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INTRODUCTION

Investigation of the mechanism of the combustion
of silanes and their chlorine derivatives and the kinetics
of the oxidation of these compounds under various con-
ditions and at different gas-mixture compositions is of
great scientific and practical interest. These processes
are widely used in microelectronics to apply isolating
and passivating layers of silicon dioxide in the inte-
grated circuit of semiconductor instruments [1, 2].
Reacting with halogens, monosilane and its chlorine
derivatives form vibrationally excited hydrogen halides
[3, 4], which may be used as active media in infrared
chemical and electron-discharge lasers [5, 6]. The
development of the methods of synthesis of nanopow-
ders based on the processes involving inorganic
hydrides is of considerable interest [7, 8].

Studies of the combustion of silanes and their deriv-
atives are also important for the theory of chemical
transformation. The oxidation of these compounds
occurs via the branched-chain mechanism [9, 10]. The
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 [12,
13], and chlorine atoms [10] were registered in the rari-
fied flame during dichlorosilane (DCS) oxidation. The
IR spectrophotometric study [14] showed that the pro-
cess in oxygen at [DCS] 

 

<

 

 50% and low pressures may
be described by the following overall equation:

The final products of DCS combustion in air under
ordinary conditions over a wide range of initial DCS
concentrations also include 
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, chlorosilanes, and
molecular hydrogen [15]. Certain hydrocarbons (e.g.,
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 mixtures [9]. The 
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 additives inhibit self-ignition
and retard flame propagation in the DCS + O

 

2

 

 mixtures
[16]. At the same time, several main steps of this pro-
cess, including chain propagation reactions, have not
been identified yet. The retardation of ignition by water
vapors and molecular nitrogen has not been explained
even at such low pressures either, when termolecular
reactions can be neglected [17].

The aim of this work was to determine the chemical
nature of vibrationally excited species in the rarefied
flame during DCS oxidation and to establish the mech-
anism of the inhibition of this reaction by the 

 

SF

 

6

 

 addi-
tives.

EXPERIMENTAL

The experiments were conducted in a vacuum setup
described elsewhere [14]. The reaction vessel was a
quartz cylinder (diameter, 120 mm; height, 120 mm).
The reactor was equipped with inlets for electrodes and
gas supply and optical quartz windows. A fuel mixture
prepared beforehand was fed from a by-pass volume
into the reactor through a vacuum valve. The reactor
was evacuated to 

 

4 

 

×

 

 10

 

–4

 

 torr using 3NVR-1D forevac-
uum and N-01 oil-diffusion pumps. The residual pres-
sure was measured with VIT-2 thermocouple–ioniza-
tion and VDG-1 gas-discharge vacuum gages. The mix-
tures were prepared beforehand by admitting a required
amount of DCS into oxygen (containing 

 

SF

 

6

 

 additives
if necessary) through a narrow capillary. Both oxygen
and 

 

SF

 

6

 

 were of reagent grade. The DCS purity was
~98% as determined by IR spectroscopy [14]. The reac-
tion was initiated from outside and conducted under
steady-state conditions at room temperature and 2–5 torr.
Mixtures of the following composition were used:
23.5% DCS + 

 

O

 

2

 

, 26
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—Electronically excited 
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 radicals (
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 = 2 – 0), and HCl molecules
(

 

v

 

 = 3 – 0) are identified using the emission spectra at 0.8–1.6 

 

µ

 

m in the rarefied flame in dichlorosilane com-
bustion at 293 K and low pressures. The spectrum also contains the composite bands of the H
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O (0.823 
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and H
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O

 

2

 

 (0.854 
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m) molecule vibrations. The maximum intensity of emission of these species is attained
behind the front of the active chemical transformation, and the equilibrium between the vibrational and trans-
lational degrees of freedom is established in the region of the regular thermal regime of cooling. SF

 

6

 

 additives
act as a reservoir that accumulates the vibrational energy in developed ignition. The processes responsible for
the inhibition of dichlorosilane oxidation by SF
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 additives are considered.
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22% DCS + 18% 

 

SF

 

6

 

 + O

 

2

 

. A coil of Nichrome wire
(diameter, 0.3 mm) was placed in the middle of the
reactor for heating. Ignition was initiated by pulse heat-
ing of this coil with a condenser battery (capacitance,
3000 

 

µ

 

