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Initiation of ignition of a combustible gas mixture in a closed volume
by the radiation of a high-power pulsed CO, laser

S.Yu. Kazantsev, I.G. Kononov, I.A. Kossyi, N.A. Popov, N.M. Tarasova, K.N. Firsov

Abstract. The results of experiments on initiating the ignition of a
CH,4—-0,—SFg triple gas mixture in a closed volume by the radiation
of a high-power CO, laser are presented. It is shown that spatially
nonuniform (in the direction of the laser beam) gas heating by the
laser radiation leads to formation of a fast combustion wave, prop-
agating along the chamber axis and giving rise to ‘instantaneous’
ignition. At the threshold value 16.5 J of the laser radiation energy
the fast combustion wave is transformed into a detonation wave,
which causes an explosion and destruction of the reaction chamber
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1. Introduction

Great interest in the problem of initiating the combustible
gas mixture ignition, observed recently (see, e.g., the pub-
lished review [1]), is stimulated both by the necessity to sat-
isfy the requirements of current technology and by the devel-
opment of fundamental studies of formation, maintaining
and propagation of flames.

Two groups of studies may be selected among those
devoted to mechanisms of plasma influence on the ignition of
combustible mixtures. In the first one (see [2]) the attention is
focused on the character of inflammation in the volume
simultaneously subjected to short-time action of gas-dis-
charge plasma. In the second group [3—9] the dense plasma is
localised in a relatively small volume and affects the process
of ignition in the surrounding combustive gas mixture not
involved directly in the gas discharge process. In the latter
studies the role of local ignition initiators was played by high-
power high-current slipping surface discharges [3, 4], micro-
wave discharges [5, 6], laser sparks at the metal and dielectric
surface [7], as well as laser sparks in free space [8, 9]. The
results of the experiments have shown that when the power
of the used electric discharges considerably exceeds the power
of common spark igniters (sparking plugs) the character of
combustion waves (deflagration) and the waves described by
the traditional ‘thermal’ model strongly differs [10].
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Moreover, it was shown that the velocity of the combustion
waves appears to be significantly higher than V' = V,po/pp
(where ¥, is the normal velocity of the combustion wave, pg
and py, are the gas densities before and after the combustion
wave front) and considerably grow with increasing power
and energy, deposited into the discharge volume.
Unfortunately, in Refs [3—9] the basic physical and chemical
processes that determine the properties of high-velocity com-
bustion waves were not specified.

The present work is a continuation of studies performed
in [3-9] with CO, laser radiation involved as an initiator of
combustible mixture ignition. The scheme of the experiment
is such that the process of initiating the ignition is determined
by the local heating of the gas mixture, thus eliminating a
number of factors, accompanying the electric discharge (e.g.,
chemical reactions with charged particles and UV radiation,
exciting the surrounding medium). In addition, an important
feature of laser initiation of the combustion wave in free
space is the absence of electrodes and other elements neces-
sary to organise electric discharges. This, in turn, essentially
affects the characteristics of gas-dynamic processes that
accompany propagation of combustion waves when using
such methods of initiating the ignition.

The effect of laser radiation on combustible mixtures was
investigated in some papers (see, e.g., [11—15]). However, in
these studies the attention was mostly paid to the process of
ignition and maintaining the stable combustion of the mix-
tures under study, initiated by the absorption of laser radia-
tion. The issues of formation of combustion waves and the
velocity of their propagation were left open.

The goal of the present paper is to study the formation
and propagation of fast combustion waves in flammable
mixtures, excited by the radiation of a high-power CO; laser,
as well as to clarify the effect of the given initial profile of the
gas temperature, produced by the laser action, on the charac-
teristics of combustion waves.

2. Experimental

The scheme of the experiment is shown in Fig. 1. The cylin-
drical silica camera ( /) (inner diameter 44 mm, length 25 cm)
was evacuated up to the pressure p < 0.1 Torr and filled with
combustible gas mixture CHy: O,:SF¢=45:90:15 with total
pressure P = 150 Torr. The faces of the camera were closed
with flanges. One of them was blind metallic, and the other
had a BaF, window, through which the laser radiation was
let into the camera. Different apertures and calibrated filters
were placed in front of the window to attenuate the laser
radiation.



