OPTICS, LASERS, AND QUANTUM ELECTRONICS

A.A. GENERAL, YU.O. SHPENIK
Institute of Electron Physics, Nat. Acad. of Sci. of Ukraine

(21, Universytets’ka Str., Uzhgorod 88017, Ukraine; e-mail: heneral-andrij@rambler.ru)

PACS 52.80.Tn; 52.20.-j

MODELING OF GAS DISCHARGE IN WATER VAPOR

The results of our study of a gas-discharge plasma in water vapor are reported. The generation
rate of excited OH* (A®’X™ ) radicals in the water vapor discharge turns out significantly higher
than the formation rate of emitting states of hydrogen and oxygen atoms. According to our
estimations, the optimum value of E/N-ratio between the electric field strength E and the
concentration of gas particles N for the excitation of radical OH* bands equals (300 + 400) x

x10721 V. m?.
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1. Introduction

Not only lasers, but also sources of spontaneous ultra-
violet (UV) radiation find more and more wide ap-
plications in ecology, microelectronics, medicine, and
other domains of human activity [1]. The most pow-
erful and efficient sources of noncoherent radiation
in the UV spectral range are mercury lamps [2]. At
the same time, an increasing interest is drawn to UV
emitters based on water vapor, because of the en-
vironmentally safe and inexpensive working medium
that is used in them. Therefore, the research of
the parameters of such radiation sources is challeng-
ing [3-6]. Their main advantage in comparison with
mercury-containing lamps is the absence of mercury
in the working medium so that there is no adverse
effect to the environment in the course of their sub-
sequent recycling.

Water vapor can be excited with the use of electric
discharges of various types and at various pressures in
gas mixtures. As a rule, a dc glow discharge and low-
pressure high- and ultrahigh-frequency discharges are
used. In order that water vapor emit UV radiation
with a large pulse power, the application of a barrier
discharge is promising [7, 8]. In this case, the high-
est average powers of UV radiation are generated.
When an emitter with open electrodes operates, the
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by-products of the water molecule destruction inter-
act with metal electrodes. Under gas-static working
conditions, this leads to a reduction of the service
life of such an UV emitter. Therefore, it is necessary
that the working medium in gas-discharge lamps with
open electrodes should be permanently restored, e.g.,
by pumping water vapor along the gas-discharge tube.
However, under gas-static conditions, the application
of the barrier discharge becomes possible.

Typical parameters of a barrier-discharge plasma
are as follows: the degree of gas ionization is 10~! to
1, electric field strength is up to 100 kV/cm, energy
of electrons is up to 20 eV, electron concentration
is 10'2-10'® ecm™3, typical gas pressures are up to
10° Pa and higher, and typical values of reduced (per
one particle) electric field are up to 600 Td, where
1Td=10"2' V.m?

In this work, we carried out a theoretical study of
characteristics and electron parameters of the barrier
discharge in water vapor (see work [8]) in order to
improve the power characteristics of a gas-discharge
plasma.

2. Theory and Calculation Procedure

To calculate the electron energy distribution func-
tions (EEDFs), the average energy and the transport
coefficients of electrons, the rate constants for elas-
tic and inelastic interactions of electrons with atoms,
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and the electron energy losses, we used the software
program Bolsig+, which was described in work [9] in
detail. The program Bolsig+ can be used for the cal-
culation of the transport coefficients of electrons and
rate constants, which are necessary for the modeling
of gas discharges in the framework of hydrodynamic
models [9].

To calculate the EEDF in the water vapor dis-
charge, we have preliminarily prepared a file with the
values of cross-sections of the elastic and inelastic in-
teraction processes with water molecules. The follow-
ing processes were taken into account:

1) momentum transfer at collisions of electrons with
water molecules,

e +HyO — e+ HyO. (1)
2) rotational excitations of water molecules,
e+H0(j=0)—e+H0(j =1, 2, 3), (2)

where j is the rotational quantum number;

3) vibrational excitations,

e + H20(000) — e + HyO(100),

e + H20(000) — e + HoO(001), (3)
e + H20(000) — e + HoO(010). (4)

4) electron excitation of the four lowest electron states
of a water molecule,

e+ H0(*A1 (X)) — e+ H,0(1°By), (5)
e +Ha0('41 (X)) — e + HoO(1'B1 (A)), (6)
e+ HyO('4; (X)) — e + Hy0(1%4;), (7)
6+H20(1A1(X)) — e+H20(11A1(§)). (8)
5) ionization with generation of positive ions
H,OF,H*, OH*, 0%, and HY,

e+ HyO — HyOF + 2¢, 9)
e+ HyO — HT + OH + 2e, (10)
e+ HyO — OHT + H + 2e, (11)
e+ H0 — OF + Ha + 2e, (12)
e+ HO — HY + O + 2e. (13)