F). Chemiluminescence in the visible region
registered with a FEU-39 photomultiplier (spectral sen-
sitivity, 0.2–0.6 

 

µ

 

m) was used to start the registration
system. An FEU signal was transmitted to the synchro-
nization inlet and one beam of an S9-8 two-beam mem-
ory oscilloscope starting in a leading-phase mode.
Emission during combustion was also registered at
0.7

 

−

 

1.9 

 

µ

 

m using an MDR-3 monochromator (diffrac-
tion lattice, 300 stroke/mm) and silicon and quartz light
filters. The spectral slit width was ~0.005 

 

µ

 

m. The
kinetic curves of the integral emission in the visible
region and spectral emission upon single ignition were
registered simultaneously at a fixed wavelength every

 

∆λ

 

 = 0.005 

 

µ

 

m. The monochromator was calibrated by
the characteristic absorption bands of chloroform at
1.15, 1.21, 1.41, and 1.69 

 

µ

 

m [18].

The system of emission registration included an FD-10
photodiode and a preamplifier equipped with field-con-
trolled transistors and U3-29, V6-9, and U2-8 amplifi-
ers connected in a series (the signal from the third one
was transmitted to the S9-8 oscilloscope). The registra-
tion was performed by the alternating current with
emission modulation by a mechanical interrupter oper-
ating at a frequency of 3300 Hz sufficient for ignition
registration (the characteristic time of combustion was

 

>

 

3 ms, see below). The interrupter was placed in front
of the inlet slit of the monochromator. The alternating
signal was thus registered and its maximal value was
determined as the arithmetic mean for 5–7 ignitions.
Using these data and the maximal signal intensity on
the kinetic curve for each wavelength 

 

λ

 

, the emission
intensity vs. 

 

λ

 

 curve was plotted. The reproducibility of
the maximal emission intensity in each separate igni-
tion was ~15%. Figure 1 presents the optical scheme of
the setup. Under the operating conditions, the spectral
slit width was ~35 cm

 

–1

 

 at 

 

λ

 

 = 1.2 

 

µ

 

m. This value is
comparable with the distance between separate vibra-
tional–rotational lines of HCl (3–0) and HF (2–0). For
HF (2–0) near the 

 

P

 

 and 

 

R

 

 branches, this distance is ~50
and 30 cm

 

–1

 

, respectively. For HCl (3–0), this distance
is still shorter because of the lower rotational constant
B

 

e 

 

[19, 20]. The Doppler line width under these condi-
tions (~2000 K) is ~0.045 cm

 

–1

 

. Therefore, the experi-
mental spectra are represented as solid lines (like the
spectra of unresolved rotational structure).

Before each run, the reactor was evacuated for 5 min
at a residual pressure of 

 

4 

 

×

 

 10

 

–4

 

 torr. To remove the
deposits of solid products from the surface of the opti-
cal windows, the latter were polished after every 15
ignitions. This was a routine procedure because the
deposition of the 

 

SiO

 

2

 

 aerosol on the windows had
virtually no effect on the signal registered in the near IR
region.

RESULTS AND DISCUSSION

Figure 2a presents the emission spectra in the near
IR region for the initiated self-ignition of the 23.5%
DCS + 

 

O

 

2

 

 (spectrum 

 

1

 

) and 22% DCS + 18% 

 

SF

 

6

 

 + O

 

2

 

(spectrum 

 

2

 

) mixtures. The vibrational–rotational
bands of HCl in the 

 

X

 

1

 

Σ

 

 

 

state (

 

v

 

 = 3–0, where 

 

v

 

 is the
vibrational quantum number; band center, 1.198 

 

µm; R
and P branches [19, 20]) are observed in the near IR
region (Fig. 2). A band system corresponding to both

the electron transition of H (A2A' – X2A'', transitions
v   = 0–0 at 1.43 mm, v  = 1–1 at 1.48 µm [21]) and the

vibrational transition of O (X2Πi, v  = 2–0 transition;
band center, 1.437 µm; R, Q, and P branches [22, 23])
is registered at 1.34–1.51 µm.