S.Yu. Kazantsev, I.G. Kononov, I.A. Kossyi, N.A. Popov, et al.

D
2 [\ 2 A
é 5[ P J_ ,
1 2 T
FER-7
Spectrograph

Figure 1. Scheme of the experimental setup: (/) reactor chamber (silica
tube); (2) optical fibres; (3) BaF, window; (4) CO, laser beam; (5)
schematic image of the gas region having the initial temperature higher
than 1000 K; (Ph) photodiode; (D) circular aperture; (A) calibrated at-
tenuators of the laser radiation.

The pulsed electric-discharge CO, laser [16] operating at
the P(20) line (A = 10.6 um) was used in the experiments. The
maximal laser radiation energy in the pulse was 60 J, the radi-
ation pulse shape being typical of CO, lasers with transverse
discharge pumping and having the duration 7 ; ~ 3 us at the
0.1 level [17]. The laser radiation energy distribution over the
beam cross section within the zone selected by an aperture
was close to uniform.

The addition of a small amount of SF¢ (15 Torr), effi-
ciently absorbing the CO, laser radiation, to the combustible
gas mixture allowed the gas mixture heating. The gas tem-
perature and its distribution along the axis of the cell were
varied by changing the laser radiation energy density, inci-
dent on the gas. As shown by the analysis [17], the time, dur-
ing which the energy stored in the vibrational degrees of
freedom of SF¢ molecules is transformed into heat, is less
than 1 us under the conditions of the described experiment.
Therefore, before the end of the laser pulse all the energy
absorbed by the gas is completely transformed into heat.
The temperature distribution along the cell axis immediately
after the laser pulse was measured as follows. The depen-
dences of the transmission of CO, laser radiation through
gas cells with the absorbing length 19 and 29 mm upon the
radiation energy density at the cell entrance were measured
(in a way similar to [17]). The mixture SFs:CH4: N, =
30:45:90 Torr was let into the cells. The validity of replac-
ing the combustible SF¢—CH;—0O, mixture with the
SF¢—CH4—N, mixture was checked in a separate experi-
ment. It was found that at the partial pressure of N, or O, up
to 200 Torr the transmission of the mixtures SF¢—N, and
SF¢—0O, does not differ from that of SF¢ (at the same partial
pressure as in the mixture). The measurements of transmis-
sion of radiation through the cells with the abovementioned
absorption lengths allowed us to obtain the dependence of
CO; laser radiation energy absorbed by the 10-mm-thick
layer of the gas mixture on the energy density of the radia-
tion incident on this layer. To get the temperature distribu-
tion along the chamber axis, the whole volume of the gas
was divided into 10-mm-thick layers, the energy absorbed by
each layer was calculated, and the gas temperature in the
layer was calculated by analogy with [16]. The data on the
temperature dependence of the heat capacity were taken
from Ref. [18], the processes of heat exchange between the
gas layers and the walls of the gas chamber were not taken
into account, because the time of laser pulse action was rela-
tively small (~3 us).

To analyse the ignition dynamics of the combustible mix-
tures and propagation of combustion waves, we used the
FD-25k photodiode, the FEU-106 photoelectric multipliers,
and the FER-7 high-speed photorecorder that allows taking
photos of the glow from the reactor in the continuous scan-
ning regime. The slit of the photorecorder was positioned
along the axis of the cylindrical chamber (z axis). To analyse
the gas glow and the temporal evolution of the glow intensity
in different cross sections along the silica tube, we used the
AvaSpec-2048 (AVANTES) spectrograph and FEU-106 pho-
tomultipliers, respectively. The gas radiation from the silica
tube was transported to the entrance slit of the spectrometer
and photomultiplier by optical fibres.

