L., Jegou R., Brunet H. J. Chem. Phys., 79, 2100 (1983).
Sobolev N.N., Sokovikov V.V. Usp. Fiz. Nauk, 110, 191 (1973).


http://dx.doi.org/10.1063/1.440994
OMIS
"1&82 5�) �1&�7	
 ;� 1˘ ���$˘ -���˘( A>( 1+!- ˇ!*2!�˛

http://dx.doi.org/10.1088/0022-3727/34/12/310
OMIS
?&=&
�4˜/89 ��) �	
'�7/� ��) <489	�4˜ ˇ� 1˘ -���˘ 5� "&&�˘
-���˘( 2>( !2.- ˇ.00!�˛

http://dx.doi.org/10.1088/0022-3727/36/8/307
OMIS
ˇ4�/� ����) <1/�&89	˜ @��*�) <4�24˜ ����) 	� &1� 1˘ -���˘ 5�
"&&�˘ -���˘( 2(( *2. ˇ.00"�˛

http://dx.doi.org/10.1016/S0022-4073(00)00086-8
OMIS
*/11	
 #���) *8�4
, 6�˚�) �94' 6�) #&7	
 5��� 1˘ #���������˛�
˜&����	��	&� !������˛� ,�������( (C( "0+ ˇ.00!�˛

http://dx.doi.org/10.1021/jp0010379
OMIS
��4 ��) ��/ ;�) %&�7 0�) �9	� %�) @&�7 "�) �&�7 .� 1˘ -���˘
���$˘ "( ˛˚)( .2! ˇ.00!�˛

http://dx.doi.org/10.1063/1.446004
OMIS
;4
89/� ��) 6	74� (�) "
��	� #� 1˘ ���$˘ -���˘( AC( .!00 ˇ!*2"�˛



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [1800 1800]
  /PageSize [595.276 841.890]
>> setpagedevice