6) dissociative sticking with generation of negative
ions OH™, H™, and O,
e+ HyO — O~ + Ha, (14)
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¢+ H,0 — H™ + OH, (15)
e+ H,O — OH™ +H. (16)
7) dissociation by channels,

e+ Hy0 — OCP) + Ho(X) +e, (17)
e+ H,0— OH(X) + H(n=1) +e. (18)
8) dissociative excitation by channels,

— OH"(A) +H(n=1) +e,
x (1
e+ 1,0 O (9) T X Te (19)

— 0%(35358Y) + Hay(X) + e,
— OH(X)+H* (n=2,3,4) +e.

For processes (1)—(4) and (9)—(22), we used the
dependences of cross-sections on the electron energy
recommended in work [10]. For the electron exci-
tation (5)—(8), we used the cross-sections theoreti-
cally calculated in work [11]. We did not manage to
find the cross-sections for dissociation by the channel
e+ Hy0 — OH(X) + H(n = 1) + e in the literature;
therefore, we used the same cross-sections as for the
process e + HoO — O(P) + Hy(X) + e.

By using the program Bolsig+, we calculated the
EEDF in the stationary local approximation by solv-
ing the kinetic Boltzmann equation in the two-term
approximation [9]. After having solved the kinetic
Boltzmann equation, the average energy of elec-
trons is calculated according to the relation € =
= [ £3/2 Fyde, where ¢ = (u/v)'/? is the kinetic
energy of an electron; v = (2e/m)'/?; e, m, and u are
the charge, mass, and velocity of an electron, respec-
tively; and Fy is the isotropic part of EEDF, which is
normalized by the relation [;°e'/2Fyde = 1.

The normalized transport coefficients for electrons

are calculated by the formulas [9] uN = -2 [ ==

3
x &0 de and DN = —7 [[* = Fode.

The drift velocity of electrons, u, is determined by
the expression v = uF = uN X % Here, p and D
are the mobility and the diffusion coefficient of elec-
trons, respectively; N is the concentration of atoms,
Om =, %05, 05 18 the effective cross-section of mo-
mentum transfer at elastic collisions of electrons with
atoms and molecules; and x; is the molar fraction of
the j-th component in a gas mixture.

The rate constants of elementary processes were
calculated by the formula k = ~ fooo o, Fode, where

oy, is the effective cross-section of inelastic collision.
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Fig. 1. EEDFs in the water vapor discharge at the reduced
electric field £/N = 300 (1) and 500 Td (2)

10° 3
0
e
G 4n5L
5 10 f
104 i 1 " 1 " 1 1 " J
100 200 300 400 500 600
E/N, Td

Fig. 2. Drift velocity of electrons in the water vapor discharge
as a function of the reduced electric field E/N
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Fig. 3. Rate constants for dissociation, ionization, and disso-
ciative sticking of electrons for HoOT (1), OHT (2), Hat (3),
Ot (4), HT (&), H™ (6), O~ (7), and OH~ (8) ions
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The electron energy losses 7, = Z‘ssgak were cal-
L 0ch
_ kpnz; NAgy
culated by the formula n, = 1, Fena,—NAs where

dey is the electron energy losses in the k-th process,
> i Ock is the total electron energy losses, Agy, is the
threshold energy for the inelastic process, Aep, = %s‘
for elastic collisions, and Mj is the mass of the j-th

component in the gas mixture.

3. Calculation Results and Their Discussion

In Fig. 1, the EEDFs in the water vapor discharge
calculated for the reduced electric fields E/N = 300
and 500 Td are depicted. One can see that, at elec-
tron energies lower than 0.5 eV, the EEDF is close
to the Maxwellian one. However, for larger electron
energies, the deviation of EEDF from the Maxwellian
distribution grows. With increase in the ratio E/N,
the slope of EEDF decreases, which testifies to the
growth of the electron temperature. At electron en-
ergies lower than 0.5 eV, the slope of EEDF is very
large, which means that a very low temperature and
a very low average energy are typical of this range of
electron energies.