3. Experimental results

In the course of experiments it was found that for each value
of the aperture diameter, limiting the transverse size of the
laser beam before the entrance window of the reaction cham-
ber, two values of the threshold laser radiation energy density
exist (Wi, and Woy,,), at which either ‘nonexplosive’ ignition
of the combustive mixture, or the ignition accompanied by
the explosion of the chamber (detonation regime) occurs. The
fact that in the second regime of ignition the detonation takes
place is justified below (see Section 4). Figure 2 presents the
photographs of the glow from the reactor chamber, shot
using the FER-7 photoelectric recorder in the case of ‘nonex-
plosive’ ignition of the gas mixture (Fig. 2a) and in the case,
when the ignition is accompanied by detonation and the
chamber explosion (Fig. 2b). The horizontal axis of the pho-
tograph is the temporal axis and the vertical axis is spatial.
The characteristic temporal and spatial scales are presented in
the pictures. The moment of time ¢ = 0 corresponds to the
appearance of the glow in the ‘field of view’ of the photoelec-
tric recorder; 7y is the temporal interval during which the “pri-
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Figure 2. Photographs of the glow from the burning methane—oxygen
mixture, shot using the photoelectric recorder. The diameter of the ap-
erture before the entrance window is 29 mm, the laser radiation energy
density at the reactor entrance is ~1.6 (a) and 2.5 J cm 2 (b).
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Figure 3. Oscillograms of the photomultiplier signal at W~ 1.6 (a) and
2.5J cm (b)

mary’ wave is recorded, preceding the bulk ignition of the
mixture in the reactor. The oscillograms of the signals
recorded by the photoelectric multiplier in the same two cases
are presented in Fig. 3.

Figure 4a shows a typical spectrogram of the radiation
from the ignited mixture in the range of wavelengths 400 < 4
< 800 nm (integrated over 1.2 ms starting from the initiation
moment) for the case of ‘nonexplosive’ ignition, which repre-
sents a combination of continuous and discrete line spectra.
The brightest emission lines in the spectrum are the doublets
of sodium and potassium. Sodium and potassium are impuri-
ties of silica, the material of the reactor walls. The spectral
range shown in Fig. 4a does not cover the region where the
emission band A”X* of electron-excited OH molecules (the
edge near A ~ 306 nm) is located. This band significantly con-
tributes to the spectrally integral intensity of radiation,
recorded by FER-7 (Fig. 2) and FEU (Fig. 3) [9]. The sources
of the quasi-continuous spectral component are not identi-
fied. However, the analysis shows that this radiation has
nearly a Planck distribution and can be used to determine the
gas temperature following the method described in [19]. The
result of procession of the recorded spectrum following this
method is presented in Fig. 4b with the coordinates x = In(J1%)
and y = 1.4388 x 107/A (1 is the number of photons, detected at
the wavelength A, measured in nanometres). The obtained
dependence allows identification of the continuous part of the
spectrum with the spectrum of Planck radiation and estima-
tion of the gas temperature averaged over the combustion
time, which yields 7, ~ 4000 K.

Figure 5 shows the temperature distribution of the gas
mixture along the axis of the cylindrical chamber, established
just after the end of the CO,-laser pulse at the stage, preceding
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Figure 4. Spectral characteristics of the radiation from the combusting
methane—oxygen mixture, integrated over time 1.2 ms from the mo-
ment of initiation (a) and the same spectrum in the coordinates x =
In(/2%) and y = 1.4388 107/ (6); T, = 4000 K.

the ignition of the mixture (the distance is measured from the
entrance window of the chamber). The calculation is per-
formed for two values of the radiation energy density incident
onto the gas, at which the stable ignition (W =1.6J cm™) or
the detonation of the combustible mixture (W = 2.5 J cm™)
occurred. The diameter of the circular aperture, placed before
the entrance window, was equal to 29 mm. As seen from
Fig. 5, the gas is heated by the laser radiation through a sig-
nificant distance from the entrance window of the chamber.
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Figure 5. Distribution of the gas temperature T, along the coordinate L
(the axis of the reactor chamber) at the end of the laser pulse for the CO,
laser radiation energy density 1.6 (/) and 2.5J cm™2 (2).
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By varying the aperture diameter within 18—32 mm, the
threshold values of the radiation energy density Wiy, and
Wi at which the ‘nonexplosive’ ignition of the combustible
mixture or the ignition with explosion occurs, respectively,
changed nearly in inverse proportion to the aperture area, i.e.,
the threshold values of the laser radiation energy E}y, and
E>ur , providing the abovementioned regimes of the mixture
ignition, are independent of the aperture diameter. In the
present experiments, we obtained Ej,, = 10.5 J and Eyy,, = 16.5 .
Thus, the possibility of ignition of the combustible mixture is
determined (in agreement with [20]) by the initiation energy.

