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INTRODUCTION

The possibility of efficient combustion and detona-
tion control using various physical effects has been dis-
cussed for several decades. As early as in the early
1970s, Jaggers and von Engel [1] attempted to influ-
ence combustion with an electric field. At the same
time, research began into the plasma-chemical methods
of affecting flames [2–4]. However, considerable
progress has only been achieved in this field recently.
This is primarily due to the rapid development of phys-
icochemical kinetics and studies of nonequilibrium
processes involving ions and excited atoms and mole-
cules. At present, there are several areas of research into
the intensification of combustion processes. These
include the initiation of the ionic–molecular and ionic–
atomic reactions under the action of electric discharge
on the reaction mixture [4, 5], the formation of active
atoms and radicals in the mixture during photodissoci-
ation on exposure to ultraviolet and ionizing irradiation
[3, 6], the ignition of the combustible mixture on its
heating by laser radiation or upon laser breakdown
[7

 

−

 

9], and the activation of the reaction systems by the
excitation of the internal degrees of freedom of mole-
cules [10–13].

At present, the most promising (from the standpoint
of affecting the initiation of combustion and detona-
tion) and the least energy-consuming method is the
selective excitation of the vibrational and electronic
degrees of freedom of molecules. Indeed, the excitation
of 

 

N

 

2

 

 molecules in the lower vibrational state 

 

N

 

2

 

(

 

v

 

 

 

= 1)

 

requires an energy of 0.29 eV, whereas the excitation of
the 

 

O

 

2

 

 molecule in the lower electronic state 

 

O

 

2

 

(

 

a

 

1

 

∆

 

g

 

)

 

needs ~0.98 eV. At the same time, the formation of

atoms by 

 

O

 

2

 

 molecule photodissociation or by dissoci-
ation with the electron shock requires 5.1 eV per mole-

cule, whereas the formation of 

 

O

 

+

 

, ,

 

 and 

 

N

 

+

 

 ions
needs more than 12 eV.

Earlier [14], we found that the preliminary excita-
tion of the vibrational degrees of freedom of 

 

H

 

2

 

 and 

 

N

 

2

 

molecules can cause noticeable acceleration of chain
reactions and the initiation of the detonation combus-
tion of the 

 

H

 

2

 

 + air mixture in the supersonic flow even
behind a weak inclined shock wave [14]. We also
showed [15] that the excitation of molecular oxygen

from the ground 

 

X

 

 state in the first electronically

excited state 

 

a

 

1

 

∆

 

g

 

 can strongly affect the kinetics of the
processes in the 

 

H

 

2

 

 + O

 

2

 

 mixture and decrease both the
self-ignition temperature and the induction period dur-
ing combustion in the supersonic flow initiated by the
shock wave. These effects are due to a decrease in the
barrier of the endoergic reactions involving the excited

 

O

 

2

 

(

 

a

 

1

 

∆

 

g

 

)

 

 molecules compared to the reactions of nonex-
cited 

 

O

 

2

 

 molecules. A still more pronounced effect
might be expected upon the excitation of the 

 

O

 

2

 

 mole-

cules to the second electronically excited state 

 

b

 

,

because the 

 

O

 

2

 

(

 

b

 

)

 

 molecules must be more active in

overcoming the activation barrier than 

 

O

 

2

 

(

 

a

 

1

 

∆

 

g

 

)

 

. The

excitation of the 

 

O

 

2

 

 molecules to the 

 

a

 

1

 

∆

 

g

 

 and 

 

b

 

states may be carried out by laser irradiation with a
wavelength 

 

λ

 

I

 

 = 1.268 

 

µ

 

m and 762 nm, respectively
[16]. Note that, in contrast to the electric discharge, this
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chain combustion due to the formation of new pathways for generating active atoms  and  and radicals 
and has a substantially nonthermal character. Even at low (~3 kJ/cm

 

2

 

) energies of radiation with 
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I

 

 = 762 nm applied
to the gas, detonation combustion can occur even at a distance of 1 m from the front at the gas temperature as
high as 600 K.
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excitation can easily be organized in a supersonic flow
as well.

The aim of this work was to analyze the possibility
of accelerating the initiation of combustion and detona-
tion in a supersonic flow behind the inclined shock
wave in 

 

O

 

2

 

 molecule excitation by resonance laser radi-
ation.