The dependence of the electron drift velocity u on
the reduced electric field E/N is plotted in Fig. 2.
The growth of the electric field results in the increase
of both the drift velocity and the average energy of
electrons. The growth of the drift velocity with E/N
is explained by the increase of the directed velocities
of electrons, which they have on the mean free path.
When being scattered by water molecules, electrons
lose their directed velocity, and the energy associated
with the directed motion of electrons transforms into
the energy of their chaotic thermal motion. There-
fore, the average energy of electrons also increases
with E/N.

At E/N < 150 Td, the average energy of electrons
does not exceed 0.2 eV. Such energies are rather low,
being not sufficient to provide a required degree of
plasma ionization. As a result, the maintenance of a
discharge in water vapor is impossible at such E/N-
values. In a low-temperature gas-discharge plasma,
the typical average energies of electrons amount to
1-3 eV.

In Fig. 3, the dependences of the dissociation, ion-
ization, and dissociative sticking rate constants on
the reduced field E/N are exhibited. The dissoci-
ation rate for water molecules has the largest value
for all E/N-values, which is connected with a large
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dissociation cross-section (its maximum value equals
2.1 x 10716 cm?) and a low threshold energy (5.1 eV).

In the given model of barrier discharge in water va-
por, the emergence of five positive and three negative
ions is taken into account. The positive ions are gen-
erated in processes (9)—(13) of water molecule ioniza-
tion [10]. At every E/N-value, the ionization rate for
a water molecule with the formation of a water ion is
substantially higher than the ionization rates for pro-
cesses (10)—(13). The latter are accompanied by the
water molecule dissociation, so that higher thresh-
old energies and smaller cross-sections are inherent
to them. The ion formation rate constant decreases
along the sequence H,O%, OHT, H*, O, and Hy™.
This means that the main primary positive ion that
emerges in a water vapor barrier discharge plasma
is ion HoOT. As the quantity E/N grows, the rate
constants of all ionization processes increase. The dif-
ferences between the rate constants diminish, as the
reduced electric field increases.

Negative ions are generated in the dissociative
sticking reactions (14)—(16). The rate constants for
negative ion formation reach their maxima in the
E/N-range from 400 to 600 Td; afterward, they
slowly decrease.

In Fig. 4, the dependences of the rate constants for
the generation of negative and positive ions normal-
ized to the rate constant of ion HoOT formation on
E/N are shown. The figure illustrates the dynamics
of formation and disappearance of ions in relation to
the applied field magnitude and the water vapor con-
centration. At E/N < 170 Td, the rates of positive
and negative ion generation are close to each other,
which should probably result in a low concentration
of electrons in plasma and, as a consequence, a low
plasma conductivity. At E/N > 170 Td, the discrep-
ancy between the integrated rate constants of ion-
ization and dissociative sticking starts to quickly in-
crease. Plasma becomes electropositive, and its con-
ductivity quickly grows, because the rate of electron
generation exceeds the rate of negative ion generation
very much.

The dependences of the relative weights of elec-
tron energy losses on the reduced field E/N at elec-
tron collisions of various types with water molecules
are depicted in Fig. 5. The figure exhibits the
reduced-field dependences of total energy losses at
elastic collisions (Eq. (1)), energy losses for the
excitation of rotational (Eq. (2) and vibrational
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Fig. 4. Rate constants for ion generation in the water vapor
discharge normalized by the rate constant for ion HoOt gen-
eration as functions of E/N for various positive and negative
ions: OH* (1), Hot (2), Ot (8), Ht (4), H™ (5), O~ (6),
and OH™ (7)
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Fig. 5. Dependences of the energy losses of electrons at their
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collisions with water molecules on E/N
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Fig. 6. Rate constants for the dissociative excitation of OH*
radicals and H* and O* atoms: OH*(A2%%) (1), H*(n = 2)

(2), H*(n = 3) (3), H*(n = 4) (4), and O*(3s3Sp) (5)
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(Eq. (3)) levels of water molecules in the ground
state, energy losses for the excitation of electron
levels (Eq. (4)), integrated energy losses in dis-
sociation (Eq. (5)), ionization (Eq. (6)), and dis-
sociative sticking (Eq. (7)) processes, and energy
losses for the dissociative excitation of OH* radi-
cals (Eq. (8)), hydrogen H* (Eq. (9)) and oxygen O*
(Eq. (10)) atoms.