4. Discussion of the results

As follows from the above experiment, the initiation of igni-
tion of the CHy—0,—SF¢ mixture in a closed volume under
heating by a pulsed CO, laser obeys the same laws that have
been found earlier in the experiments using other initiators,
namely, strong-current slipping surface discharge [3, 4],
microwave discharges [5, 6], laser spark at the surface and in
free space [7, 9]. The fast heating up to 12001400 K of the
gas layer at the reactor entrance by the laser radiation is
accompanied by the wave with a relatively weak glow (‘pri-
mary’ wave), propagating from the initiator along the cham-
ber axis. The velocity of this wave is close to V' ~ 10° cm s,
which essentially exceeds the velocity of deflagration wave in
the stoichiometric mixture CH;—0O, and is comparable with
the velocity of a detonation wave (according to [10], the visi-
ble velocity of the combustion wave in methane—oxygen mix-
ture, whose propagation is determined by the diffusion-heat-
conduction mechanism, does not exceed 4 x 10 cm s71).

After the time, long enough to let the ‘primary’ wave to
‘run’ through the entire chamber, in the net volume of the lat-
ter a bright flash is observed that characterises the processes
of fast (‘explosive’) combustion. The time 74, of the combus-
tive mixture ignition is counted from the moment of laser
pulse action to the moment of attaining the maximum of the
glow intensity, recorded by FEU (Fig. 3). The axial velocity
of the combustion wave propagation in the present experi-
ment was determined by using the x—¢ dependences of the
position of the glow front in the high-speed photographs,
analogous to those presented in Fig. 2.

In Ref. [21] the ignition of methane—oxygen mixture at
Py=1.65 atm in a 32-mm-long tube with the radius 5 mm was
investigated by numerical modelling. The setting of the prob-
lem, namely, the formation of a fast combustion wave by a
heat source localised in space, was close to the conditions of
our experiments, and the results of calculations [21] qualita-
tively agree with the data, obtained by us. In particular, the
formation of a fast combustion wave is observed (whose
velocity approaches 2 x 10* cm s7!), which is due to intense
gas-dynamic processes, initiated by heat generation in the
closed volume. It is worth noting that in the calculations [21]
the initial temperature of the gas in the region of ignition was
4000 K, while in our experiments the initial temperature 7,
did not exceed 1400 K, as was already mentioned above. The
values of the ignition time 7y, < 500-600 s, observed in our
experiments, are small enough for methane—oxygen mixtures
(at T, < 1400 K and the pressure 200 Torr the ignition time
for the stoichiometric CH4—O, mixture is greater than 6 ms
[22]). However, under the considered conditions one should
take into account the presence of SF¢ in the combustible mix-
ture and the possible dissociation of these molecules by the
CO, laser radiation. In Ref. [23] the results of measuring the

induction times for the mixture CH,:0,:SF¢=7:14:1 at P =
100 Torr, excited by two sequential CO, laser pulses, are pre-
sented. The first pulse provided heating of the mixture and
the second one caused its ignition. It was shown that at the
initial temperature7, = 14001430 K the ignition time for the
considered mixture is 200—600 us (depending on the degree of
gas heating in the first pulse), which agrees with the results of
our measurements. The induction time was determined as the
time interval between the end of the second laser pulse and the
flash of emission from the site of the pulse action, recorded by
the FEU. Moreover, based on the comparison of the induc-
tion times for the secondary pulses with similar radiation
energy density but different duration, the conclusion is drawn
about the possible influence of chemically active particles,
produced by the laser action, on the ignition of the considered
mixture.

One of the most interesting results obtained in the present
experiment and not demonstrated so apparently in the pre-
ceding work [3—9] using other systems of electric-discharge
and laser initiation is the attainment of detonation regime by
the arising combustion wave under the condition that the
energy of laser radiation exceeds a certain threshold value. As
already mentioned above, the velocity of the combustion
wave, formed under the considered conditions (¥ ~ 10° cm s™'),
considerably exceed the velocity of sound, which, according
to the existing concepts [24—31], provides premises for trans-
forming the deflagration wave into a detonation one (defla-
gration-to-detonation transition, DDT). This transition man-
ifests itself by substantial reduction of the glow duration of
the combusting mixture and the increased intensity of this
glow (see Figs 2b and 3b), as well as by the explosive destruc-
tion of the reactor chamber. According to the results of spe-
cial studies, at the initial pressure Py < 200 Torr of the gas
mixture the destruction of the silica reactor requires fast
increase in pressure by nearly 80—100 times. In our opinion,
under the present conditions only a detonation wave may
provide such a fast and intense increase in pressure, because
such a pressure jump is possible at the front of a shock wave
with the Mach number M > 7 and cannot be implemented
under the adiabatic heating of the gas. The attainment of det-
onation at relatively small energy deposit into the initiation
region (less than 20 J) seems to be a rather unusual and hardly
implementable phenomenon [26].