KINETIC MODEL

Even in the absence of the electronically excited 

 

O

 

2

 

molecules, it is necessary to use a rather branched
kinetic scheme containing 29 reversible reactions

involving 

 

, , , H

 

2

 

O, H

 

2

 

, O

 

2

 

, , H

 

2

 

O

 

2

 

, and

 

O

 

3

 

 to describe the ignition of a simple 

 

H

 

2

 

 + O

 

2

 

 mixture
over a wide range of initial temperatures and pressures

[15, 17]. If excited 

 

O

 

2

 

(

 

a

 

1

 

∆

 

g

 

)

 

 and 

 

O

 

2

 

(

 

b

 

)

 

 molecules
are present in the reaction mixture, the scheme should
contain additional reactions also involving 

 

O(

 

1

 

D

 

)

 

 atoms
formed by the electron–electron exchange processes
[16]. The table presents reactions involving both
excited and nonexcited species included in this model,
as well as the coefficients used to calculate the rate con-
stants of the direct and reverse reactions 

 

k

 

+(

 

−

 

)

 

q

 

(

 

T

 

)

 

 by the

equation 

 

k

 

q

 

(T) = Aq exp(–Ea, q/kT), where T is the
gas temperature, Ea, q is the activation energy of the qth
reaction, Aq is the Arrhenius coefficient, and k is the
Boltzmann constant.

Let us consider the determination of the rate con-
stants of the reactions involving the excited O2(a1∆g)

and O2(b ) molecules and O(1D) atoms in more
detail. The excitation of the vibrational and electronic
degrees of freedom of the reacting molecules causes a
decrease in the barriers of endoergic reactions [18]. The

rate constant for such a reaction at Ee <  (where Ee

is the energy of the excited state of the reacting mole-

cule and  is the activation energy of the reaction
when the given molecule is nonexcited) may be
described in the usual form:

(1)

Here,  is the activation energy of the reaction
involving the excited molecule (atom).

Let us consider how the  value can be determined
for the exchange reaction

where AB(e) is the molecule excited in some e electron
state. The potential energy surface for the direct reac-
tion can be written in a rather simple form:

H
.

O
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g
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nq

Σ1 +
g

Ea q,
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Ea q,
0
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Ea q,
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e

AB e( ) C+ A BC,+=

U1 ∆H Ea
0 r/r1( ),exp+=

where ∆H is the enthalpy of the reaction,  is the acti-
vation energy for the direct reaction when the AB mol-
ecule is nonexcited.

In this case, the potential energy surface for the
reverse reaction is

Here, r1 and r2 are the radii of the action of the
exchange forces for the reactants and products, respec-
tively. The potential energy surface for the reaction
involving a molecule that is in the electonically excited
state with the energy Ee is somewhat higher than that
for the reaction involving the nonexcited molecule. In
this case,

As for the processes of the vibrationally excited mole-
cules [18], we assumed here that the shape of the poten-
tial surface for the reactions involving electronically

excited molecules O2(a1∆g) and O2(b ), as well as

O(1D) atoms, , coincides with that U1 for the mole-
cules present in their ground electronic state. Note that
this assumption is not true in the general case.

At the intersection point,  = U2. Assuming that
r1 = r2 [18], we easily derive the following equation

for :

(2)

Note that a similar procedure was used earlier [19] to
determine the activation energy for the reactions
involving vibrationally excited molecules.

Using Eqs. (1) and (2), we determined the rate con-
stants for direct (4), (5), (16), (17), (27), (28), (32),
(33), (46), and (47) and reverse reactions (41), (42),
(52), (53), (55), and (56) (see table). However, this
method is inapplicable to calculating the rate constants
for the reactions with zero activation barriers (Ea, q ≈ 0)

and the reactions involving excited O2(b ) mole-
cules, for which the activation energy is comparable

with the energy of the excited state b  (Ee = 1.64 eV).
The first class includes reactions forming molecular

oxygen in different electron states (X , a1∆g, and

b ), and the second class contains the chain propaga-

tion reactions (  + O2(b ) =  +  and H2 +

O2(b ) =  + ).

The rate constants for the reactions without barriers
involving electronically excited molecules were calcu-
lated by a procedure described in [20]. This procedure
implies that, for the reactions resulting in molecular

Ea
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Reactions included in the kinetic scheme and coefficients for calculating the rate constants kq(T) = Aq exp(–Ea, q/kT)