The intense composite emission bands of the H2O*
(λ = 0.823 µm) and H2O2* (λ = 0.854 µm) molecule
vibrations are observed in the far visible region at
0.7−0.9 µm using an FD-10 detector without silicon
light filter [24, 25]. These bands can be attributed to the
following recombination reactions between H and

H :

During the combustion of mixtures with the SF6 addi-
tives (Fig. 2a, spectrum 2), an additional HF X'Σ band
(v  = 2–0 transition; band center, 1.29 µm; R and
P branches) is observed [19, 20]. The emission inten-

sity of H (A2A' – X2A'') and O X2Πi (v  = 2–0) in the
band system at 1.34–1.51 µm dramatically decreases.
This suggests that the SF6 additives efficiently quench

electronically excited H  radicals.

Assuming that the rotational temperature Tr is equal
to the translational temperature Tt, one can estimate the
average temperature of the combustion products during
emission registration from the distribution of the emis-
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Fig. 1.

 

 Optical scheme of the experimental setup: (

 

1

 

) photo-
diode, (

 

2

 

) outlet slit of monochromator, (

 

3

 

) monochromator,
(

 

4

 

) inlet slit of monochromator, (
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) light filter, (

 

6

 

) con-
denser, (

 

7

 

) collimator, (
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) optical windows, (

 

9

 

) reaction ves-
sel, (

 

10

 

) spherical flame front, (

 

11

 

) reflecting mirror (Au),
and (

 

a–a

 

) visual field of the registration system.
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sion intensities of the vibrational–rotational bands of
HCl (v  = 3–0) and HF (v  = 2–0). Taking into account
the data of [19, 20] and the experimental error in the
spectral intensity of the vibrational–rotational transi-
tions of HCl and HF, we found from Fig. 2 that the rota-
tional quantum numbers jmax ~ 10 ± 2 and (v  = 2–0)
jmax ~ 7 ± 1 correspond to the maximum band emission
for HCl (v  = 3−0) and HF (v  = 2–0). From the relation
jmax ~ (kT/2Be)1/2 [19], where k is the Boltzmann number
and Be is the rotational constant (Bv = 3 = 9.365 cm–1 for
HCl and Bv  = 2 = 19.028 cm–1 for HF [26]), we obtained
that Tr ~ Tt = (1700–3900) K. This suggests that com-
bustion occurs under nearly adiabatic conditions.

Taking into account that HCl is the main stable final
product [27] and using the available probabilities of the
vibrational transitions during ignition (the Einstein
coefficients) equal to 0.0379 s–1 (HCl, v  = 3–0) and
29.31 s–1 (HF, v  = 2–0) [28–30] and the estimates for
H2O* and H2  equal to ~10 s–1 [31], we assessed the
number of these species (with respect to HCl) equal to
~0.2% for HF and ~4.5% for H2O and H2 . The esti-
mated concentration of water vapors is close to its cal-
culated equilibrium value [27, 32] in the hot products
of  DCS + O2 + 3.76 N2 mixture combustion equal to
~1.72 mol %.

Using rapid schlieren photography, we observed
earlier [16] spherical flame propagation if emission was
initiated in the middle of the reaction vessel. Thus, the
spectrum registered (see Fig. 2) may be related to the
emission of the final combustion products from the
bulk of the sphere and the emission from the narrow

O2*

O2*

zone of the propagating spherical flame (the regions
of  the intensive chemical transformation, see Fig. 1).
In this case, the temperature of the combustion prod-
ucts is close to the adiabatic one, and the reaction heat
is Q ~ 170 kcal/mol [14, 27]. To estimate the contribu-
tion of each component to the overall emission, we reg-
istered the kinetics of the integral emission J in the vis-
ible (Jvis) and near IR spectrum regions (JIR) (Fig. 3).

The kinetic curves of the emission intensity for the
mixtures of the same composition in the visible (Fig. 3,
curve 4) and near IR (Fig. 3, curve 2) regions differ