A considerable number of theoretical studies (see, e.g.,
[27-32]) and experimental work (see [33, 34]) are devoted to
the physics of the transition from combustion to detonation.
The models presented in [27-32] involve different mecha-
nisms of acceleration of the combustion wave up to the veloc-
ities, exceeding the velocity of sound, with subsequent fast
transition of the combustion wave into a detonation one.

Among the considered mechanisms of acceleration of def-
lagration waves, which at the moment of birth have the veloc-
ity much smaller than that of sound, the following ones are
worthy of special attention. First of all, this is the mechanism
of a fast combustion wave formation in a gas medium with
axial temperature gradient. This model, proposed by
Zel’dovich et al. [27] and developed numerically in [28], pre-
dicts the formation of combustion waves that have the char-
acter of ‘phase” waves. At a certain distribution of the gas
temperature these waves can acquire the velocity exceeding
that of sound. In Refs [30, 31] the processes, taking place in
the near-wall region and promoting the increase in the com-
bustion wave front area and the relevant acceleration, are
considered as mechanisms that determine the acceleration of
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deflagration waves in the cylindrical chamber. Finally, the
authors of Refs [29, 30] emphasise the essential role of shock
waves, formed in the region of ignition initiation, whose
reflection from the walls and multiple interaction with the
combustion site leads to acceleration of the deflagration wave
up to the velocities that may exceed the velocity of sound.

No experiments aimed at the investigation of the process
of transformation of deflagration into detonation, based on
the gradient mechanism by Zel’dovich [27], are known to us.
Their absence may be related to the difficulties of preparing a
gas temperature profile with prescribed parameters in the
combustible mixture. From this point of view, the scheme
described in the present paper may be considered as one of
very few possibilities to test experimentally the Zel’dovich
mechanism of the deflagration-to-detonation transition. Here
the axial gradient of the initial temperature can be, in princi-
ple, varied within large enough limits via the variable content
of SF¢ that absorbs the radiation of the CO, laser. However,
in the discussed experiment only one composition of the gas
mixture was used with the corresponding initial temperature
distributions, presented in Fig. 5. Using this distribution, the
phase velocity of the deflagration wave, which can be evalu-
ated as vy ~ 0z/0t;,q [z being the axial coordinate and 7,4
being the induction time at the given value of 7(z)], appears to
be equal to ~10? cm s~!, which is essentially smaller than
observed in the experiment.

It should be noted that, strictly speaking, the Zel’dovich
model [27] deals with the gradient of the induction time of
combustible mixtures rather than with the temperature gradi-
ent. The induction time gradient formation is affected both by
the profile of the gas temperature and by the profile of con-
centration of chemically active particles. This was the case
implemented in our experiments, since the action of high-
power radiation of CO, laser on methane—oxygen mixtures
with some SF¢ added causes not only heating of the mixture,
but also SF¢ dissociation, leading, as already mentioned, to
the production of chemically active radicals.

The mechanism of deflagration wave acceleration, consid-
ered in [29-32] and associated with strong gas-dynamic per-
turbations, accompanying the electric-discharge or laser ini-
tiation of the gas mixture ignition, seems to be closest to the
experiments, described in the present paper (and also in Refs
[3-9]). Recognising the apparent necessity of new experimen-
tal data, specifying the mechanism of deflagration wave accel-
eration, we again draw attention to the fact of obtaining very
high velocities of the combustion wave at very small (from a
few centimetres to ten centimetres) distances from the ignition
initiation site. Comparing the present experiment with the
preceding ones [3-9], we conclude that the use of CO, laser
radiation provides the greatest (~10° cm s™') velocities of the
combustion wave at the smallest distances from the initiation
site. The result obtained in the present experiment, namely,
the formation of a detonation wave, completely corresponds
to the requirement of the DDT model that implies the growth
of the velocity of initially slow deflagration wave up to super-
sonic values.