No. Reaction
k+q (cm3/mol)m – 1 s–1 k–q (cm3/mol)m – 1 s–1

Aq nq Ea, q/k, K Aq nq Ea, q/k, K

1 H2O + M = H +  + M 1 × 1024 –2.2 59000 2.2 × 1022 –2 0

2 H2 + M = 2  + M 2.2 × 1014 0 48300 9 × 1017 –1 0

3 O2(X ) + M = (3P) + (3P) + M 5.4 × 1018 –1 59400 6 × 1013 0 –900

4 O2(a1∆g) + M = (3P) + (3P) + M 5.4 × 1018 –1 48008 – – –

5 O2(b ) + M = (3P) + (3P) + M 5.4 × 1018 –1 40415 – – –

6 H + M = (3P) +  + M 8.5 × 1018 –1 50830 7.1 × 1018 –1 0

7 H2 + (3P) = H + 1.8 × 1010 1 4480 8.3 × 109 1 3500

8 H2 + (1D) = H + 6.27 × 1013 0 0 – – –

9 O2(X ) +  = H + (3P) 2.2 × 1014 0 8455 1.3 × 1013 0 350

10 O2(a1∆g) +  = H + (3P) 1.1 × 1014 0 3188 5.8 × 1012 0 6224

11 O2(b ) +  = H + (3P) 1.1 × 1014 0 1620 – – –

12 H2O + (3P) = 2 H 5.8 × 1013 0 9059 5.3 × 1012 0 503

13 H2O + (1D) = 2 H 1.32 × 1014 0 0 – – –

14 H2O +  = H + H2 8.4 × 1013 0 10116 2 × 1013 0 2600

15 H2 + O2(X ) = 2 H 1.7 × 1015 0 24200 1.7 × 1013 0 24100

16 H2 + O2(a1∆g) = 2 H 1.7 × 1015 0 17906 – – –

17 H2 + O2(b ) = 2 H 1.7 × 1015 0 14657 – – –

18 H  + M = O2(X ) +  + M qX × 2.1 × 1015 0 23000 1.5 × 1015 0 –500

19 H  + M = O2(a1∆g) +  + M qa × 2.1 × 1015 0 23000 1.5 × 1015 0 –500

20 H  + M = O2(b ) +  + M qb × 2.1 × 1015 0 23000 1.5 × 1015 0 –500

21 H2 + O2(X ) =  + H 1.9 × 1013 0 24100 1.3 × 1013 0 0

22 H2 + O2(a1∆g) =  + H 2.1 × 1013 0 18216 6 × 1012 0 1518

23 H2 + O2(b ) =  + H 2.1 × 1013 0 11508 – – –

24 H2O + (3P) =  + H 4.76 × 1011 0.372 28743 1 × 1013 0 540

25 H2O + (1D) = H2 + O2(X ) 1.32 × 1012 0 0 – – –

26 H2O + O2(X ) = H + H 1.5 × 1015 0.5 36600 3 × 1014 0 0

27 H2O + O2(a1∆g) = H + H 1.5 × 1015 0.5 25209 – – –

28 H2O + O2(b ) = H + H 1.5 × 1015 0.5 17616 – – –

29 H2O + H = H2 + H 7.2 × 109 0.43 36100 6.5 × 1011 0 9400

30 2 H =  + H 1.2 × 1013 0 20200 2.5 × 1014 0 950
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Table. (Contd.)