widely from each other: the  value is attained ear-

lier (time τ) than . The observed rate of flame prop-

agation U before the attainment of the  value (U ~
R/τ, where R is the reactor radius) was estimated from
Fig. 3 to be U ~ 20 m/s, which is close to its experimen-
tal value measured by rapid schlieren photography
[16]. This indicates that the Jvis value (Fig. 3, curve 4)
reflects the active chemical transformations in the
branched-chain reaction [12, 24], whereas the JIR value
(curves 1–3) characterizes further emission in the
resulting stable and inert reaction products. The shape
of the kinetic curves of the spectral ignition in the IR
region is virtually independent of emitter (HCl, HF,
H2O, or H ) to which a kinetic curve refers. There-
fore, Fig. 2 illustrates the ignition spectrum of the com-
bustion products in the bulk of the reactor. Comparison
of the kinetic curves (Fig. 3, curves 1–3) shows that the
SF6 additives cause an increase in the lifetime of the
vibrationally excited states (the existence of the rela-
tively constant  values). This can be attributed to
the transition of the excess internal energy of the SF6
molecules to the vibrational degrees of freedom of the
combustion products. In other words, the addition of
SF6 to the fuel mixture results in the formation of an
additional reservoir for the vibrational energy. That is
why the energy amount from the vibrational levels of
the SF6 molecules is close for some time to the energy
of heat loss during emission and heat exchange with the
reactor walls.

The Mache effect [26, 33] also influences the region

of stable  values due to heat release in the bulk of
the reactor during the adiabatic compression of the
combustion products upon the complete combustion of
the fuel mixture. An increase in the SF6 concentration
in the mixture causes a noticeable retardation of flame
propagation [16] and, hence, a decrease in the contribu-
tion of the Mache effect because of an increase in the
heat loss through the wall as combustion continues.

However, the region of the relative stability of the 
values enlarges with an increase in the SF6 concentra-
tion in the fuel mixture (Fig. 3, curves 1–3). This sug-
gests that the contribution of the Maucher effect to the
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Fig. 2. (a) Emission spectra of the rarefied flame during
DCS oxidation: (1) 23.5% DCS + O2; (2) 22% DCS +
18% SF6 + O2; (3) spectral sensitivity of an FD-10 photo-
diode [45]; (4) aerosol background; (T = 300 K; P = 3 torr;
slit, 1 mm; and (b) emission spectra in the near IR region of
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heat capacity of the combustion products is negligible
and can be neglected.

The fact that the kinetic curves of the spectral emis-

sion for HCl, HF, H2O, and H  in the IR region
exhibit the same characteristic times of the intensity
decrease and increase upon SF6 addition to the reaction
mixture suggests that the energy is transferred to the
vibrational modes of these species from the same
energy reservoir supported by the SF6 additives. The
heat loss for emission can also be neglected because of
the low probabilities of emission in the IR region. For
example, these probabilities are 33.9, 2.32, and
0.0379 s–1 for HCl in the ground state X1Σ and the 1–0,
2−0, and 3–0 transitions, respectively [28, 30] and 26.4
and 2.15 s–1 for the composite transitions of the vibra-
tionally excited water molecules (101–000) and
(111−000), respectively [31].

The heat loss may also be due to the emission of
condensed species (for example, silane dioxide). How-
ever, upon SF6 addition, the continuous emission disap-
pears (see Fig. 2 and [12]), whereas the time interval,
during which IR emission is registered, is prolonged.
Additional energy can also be attributed to the presence
of overheated condensed species of silicon dioxide and
the energy liberated in the recombination of the active
sites of the chain reaction on the surface of the forming
new phase. Although SF6 consumes some part of
energy released in phase formation [32], its additives
cause a dramatic decrease in the overall amount of
aerosol produced by ignition [34] via the reaction

Therefore, the vibrational energy of the sulfur
hexafluoride molecules is higher than the equilibrium

value until the  values remain virtually unchanged.
Then, a regular cooling regime is observed (see below)
characterized by the energy equilibrium between the
vibrational and translational degrees of freedom of the
reaction products.

Let us estimate the characteristic times of deactivation
due to the vibrational relaxation in the gas phase. For the
HCl and O2 molecules, which are the main gaseous reac-
tion products, the rate constants for the vibrational deacti-
vation (the V–V exchange) from the v = 3, 2, 1 to the
v = 2, 1, 0 levels, respectively, are 10–14–10–12 cm3/s at
300–2000 K [35]. Hence, the characteristic times of the
vibrational–vibrational relaxation for 3 torr τV–V are
nearly 10–3–10–5 s. The relaxation of the vibrational
energy to the translational energy (the V–T exchange)
requires 103–105 collisions per second and τV–T = 10–5–
10–3 s at 2000 K. This suggests that the τV–V and τV–T val-
ues are comparable. In this case, if the rate of the
V−I exchange is higher than the rate of cooling the com-
bustion products during heat exchange with the reactor
walls, the characteristic time of the dip of the kinetic
curve JIR from the data of Fig. 3 should coincide with
time of cooling the reaction products. For the regular

O2

.