In conclusion, we draw attention to the fact that the weak
glow waves, preceding the bulk ignition, can be considered to
be deflagration waves rather tentatively. Actually, these are
waves, to which a more adequate definition given in [3-9]
applies, namely, the waves of ‘incomplete combustion’.
However, even at this stage the temperature behind the front
of the ‘incomplete combustion’ attains 1500-2000 K [22],
which is significantly lower than the temperature of combus-

tion for the stoichiometric methane—oxygen mixture, but,
apparently, quite enough for transforming the combustion
into detonation.

5. Conclusions

In the reported experiments we carried out the ignition of the
combustible gas mixture (CH4—0O,—SFy) using the radiation
of a CO, laser. As in the preceding works with high-power
electric-discharge initiation, we observed a fast wave of
‘incomplete combustion’ propagating from the initiation site
into the chamber and, finally, producing the bulk ignition of
the gas mixture in the reactor. The velocity of this wave
exceeds that of sound, which creates the prerequisites for its
transformation into a detonation wave. At the threshold
value of the CO, laser radiation energy E,q,, = 16.5J the def-
lagration wave turns into a detonation one, which, in particu-
lar, is detected by the explosion and destruction of the reactor
chamber. Thus, in the experiment the possibility to imple-
ment the process of transformation of combustion into deto-
nation at relatively low (compared to the DDT threshold [26])
energy deposit into the region of the ignition initiation (equal
to or less than 20 J) is demonstrated.

Acknowledgements. The work was partially supported by the
Russian Foundation for Basic Research (Grant No. 11-02-
00465) and the Program of the Presidium of the Russian
Academy of Sciences ‘Fundamental problems of mechanics
of interactions in technological and natural systems’.

References

1. Starikovskaya S.M. J. Phys. D: Appl. Phys., 39, R265 (2006).
. Starikovskii A.Yu. Proc. Combust. Inst., 30, 2405 (2005).

3. Kossyi LLA., Silakov V.P., Tarasova N.M. Plasma Phys. Reports,
27 (8), 715 (2001).

4. Gritsinin S.I., Kossyi I.A., Misakyan M.A., Silakov V.P.,
Tarasova N.M., Temchin S.M. J. Thermophys. Heat Transfer, 16 (3),
450 (2002).

5. Berezhetskaya N.K., Gritsinin S.I., Kop’ev V.A., Kossyi L.A.,
Popov N.A., Silakov V.P., Van Wie D. 43rd AIAA Aerospace
Sciences Meeting. AIAA 2005—-0991 (Reno, Nevada, 2005).

6. Berezhetskaya N.K., Gritsinin S.I., Kop’ev V.A., Kossyi [.A.,
Van Wie D. Fiz. Plazmy, 31 (10), 954 (2005) [ Plasma Phys. Rep.,
31 (10), 886 (2005)].

7. Kossyi ILA., Silakov V.P., Tarasova N.M., Van Wie D. Fiz.
Plazmy, 32 (4), 382 (2006) [ Plasma Phys. Rep., 32 (4), 349 (2006)].

8. Kazantsev S.Yu., Kononov I.G., Kossyi I.A., Tarasova N.M.,
Firsov K.N., in Nonequilibrium Phenomena. Plasma, Combustion,
Atmosphere NEPCAP-2009). Ed. by G.D.Roy, S.M.Frolov,
A.M. Starik (Moscow: Torus Press, 2009) p. 208.

9. Kazantsev S.Yu., Kononov I.G., Kossyi I.A., Tarasova N.M.,
Firsov K.N. Fiz. Plazmy, 35 (3), 281 (2009) [ Plasma Phys. Rep., 35
(3), 251 (2009)].

10. Sokolik A.S. Samovosplameneniye, plamya i detonatsiya v gasakh
(Self-Ignition, Flame and Detonation in Gases) (Moscow: 1zd-vo
AN SSSR, 1960).