No. Reaction
k+q (cm3/mol)m – 1 s–1 k–q (cm3/mol)m – 1 s–1

Aq nq Ea, q/k, K Aq nq Ea, q/k, K

31 H + O2(X ) = (3P) + H 1.3 × 1013 0 28200 5 × 1013 0 500

32 H + O2(a1∆g) = (3P) + H 1.3 × 1013 0 17132 – – –

33 H + O2(b ) = (3P) + H 1.3 × 1013 0 10111 – – –

34 H + O2(X ) = (1D) + H – – – qX × 3.96 × 1013 0 0

35 H + O2(a1∆g) = (1D) + H – – – qa × 3.96 × 1013 0 0

36 H + O2(b ) = (1D) + H – – – qb × 3.96 × 1013 0 0

37 H2O2 + M = 2 H + M 1.2 × 1017 0 22900 9.1 × 1014 0 –2650

38  + H2O2 = H2 + H 1.7 × 1012 0 1900 6 × 1011 0 9300

39  + H2O2 = H2O + H 5 × 1014 0 5000 2.4 × 1014 0 40500

40 2H  = H2O2 + O2(X ) 1.8 × 1013 0 500 3 × 1013 0 21600

41 2H  = H2O2 + O2(a1∆g) – – – 3 × 1013 0 10717

42 2H  = H2O2 + O2(b ) – – – 3 × 1013 0 4510

43 H  + H2O = H2O2 + H 1.8 × 1013 0 15100 1 × 1013 0 910

44 H + H  = H2O2 + (3P) 5.2 × 1010 0.5 10600 2 × 1013 0 2950

45 H2O + O2(X ) = H2O2 + (3P) 3.4 × 1010 0.5 44800 8.4 × 1011 0 2130

46 H2O + O2(a1∆g) = H2O2 + (3P) 3.4 × 1010 0.5 34079 – – –

47 H2O + O2(b ) = H2O2 + (3P) 3.4 × 1010 0.5 27195 – – –

48 O3 + M = (3P) + O2(X ) + M 4 × 1014 0 11400 6.9 × 1012 0 –1050

49 O3 + M = (3P) + O2(a1∆g) + M 4 × 1014 0 22790 – – –

50 O3 + M = (3P) + O2(b ) + M 4 × 1014 0 30384 – – –

51 O3 +  = H + O2(X ) 2.3 × 1011 0.75 0 4.4 × 107 1.44 38600

52 O3 +  = H + O2(a1∆g) – – – 4.4 × 107 1.44 27209

53 O3 +  = H + O2(b ) – – – 4.4 × 107 1.44 19616

54 O3 + (3P) = 2O2(X ) 1.1 × 1013 0 2300 1.2 × 1013 0 50500

55 O3 + (3P) = O2(X ) + O2(a1∆g) – – – 1.2 × 1013 0 39732

56 O3 + (3P) = O2(X ) + O2(b ) – – – 1.2 × 1013 0 32761

57 O3 + (1D) = 2O2(X ) 1.37 × 1013 0 0 – – –

58 O3 + (1D) = O2(X ) + O2(a1∆g) 9.1 × 1012 0 0 – – –

59 O3 + (1D) = O2(X ) + O2(b ) 4.6 × 1012 0 0 – – –

60 O3 + (1D) = O2(X ) + (3P) + (3P) 1.166 × 1014 0 0 – – –
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Table.  (Contd.)

No. Reaction
k+q (cm3/mol)m – 1 s–1 k–q (cm3/mol)m – 1 s–1

Aq nq Ea, q/k, K Aq nq Ea, q/k, K

61 O3 + H = H  + O2(X ) qX  × 9.6 × 1011 0 1000 9(8) 0 0

62 O3 + H = H  + O2(a1∆g) qa  × 9.6 × 1011 0 1000 – – –

63 O3 + H = H  + O2(b ) qb  × 9.6 × 1011 0 1000 – – –

64 O3 + H2 = H + H 6 × 1010 0 10000 – – –

65 O3 + H  = H + 2O2(X ) qX  × 2 × 1010 0 1000 – – –

66 O3 + H  = H + O2(X ) + O2(a1∆g) qa  × 2 × 1010 0 1000 – – –

67 O3 + H  = H + O2(X ) + O2(b ) qb  × 2 × 1010 0 1000 – – –

68 O3 + O2(a1∆g) = 2O2(X ) + (3P) 3.13 × 1013 0 2840 – – –

69 O3 + O2(b ) = 2O2(X ) + (3P) 9 × 1012 0 0 – – –

70 2O2(a1∆g) = O2(b ) + O2(X ) 4.2 × 10–4 3.8 –700 – – –

71 O2(a1∆g) + M = O2(X ) + M

M = , 4.2 × 108 0 0 – – –

M = O3 2.4 × 109 0 0 – – –
M = O2 1.02 × 106 0 0 – – –
M = H2 2.7 × 106 0 0 – – –

M = H2O, H, H , H2O2 3.36 × 106 0 0 – – –

72 O2(b1∆g) + M = O2(a1∆g) + M

M = , 4.8 × 1010 0 0 – – –

M = O3 1.08 × 1013 0 0 – – –
M = O2 2.76 × 107 0 0 – – –
M = H2 4.92 × 1011 0 0 – – –

M = H2O, H, H 4.02 × 1012 0 0 – – –

M = H2O2 6 × 1012 0 0 – – –

73 (1D) + O2(X ) = (3P) + O2(a1∆g) 3.8 × 1012 0 –67 – – –

74 (1D) + O2(X ) = (3P) + O2(b ) 1.54 × 1013 0 –67 – – –

75 (1D) + O2(a1∆g) = (3P) + O2(b ) 3 × 1013 0 0 – – –

76 (1D) + M = (3P) + M

M = , , O3, O2 1.92 × 1013 0 –67 – – –

M = H2 3.3 × 1012 0 0 – – –

M = H2O, H, H , H2O2 7.2 × 1012 0 0 – – –

Note: qX , qa , and qb represent the multiplicities of degradation of electron states (see the text); k is the Boltzmann constant.
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oxygen in the X , a1∆g, and b  states, the probabil-

ity of the formation of O2(X ), O2(a1∆g), and

O2(b ) is proportional to the multiplicity of the deg-
radation of the corresponding electron states qe. For the

ground state X  qX = 0.5, qa = 0.33 for a1∆g, and qb =

0.17 for b . Using this procedure, we determined the
rate constants for the reactions

The pathways of the corresponding reactions are given
in the table with certain numbers (nos. 18–20, 34–36,
61–63, and 65–67). The rate constants for the chain
propagation reactions involving O2(a1∆g) (nos. 10 and 22)
were taken from [12], whereas the rate constants for

similar reactions involving O2(b ) (nos. 11 and 23)
were determined by Eqs. (1) and (2) taking into account
that the reaction enthalpy ∆H and the activation energy

 in Eq. (2) correspond to similar parameters for reac-
tions (10) and (22), and Ee = ∆Eba, where ∆Eba is the dif-

ference between the energies of the b  and a1∆g

states of the O2 molecule (∆Eba = k7593 K). When
determining the rate constants for reactions (46) and
(47), in which the excited molecules O2(a1∆g) and