SiO2 4HF SiF4 2H2O.+ +

J IR
max

thermal regime of the cooling a spherical gas volume
from T to T0 (T0 is the wall temperature) in the absence
of heat release in the volume, Frank-Kamenetskii
derived the following relation [36]:

(1)

where k1 is the minimal eigenvalue of the thermal con-
ductivity linear equation, k1 = π/R0, R0 is the reactor
radius, and α is the coefficient of temperature conduc-
tivity. Assuming that the α value is equal to the diffusion
coefficient D [36] and taking into account Eq. (1), one can
determine the characteristic time of cooling τ as

(2)

where D0 is the diffusion coefficient [37] under ordi-
nary conditions (300 K, 760 torr) for the combustion
products, and P and P0 are the pressures corresponding
to the temperatures T and T0, respectively. Assuming
that T = 1500 K for the beginning of the regular thermal
regime of cooling, D0 = 1.6 cm2/s, P0 = 3 torr, and R0 =
6 cm, we obtain the characteristic time of cooling
τ−1 ~ 210 s–1. This value is close to the experimental
one equal to ~200 s–1 (Fig. 3, curves 1–3). Our finding
suggests that the equilibrium between the vibrational
and translational degrees of freedom, that is, Tv = Tt, is
established in the region of the regular regime of cool-
ing. Therefore, the time of the establishment of the V−V
and V–T equilibria is shorter than the time of cooling
the reaction products. This also indicates that a delay in
cooling (the time interval corresponding to the region

of the relatively constant  values (Fig. 3)) is due to
the relaxation of the energy of the vibrational reservoir
of added SF6. After combustion, the concentration of
the vibrationally excited molecules increases, and its
relative increase is proportional to the SF6 concentra-
tion. The delay in cooling also increases with an
increase in the concentration of sulfur hexafluoride

T T0–( ) k1
2α t–( ),exp∼

τ 1– k1
2D0 T /T0( )1.5 P/P0( ),=

J IR
max

–3

50 10 15 20 t, ms

–2

–1

0
ln(J/Jmax) [arb. units]

1

2

3

4

Fig. 3. Kinetics of emission during initiation ignition:
(1) 23.5% DCS + O2; (2, 4) 26.5% DCS + 7% SF6 + O2; and
(3) 22% DCS + 18% SF6 + O2. P = 3 torr, 293 K. (1, 3) Inte-
gral emission in the near IR region, and (4) integral emission
in the visible region.
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(Fig. 3). Therefore, the SF6 molecules, passed the
chemical reaction front during spherical flame propa-
gation, accumulate an overeqilibrium content of the
vibrational energy, which is further transformed into
the thermal energy of combustion products without
noticeable loss. This is also confirmed by the fact that
the final degree of expansion of the combustion prod-
ucts is close to the adiabatic one [16, 38] at various
SF6 concentrations with due regard to the overall heat
capacity of the combustion products Cp. At the same
time, a dramatic decrease in the apparent rate of flame
propagation U in the presence of SF6 [16, 38] (Fig. 3,
curves 1 and 4) can barely be explained by the thermal

nature of flame propagation because U ~  and vari-
ations in the diffusion coefficient of the active sites in
the mixtures with SF6 additives [33] (see Appendix).

Let us consider some possible processes responsible
for a decrease in the U value in the presence of sulfur
hexafluoride. It is known that SF6 additives cause a
decrease in the second self-ignition limit in the H2 + O2

reaction [39], thus stabilizing the inert H  radicals
formed in the process

(I)

where  is a vibrationally excited species.

The SF6 molecules added to the H2 + O2 + Ar flames
react with hydrogen atoms at 1300–1940 K with the
rate constant k = 2 × 1015exp(–(30 ± 5)/RT) cm3 mol–1 s–1

(the activation energy is expressed in kcal/mol) [40]. In
this case, the reaction