11. Lucas D., Dunn-Rankin D., Hom K., Brown N.J. Combust.
Flame, 69, 171 (1987).

12. Lavid M., Nachshon Y., Gulati S.K., Stevens J.G. Combust. Sci.
Technol., 96, 231 (1994).

13. Chou M-S., Zukowski T.J. Combust. Flame, 87, 191 (1991).

14. Starikovskaia S.M., Anikin N.B., Kosarev [.N., Popov N.A.,
Starikovskii A.Yu. 44th AIAA Aerospace Sciences Meeting and
Exhibition. AIAA 2006—0616 (Reno, Nevada, 2006).

15. Tretyakov P.A., Vorontsov S.S., Garanin A.F., Grachev G.N.,
Smirnov A.L., Tupikin A.V. Dokl. Ross. Akad. Nuak, 385 (5), 618
(2002) [ Dokl. Phys., 47 (8), 586 (2002)].



70

S.Yu. Kazantsev, I.G. Kononov, I.A. Kossyi, N.A. Popov, et al.

—_
~

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

Belevtsev A.A., Firsov K.N., Kazantsev S.Yu. Kononov I.G.
Kvantovaya Elektron., 36, 646 (2006) [ Quantum Electron., 36, 646
(2006)].

. Belevtsev A.A., Firsov K.N., Kazantsev S.Yu., Kononov I.G. Appl.

Phys. B, 82, 455 (2006).

Babichev A.P., Babushkina N.A., Bratkovskii A.M. Fizicheskiye
velichiny: spravochnik (A Handbook of Physical Quantities)
(Moscow: Energoizdat, 1991).

Kop’ev V.A., Kossyi I.A., Magunov A.N., Tarasova N.M. Prib.
Tekh. Eksp., (4), 69 (2006) [ Instr. Exp. Techn., 49 (4) 573 (2006)].
Bratov V.A., Isakov L.M., Petrov Yu.V. Doklady Ross. Akad.
Nuak, 422, 612 (2008) [ Dokl. Phys., 53 (10), 507 (2008)].
Babushenko D.I., Gouskov O.V., Kopchenov V.I., Smirnov V.V.,
Stelmach O.M., Titova N.S., Starik A.M., in Nonequilibrium
Phenomena. Plasma, Combustion, Atmosphere NEPCAP-2009).
Ed. by G.D.Roy, S.M. Frolov, A.M. Starik (Moscow: Torus
Press, 2009) p. 294.

Berezhetskaya N.K., Gritsinin S.I., Kop’ev B.A., Kossyi [.A.,
Kuleshov P.S., Popov N.A., Starik A.M., Tarasova N.M. Fiz.
Plazmy, 35 (6), 520 (2009) [ Plasma Phys. Rep., 35 (6) 471 (2009)].
Hill R.A. Appl. Opt., 20, 2239 (1981).

Liberman M. Introduction to Physics and Chemistry of Combustion
(Berlin: Springer-Verlag, 2008).

Roy G.D., Frolov S.M., Borisov A.A., Netzer D.W. Prog. Energy
Combust. Sci., 30, 545 (2004).

Vasiliev A.A. Fiz. Goren. Vzryva, 42 (2), 91 (2006).

Zel’dovich Ya.B., Librovich V.B., Makhviladze G.M.,
Sivashinskii G.1. Zh. Prikl. Mekh. Tekh. Fiz., 11 (2), 76 (1970).
Kapila A.K., Schwendeman D.W., Quirk J.J., Hawa T. Combust.
Theory and Modelling, 6 (4), 553 (2002).

Kessler D.A., Gamezo V.N., Oran E.S. Combust. Flame, 157, 2063
(2010).

Kuznetsov M., Alekseev V., Matsukov I., Dorofeev S. Shock
Waves, 14 (3), 205 (2005).

Liberman M.A., Kuznetsov M., Ivanov A., Matsukov 1. Phys.
Lett. 4, 373, 501 (2009).

Gus’kov O.V., Kopchenov V.1, Titova N.S., Starik A.M.
Aviadvigateli XX1 veka. Materialy Konferentsii (Conf. Proc.
Aircraft Engines of the XXI Century) (Moscow: TsIAM, 2010)

p. 1452.

Rakitin A.E., Starikovskii A.Yu. 22nd International Collogquium on
the Dynamics of Explosions and Reactive Systems (Minsk, 2009).
Smirnov N.N., Tyurnikov M.V. Combust. Flame, 100, 661 (1995).