O2(b ) are formed during O3 molecule dissociation,
we assumed that the energy barrier for the reaction
increases by a value of the energy of the corresponding
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excited state Ee (e = a1∆g, b ):  =  + Ee, where

 is the activation energy of the reaction yielding

O2(X ). For the reactions involving the excited O(1D)
atoms (nos. 8, 13, 25, 57–60, and 73–76), the rate con-
stants were chosen taking into account the results
reported in [16, 21, 22]. For the electron–electron (E–E)
exchange (reaction (70)) and the electron–translational

(E–T) relaxation of the O2(a1∆g) and O2(b ) states
(reactions (71) and (72)), the rate constants were cho-
sen as recommended in [23]. The rate constants for
reactions for which the coefficients Aq, nq, and Ea, q are
not given in the table were calculated using the princi-
ple of detailed equilibrium, whereas the rate constants
for the reactions involving nonexcited molecules are
taken to be the same as in [15].

FORMULATION OF THE PROBLEM
AND MAIN EQUATIONS

Let us analyze the scheme of flow with the station-
ary shock wave with a slope of the front to the rate vec-
tor u0 of the unperturbed flow β ≤ 30° when the gas rate
behind the front remains supersonic [14]. Let us
assume thermodynamic equilibrium between the vibra-
tional, rotational, and translational degrees of freedom
of the molecules in the mixture and consider that this
equilibrium is preserved upon laser-induced transitions
and chemical reactions and that the gas is nonviscous
and not conducting. Let the homogeneous gas mixture
H2 + O2 moving at a supersonic rate in the interval of
length δ before the shock wave is exposed to the radia-
tion with a constant intensity I, whose frequency νI is in
resonance with the frequency of the given bound–bound
electron transition of the O2 molecule m(e', v ', j', K') 

n(e'', v '', j '', K ''), where e' = X , e'' = a1∆g or b ,
v ' and v '' are the vibrational and j ', K ' and j '', K '' are the
rotational quantum numbers in the e' and e'' states,
respectively. Recall that the transitions from the ground

state X  in the a1∆g and b  states are permitted
only in the magnetic–dipole approximation [24]. Let us
consider the electronically excited O2(a1∆g) and

O2(b ) molecules and O(1D) atoms as separate
chemical components with the corresponding enthalpy
of formation. In this case, the E–E and E–T processes
may be considered as ordinary chemical reactions. Let
δ ! Lν, where Lν is the length of laser radiation absorp-
tion. In this case, the system of equations describing the
flow both in the zone of radiation action and behind the
shock wave front may be represented as follows:

, (3)
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, (4)

(5)

Here, P, ρ, T, and u are the pressure, density, tempera-
ture, and rate of the gas; Ni is the density of the mole-
cules (atoms) of the ith type (i = 1, 2, and 3 correspond

to O2(X ), O2(a1∆g), and O2(b )); µi is their
molecular weight; h0i is the enthalpy of formation of the
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ith component at T = 298 K; M is the number of the
atomic and molecular components in the mixture; S is

the number of only molecular components;  = 1 for

the components from linear molecules and  = 1.5 for
the components from nonlinear molecules; θij is the
characteristic vibrational temperature of the jth mode
for the ith component (j = 1…L); M1 is the number of
reactions resulting in the formation (destruction) of the

ith component;  and  are the stoichiometric

coefficients of the qth reaction;  is the number of
the components participating in the direct (+) and
reverse (–) reactions, respectively; k+(–)q are the rate
constants for these reactions; R is the universal gas con-
stant; h is the Planck constant; k is the Boltzmann con-

stant; liI and  represent the number of quanta lost
(gained) by the ith component during induced and
spontaneous transitions, respectively; Nm and Nn are the
number of molecules in the lower and upper states of
the absorbed transition m  n, respectively; gm and gn

are the multiplicities of degradation of these states,
respectively; λmn is the wavelength corresponding to the
center of the spectral line of the absorbing transition;

Amn ( ) is the Einstein coefficient; bD is the Doppler
width of the spectral line of the m  n transition;
H(x, a) is the Voigt function; Bv is the rotational con-
stant of the O2 molecule in the state v  (v ' ∈ m, v '' ∈ n);
and Ej ' and Ej '' are the rotational energies of the O2 mol-
ecule in the m and n states, respectively. Their values
were calculated taking into account the depletion of the

j' level in the X  state into three components with j' =
K' + 1, j' = K', and j' = K' – 1 [25].