From Fig. 5, one can see that the electron en-
ergy losses for the excitation of rotational states of
water molecules prevail at E/N < 170 Td. At
low electron energies, this process runs very effi-
ciently, and a good deal of energy obtained by elec-
trons from the electric field is spent on the exci-
tation of rotational levels. With the increase of
E/N, the electron energy losses for the excitation
of rotational states of water molecules decrease so
that the main channels of electron energy losses
within the field interval from approximately 200 to
500 Td are the excitation of electron states in wa-
ter molecules and their dissociation. For instance,
at F/N = 400 Td, approximately 36% of the elec-
tron energy is spent on the electron excitation of
water molecules, the same amount on the dissoci-
ation, 16% on the ionization, 4% on the dissocia-
tive excitation of OH* radicals, 4% on the excitation
of vibrations in H,O molecules, 2% on the excita-
tion of rotational levels in them, 1% on the disso-
ciative sticking of electrons, and less than one per-
cent on the dissociative excitation of hydrogen H*
and oxygen O* atoms and the elastic scattering of
electrons.

At E/N = 600 Td, the electron energy losses for
the ionization become comparable with those for the
excitation of electron states.

The electron energy losses in other processes, such
as the excitation of rotational and vibrational states,
dissociative sticking, dissociative excitation, and elas-
tic collisions do not exceed 10% at E/N > 170 Td and
diminish with the growth of E/N.

In Fig. 6, the rate constants for the dissociative
excitation of OH* radicals, as well as H* and O*
atoms, are shown. One can see that the rate con-
stant for the dissociative excitation of OH* radicals
exceeds the corresponding parameter for hydrogen
H* (n = 2) and H* (n = 3) atoms by more than
one order of magnitude, and by almost two orders
of magnitude for hydrogen H* (n = 4) and oxy-
gen O* atoms. When the reduced electric field E/N
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grows, the rate constants for the dissociative exci-
tation of hydrogen H* (n = 2), H* (n = 3), and
H* (n = 4) states increase faster in comparison with
that of OH* radical. This means that the intensity
of hydrogen lines belonging to the Balmer series will
increase more strongly with the growth of F/N in
comparison with the intensity of bands correspond-
ing to hydroxyl OH*.

The results obtained in this work can be used for
modeling the plasma kinetics in the water vapor bar-
rier discharge.

4. Conclusions

The results of our calculations concerning the rate
constants for the processes of electron collisions with
water molecules, which were obtained by solving the
kinetic Boltzmann equation, show that excited OH*
(A2X7T) radicals in the water vapor discharge ap-
pear in the course of the dissociative excitation pro-
cess, when collisions of electrons with water molecules
take place. The generation rate of OH*(A%XT)
radicals in the water vapor discharge is substan-
tially higher than that of emitting states of hydro-
gen and oxygen atoms. According to our estima-
tions, the rate constant for the dissociative excita-
tion of OH*(A) radical increases with the reduced
electric field, and the relative electron energy losses
for the excitation of OH*(A2X") radical reach a
maximum at about 350 Td. The optimum val-
ues of reduced electric field for the excitation of
OH*(A2X*" — XZII) bands in the water vapor dis-
charge amount to 300400 Td, because the growth
of the rate constant for the dissociative excita-
tion of hydroxyl OH*(A?Y%) molecules slows down
at E/N > 400 Td, whereas the electron energy
losses for the excitation of OH*(A2XT) attain their
maximum.

The authors express their sincere gratitude to
Candidate of Phys.-Math. Sci. O.1. Gomonai for his
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this work.
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Translated from Ukrainian by O.I. Voitenko

A.A. T'enepan, FO.O. Ilnenux

MOZJEJIFOBAHH{ I'ABOBOI'O PO3PAIY
B ITAPAX BOJU

Peszowme

IIpencraBieno pesynbTraTH JOCHIIKEHHS ra30pPO3PSATHOI IIa-
3mu napiB Bogu. IIBuakKicTb yTBOpeHHs 30y 2KEHUX paiuKa-
sis OH* (A2X1) B po3psasi B Tapax BOJM 3HAYHO BHIIE TITBH/I-
KOCTeil yTBOPEHHSI BUIIPOMIHIOBAJILHUX CTAHIB aTOMIB BOJHIO i
KHMCHIO. 3TiJHO 3 OIiHKAMHW ONTHMAJIbHI JJIsi 30y/12KEHHSI CMyT
pagukaga OH* smauennss E/N (tyr E — Hampy»keHICTb eJe-
KTPUIHOrO NoJsA, N — KOHIEHTpAaIlisl YaCTUHOK rady) CTAHOB-
asatb 300-400 T
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