(II)

with the above rate constant is a chain termination reac-
tion. The SF6 molecules also dramatically inhibit com-
bustion in the flames that are rich in hydrogen and air
[41]. SF6 virtually does not dissociate under these con-
ditions. Dissociation only occurs at T > 1500 K because
the S–F bond energy in this molecule is ~600 kcal/mol
[42]. Abid et al. [24] also found that sulfur hexafluoride
additives inhibited the propagation of the spherical
H2 + O2 flame. Chemiluminescence in the visible
region with the characteristic time, which is of the same
order as the time of ignition, is due to the processes

involving the O, H, and O  radicals, whereas chemilu-
minescence in the near IR region with much longer char-
acteristic times may be caused by the H2O, H2O2 and

H  species, which emit at the finite combustion tem-
perature. Water formation is accompanied by emission
with λ = 0.823 µm, whereas hydrogen peroxide forma-

tion during the recombination H  + H   H2  +
O2 is accompanied by emission with λ = 0.852 µm [24,
25] (cf. Fig. 2). These data suggest that the SF6 addi-
tives have a similar effect on hydrogen and dichlorosi-

Cp
1/2–

O2

.

H O2 SF6 HO2

.
SF6

V V– ,++ +

SF6
V V–

H SF6 HF SF5

.
++

H
.

O2

.

O2

.
O2

.
O2*

lane oxidation and that the rate of flame propagation
depends on their chemical nature. The latter is due to a
change in the rate of termolecular termination of the
reaction chains via the reaction

(III)

under the conditions of developed combustion. Note
also that the SF6 molecules can participate in chain ter-
mination involving charged species during DCS com-
bustion [17].

Reaction (III) also plays a critical role in hydrocar-
bon combustion in mixtures that are poor or insuffi-
ciently enriched in fuel [43]. Note that the thermal dis-
sociation of fuel during the combustion of hydrocar-
bons (and inorganic hydrides) is a relatively rapid
process resulting in the formation of hydrogen atoms
and other chain carriers [43]. The thermal decomposi-
tion of DCS also results in H2 formation under certain
conditions [15, 27, 44], that is, the main elementary
reactions of hydrogen oxidation should play a signifi-
cant role in developed combustion at temperatures
approaching 2000 K.

In this work, we found experimentally that the addi-
tion of SF6 to the DCS + O2 fuel mixture results in both
the formation of the HF molecules and the deactivation

of electronically excited H  radicals (A2A' – X2A'').
These findings indicate that the inhibition of flame
propagation in this reaction system by sulfur hexafluo-
ride additives should be due to reactions (I) and (II)
resulting in the replacement of the active centers of
reaction chains by inactive centers. In this case, reac-
tion (I) is accompanied by energy transfer to the vibra-
tional degrees of freedom of the sulfur hexafluoride
molecules.
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APPENDIX

Let us show that variations in the coefficient of
mutual diffusion in the DCS + O2 mixtures in the pres-
ence of the SF6 additives (up to 10%) cannot cause an
increase in the lower self-ignition limit [16].

To determine the coefficients of mutual diffusion in
a mixture, one should know the self-diffusion coeffi-
cients of the mixture components.  = 0.18 cm2/s for
O2 under ordinary conditions [35]. The self-diffusion
coefficients for SF6, DCS, and O2 can be estimated
from the equation [45]:

(3)

H O2 M HO2

.
M++ +

O2

.

DO2

D V / 3 2nσ( ),=
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where V is the average rate of molecules; n is the num-
ber of molecules in cm3 (2.69 × 1019 cm–3 under ordi-
nary conditions); and σ = πd2/4, where d is the collision
diameter. The d value was determined from the equa-
tion d = (9.26 × 10–9)b1/3 [35], where b is the correction
to the volume in van der Waals equation equal to 

= 88.1 cm3/mol, bDCS = 107.8 cm3/mol, and  =

31.6 cm3/mol. The D values obtained with due regard to
the experimental  value under ordinary conditions

were DDCS = 0.045 cm2/s and  = 0.043 cm2/s. Tak-

ing into account that DDCS ~ , the mutual diffusion
coefficients can be estimated by the Blanck equation
[35]:

(4)

where fA and fB are the molar fractions of A and B, and
DA and DB are the self-diffusion coefficients of A and B
under ordinary conditions. For the 10% DCS + O2 and
10% DCS + 4% SF6 + O2 mixtures, the DAB coefficients
are 0.14 and 0.13 cm2/s, respectively. Hence, the rela-
tive change in the diffusion coefficient is ~8.5%, which
is insufficient for a 1.5-fold increase in the lower self-
ignition limit even in the diffusion-controlled termina-
tion of the reaction chains.
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