In numerical integration of system (3)–(5), the
whole calculation region is divided into two subre-
gions. The first one corresponds to the zone of the
action of resonance radiation before the inclined shock
wave front (its length x0 ≤ δ < x1), and the second cor-
responds to the zone of detonation initiation behind the
front. Its left boundary is the shock wave front; its right
boundary is the cross section xeq, where the equilibrium
values of all gas-dynamic parameters and component
concentrations of the reacted mixture are attained. The
boundary conditions for the system of Eqs. (3)–(5) at
x = x1 are the parameters behind the shock wave front
(henceforth, denoted with subscript 1), which are deter-
mined from the laws of conservation of matter, momen-
tum, and energy assuming that the component concen-
trations remain unchanged when passing through the
front [26]. As in [13, 14], the numerical integration of
Eqs. (3)–(5) were carried out using the implicit finite-
difference second-order approximation scheme.
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LASER-INDUCED O2 MOLECULE EXCITATION

The analysis was performed for radiation absorp-
tion in the center of the spectral line of the transi-

tions (X , v ', j ', K')  (a1∆g, v '', j'', K'') and

(X , v ', j', K')  (b , v '', j '', K'') at v ' = v '' = 0, j ' =
9, j '' = K' = K '' = 8 (the absorption coefficient for both
transitions is maximum at these rotational quantum
numbers at T0 = 300 K). The Einstein coefficients Amn

for these transitions are 2.58 × 10–4 and 8.5 × 10–2 s–1,
respectively. When calculating the Voigt functions
H(x, a), we assumed, as in [16], that the coefficients of
the collisional broadening of the spectral line are pro-
portional to the gas-kinetic sections of the collisions of
the O2 molecule with the Mth partner (in the radiation
zone M = O2 or H2). At low gas temperatures (T0 ≈ 300 K),
the rates of chemical reactions in the radiation zone are
markedly lower than the rate of the induced transitions
and the rate of E–T quenching of the O2(a1∆g) and

O2(b ) states. In this case, a change in the concentra-

tions of the O2(a1∆g) and O2(b ) molecules is only
determined by the time of the induced transitions τI =

, the time of quenching of excited states τR, and the
exposure time τP, which is related to the length δ and the
flow rate u0 according to the equation τP = δ/u0. Taking
into account that the length of the radiation zone δ is

markedly shorter than Lν =  (Lν = 250 nm at P0 =
103 Pa, T0 = 300 K on exposure to radiation with λI =
762 nm), the radiation of the flow can be performed by
multiple cross-scanning the flow with a rather narrow
laser beam (with a radius of 0.2–1 cm).

Figure 1 illustrates the relative concentrations of the

excited O2(a1∆g) and O2(b ) molecules and the gas
temperature in the zone of exposure to radiation with a

wavelength λI of 1.268 µm (the X   a1∆g transi-

tion) and 762 nm (the X   b  transition) for
two pressures P0 = 103 and 5 × 104 Pa at T0 = 300 K, the
Mach number of the unperturbed flow M0 = 6, and I =
10 kW/cm2. The concentration of the O2 (a1∆g) mole-
cules at the end of the radiation zone on excitation of
the a1∆g state (λI = 1.268 nm) is noticeably lower than

upon excitation of the b  state (λI = 762 nm). This is
due to the fact that the rate of the induced transitions WI

on exposure to radiation with λI = 762 nm is ~75 times
higher at the same value of I. Therefore, there are many

O2 molecules in the b  state. The collisional quench-

ing of O2(b ) (reaction (72)) favors the formation of
the O2(a1∆g) molecules in the mixture in a concentra-
tion that is noticeably (by a factor of 102) higher at the
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end of the radiation zone than the concentration of
O2(a1∆g) molecules, obtained upon direct excitation of
the a1∆g state by the radiation with λI = 1.268 µm, at

both P0 values of 103 and 5 × 104 Pa. The O2(b ) con-
centration remains unchanged starting from a certain
distance from the beginning of the radiation zone xs

(which depends on the values of I and P0). This may be
attributed to the fact that the rate of induced transitions

b  becomes identical to the quenching rate at x ≥ xs.

The O2(b ) molecules are also formed at the end of
the radiation zone upon excitation of the a1∆g state

because of the E–E exchange 2O2(a1∆g)  O2(b ) +

O2(X ). However, their concentration is ~108 times
lower than the O2(a1∆g) concentration. It is clear that the
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Fig. 1. Variations in the relative concentrations of (1, 1')

O2(a1∆g) and (2, 2') O2(b ) and (3, 3') gas temperature

in the 2H2 + O2 mixture in the zone of exposure to radiation

with λI = (a) 1.268 µm and (b) 762 nm at I = 10 kW/cm2 for

P0 = (1, 2, 3) 103 and (1', 2', 3') 5 × 104 Pa.
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exposure to radiation with λI = 762 nm provides much
more profound excitation of O2 molecules in the a1∆g

and b  states.

An increase in the initial pressure of the mixture
causes a certain decrease in the values of  and

 at the end of the radiation zone. This may be

associated with the fact that an increase in the absorp-
tion coefficient kν and, consequently, in the rate of
induced transitions due to spectral line broadening with
an increasing P0 value becomes nonproportional to N0

(kν is independent of P0 at P0 > 105 Pa). The flow tem-
perature begins to rise on excitation of the O2 molecules

in the b  state (λI = 720 nm) due to the E–T relax-

ation of O2(b ) (reaction (72)) even at x = 1 cm. This
temperature increase slows down as the value of P0
increases because of a decrease in the radiation energy
Es transmitted to one molecule (as follows from the
equation Es = Iτpkν/N1 due to a decrease in the kν/N1

ratio). At P0 = 103 Pa, T = 360 K at the end of the radi-
ation zone (x = 1 m) and T = 313 K at P0 = 5 × 104 Pa.
Note that the temperature at x = 1 m would be 443 K at

Σ1 +
g

γ
O2 a ∆1

g( )

γ
O2 b Σ1 +

g( )

Σ1 +
g

Σ1 +
g

P0 = 103 Pa and 333 K at P0 = 5 × 104 Pa if all the radi-
ation energy transformed into thermal energy.

INITIATION OF DETONATION COMBUSTION 
ON O2 MOLECULE EXCITATION

The presence of excited molecules O2(1∆g) and

O2(b ) strongly affects the dynamics of mixture igni-
tion by a shock wave. Indeed, even at a low gas temper-
ature behind the shock wave front T1 = 646 K (M0 = 6,
β = 25°) on exposure to radiation with λI = 762 nm at
the length δ = 50 cm, the mixture ignites at a distance
of 3.9 m from the front even at a very low initial pres-
sure of the gas P0 = 103 Pa and low radiation energy
transmitted to the gas Ein = Iτp = 1.5 J/cm2. On exposure
to radiation with λ I = 1.268 µm, the induction zone
length Lin is much longer and makes up 167 m. This is
clearly seen from Fig. 2, which shows changes in the
relative concentrations of the components behind the
shock wave front in the case of exposure to radiation
with λI = 1.268 µm (a) and 762 nm (b), I = 10 kW/cm2,
and δ = 0.5 m at P0 = 103 Pa. The vertical dashed line in
Fig. 2 indicates the position of the shock wave front.
Note here that Lin ~ 103 m in the absence of excitation;
that is, ignition does not occur at all. On excitation of

the O2 molecules in the b  state for the conditions
under consideration, the relative concentrations (in %)

of the O2(a1∆g) and O2(b ) molecules at the end of the
radiation zone are only 1 and ~0.05%, respectively.
However, this concentration of electronically excited
O2 molecules is sufficient for the significant intensifica-
tion of chain reactions in the H2 + O2 mixture. It should
be noted that it is the excitation of the O2 molecules
rather than the enthalpy of laser radiation that is respon-
sible for the intensification of chain reactions. For
example, if all the energy consumed by the gas trans-
formed into its translational degrees of freedom at δ =
0.5 m, I = 10 kW/cm2, and P0 = 103 Pa, the temperature
before the front would be 379 K and the induction zone
length would be ~74 m, which is 20 times higher than
the value of Lin observed upon O2 molecule excitation

in the b  state.

Recall that the initiation of combustion in the hydro-

gen–oxygen mixtures is due to the formation of the 

radical and  and  atoms in the following main

reactions: H2 + O2 = 2 ,  + H2 = H2O + ,  +

O2 =  + , and  + H2 =  + . The dissoci-
ation of the O3 molecules (O3 + M = O2 +  + M) in
the reaction of  with O2 (reaction (61)) begins to
play a noticeable role at low values of T0. The presence
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of the excited O2(a1∆g) and O2(b ) molecules in the

mixture favors the new pathways of formation of ,

, and  species. These are mainly reactions (10),
(11), (16), (17), (22), and (23). Note that reaction (68)
involving O2(a1∆g) and O3 molecules significantly con-
tributes to oxygen atom formation at T1 < 700 K. This is
illustrated by Fig. 3, which shows how the rates Siq of

the formation of  (a) and  (b) atoms and  (c)
radicals change behind the shock wave front upon
exposure to radiation with λI = 762 nm and Ein =
1.5 J/cm2. All these processes are very fast. Therefore,
the presence of even small amounts of O2(a1∆g) and

O2(b ) in the mixture causes a dramatic decrease in
the lengths of the induction (Lin) and combustion (Lc)
zones. The degree of this decrease depends not only on
the I value, but also on the mixture parameters behind
the shock wave front P1 and T1, which are determined
by the values of P0, T0, M0, and β. Figure 4 illustrates
the dependence of Lin on P0 at M0 = 6, T0 = 300 K, and
β = 25° and 30° corresponding to T1 = 646 and 791 K
at I = 0, respectively. There are two regions of P0 varia-
tions for each set of the parameters I (or Ein) and β. In
one region, Lin decreases as P0 increases, whereas in the
other, P0b increases with P0. The boundary value of P0b

separating these regions increases with an increase in
Lin and T1. The existence of P0b and an increase in Lin at
P0 > P0b may be attributed to the formation of chemi-
cally inert H2O2 molecules and a decrease in the con-

centrations of the  and  atoms and  radicals
[14] at high values of P0. The higher the I parameter and
the O2(a1∆g) concentration in the mixture, the higher
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the P0 values at which these processes start to domi-
nate.

The above findings also suggest that detonation
combustion upon exposure of the H2 + O2 mixture to
radiation with λI = 762 nm can occur even behind a
weak shock wave front (β = 25°, T1 = 646 K). The value
of Ein is only ~80 cm at a rather moderate energy trans-
mitted to the gas, Lin = 3 J/cm2 and P0 = 6 × 103 Pa. An
increase in the P0b value with an increase in Ein favors
not only the initiation of detonation at shorter distances
from the shock wave front, but also regimes with a
higher final temperature of the products Teq. This is
demonstrated in Fig. 5, which shows how the gas tem-
perature behind the shock wave front (M0 = 6, T0 =
300 K, β = 25°) changes at P0 = P0b and P0 = 0.5P0b for
two different values of Ein. For example, for the shock
wave with M0 = 6, β = 25°, and P0 = P0b, the value of Teq
increases by 65 K with a simultaneous threefold
decrease in Ein as Ein increases from 1 to 3 J/cm2. Note
that the value of Ein = 3 J/cm2 at P0 = P0b = 6 × 103 Pa
corresponds to a rather low radiation energy with λI =
762 nm consumed by the gas per one O2 molecule Es =
5.8 × 10–2 eV/molecule. At Ein = 1 J/cm2 and the corre-
sponding value of P0b = 4 × 103 Pa, we have Es = 2.5 ×
10–2 eV/molecule.

Another important factor largely determining the
induction zone length behind the shock wave is the
Mach number of the unperturbed flow M0. Figure 6
demonstrates how the Lin parameter changes with the
value of M0 when the mixture is irradiated with λI =
762 nm at different energy consumed by one O2 mole-
cule Es = 0.01, 0.03, and 0.1 eV/molecule. For compar-
ison, Fig. 6 also shows how Lin changes with M0 in the
absence of radiation. An increase in the value of M0
causes a decrease in the Lin parameter at all energies Es
mainly due to a temperature increase behind the shock

wave front. However, even at a low temperature behind
the front (T1 ~ 700 K) and the low value Es =
0.1 eV/molecule, detonation may be initiated even at a
distance of 1.7 m from the front. In the absence of radi-
ation, this distance would be ~115 m. The action of
radiation with λI = 762 nm allows one to decrease the
value of Lin several times even at relatively high gas tem-
perature behind the front T1 ~ 900 K (M0 = 10, β = 20°)
when chain reactions occur at a rather high rate in the
mixtures lacking electronically excited O2 molecules.

CONCLUSION

Molecular oxygen excitation by resonance laser

radiation in the O2(b ) and O2(a1∆g) states makes it
possible to initiate the detonation combustion in the
supersonic flow of the H2 + O2 mixture behind the front
of relatively weak shock waves when the gas tempera-
ture is less than 700 K even at the low density of the
radiation energy transmitted to the gas Ein ~ 0.5 J/cm2

due to the new pathways of formation of the active 

and  atoms and  radicals acting as chain carriers.

The excitation of the O2 molecules in the b  state by
laser radiation with wavelength λI = 762 nm has a much
stronger effect on the kinetics of detonation initiation
compared to O2(a1∆g) excitation by radiation with λI =
1.268 µm. This is due to the fact that substantially
higher (by a factor of ~75) intensities of acting radia-
tion are required to provide the same energy consumed
by one O2 molecule. An increase in the radiation energy
transmitted to the gas makes it possible to both initiate
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detonation at low gas temperatures at shorter distances
from the shock wave front and conduct detonation com-
bustion with a higher final temperature of the products.
Taking into account that O2 molecule excitation by res-
onance laser radiation intensifies chain reactions, this
method of detonation initiation also seems to be quite
efficient for combustible mixtures based on hydrocar-
bons.
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