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Vibrational relaxation in methane-oxygen mixtures has been investigated by means of a time-resolved pump-
probe technique. Methane molecules are excited into selected rotational levels by tuning the pump laser to
2ν3 lines. The time evolution in population of various vibrational levels after the pumping pulse is monitored
by probing, near 3000 cm-1, stretching transitions between various polyads like 2ν3(F2) - ν3, (ν3+2ν4) -
2ν4, and (ν3+ν4) - ν4 transitions. Measurements were performed from room temperature down to 190 K. A
numerical kinetic model, taking into account the main collisional processes connecting energy levels up to
6000 cm-1, has been developed to describe the vibrational relaxation. The model allows us to reproduce the
observed signals and to determine rate coefficients of relaxation processes occurring upon CH4-O2 collisions.
For the vibrational energy exchange, the rate coefficient of transfer from O2 (V ) 1) to CH4 is found equal
to (1.32( 0.09)× 10-12 cm3 molecule-1 s-1 at 296 K and to (1.50( 0.08)× 10-12 cm3 molecule-1 s-1 at
193 K.

I. Introduction

Collisional energy transfer in methane-oxygen mixtures has
been the subject of numerous experimental and theoretical
studies for nearly four decades. Concerning the specific near-
resonant energy-transfer process between the dyad levels (near
1500 cm-1) of CH4 and the first vibrational level of O2, the
first measurement has been done by Yardley et al.1 using the
laser excited vibrational fluorescence technique at room tem-
perature. There is no measurement of the rate coefficient of this
transfer at lower temperatures. Concerning the process of
vibration to translation energy transfer upon O2 collisions,
among various studies,1-3 only the laser induced fluorescence
measurements of Siddles et al.3 were performed at low tem-
perature.

A renewal of interest for the relaxation of methane by CH4-
O2 collisions has appeared because of the evidence for non-
thermal local equilibrium (non-LTE) in the terrestrial atmos-
phere.4-8 Indeed, the knowledge of detailed vibrorotational
relaxation of methane is essential for an accurate account or
prediction of the infrared emission produced by a medium in
non-LTE. Of course, for such applications, the relaxation of
CH4 must be investigated at low temperature.

The present paper is dedicated to the study of the relaxation
of CH4 in O2 at room temperature and at 193 K. It is the
continuation of previous works9-12 concerning the vibrorota-
tional energy-transfer processes implied in the relaxation of CH4

after its excitation into a 2ν3(F2) state by a pulsed laser radiation
around 6000 cm-1. In these previous studies, it has been shown
that the time-resolved IR-IR double-resonance technique is
particularly well adapted to this subject provided that numerous
transitions are found in various vibrational bands. The kinetic
model developed for describing relaxation in CH4/N2,11 CH4/

H2, or CH4/He12 mixtures has been modified to take into account
the energy-transfer processes specific to the CH4-O2 collisions.

After a brief description of the experimental procedure in
section II, experimental signals will be presented in section III.
The analysis of the experiments by means of a kinetic model
will be treated in section IV.

II. Experimental Technique

The experimental setup is very similar to that used in previous
studies9-12 and is described in detail in ref 12. Let us recall
that CH4 molecules are excited into a selected rovibrational level
of the 2ν3(F2) state by the single mode output beam of an Optical
Parametric Oscillator (OPO) pumped by a single mode pulsed
Nd:YAG laser (Continuum). The 7 ns output pulse produced
by the signal wave near 1.66µm (of about 5 mJ energy) has a
spectral width of 0.02 cm-1. The collision-induced time evolu-
tion of populations consecutive to laser excitation is monitored
by the low-power beam of a cw single mode lead-salt diode
laser (Laser Photonics) tunable in the 2939-2983 cm-1 range,
which permits to probe various transitions ofν3 harmonic and
combination bands.

In order to investigate the relaxation of CH4 excited to a
selected rovibrational level of the 2ν3(F2) state, various transi-
tions have been probed: dyad-octad transitions, (ν3+ν4) - ν4

and (ν3+ν2) - ν2; pentad-tetradecad transitions, 2ν3 - ν3 and
(ν3+2ν4) - 2ν4; and tetradecad-triacontad transitions, 3ν3 -
2ν3. A simplified diagram of the CH4 vibrational levels with
the main probed transitions is given in Figure 1. A more detailed
description of the polyads of methane can be found in ref 13.

The pumping and probing beams propagate collinearly
through the double-resonance cell, described in detail in ref 11,
that is a variable temperature cell allowing measurements at
low temperatures down to 190 K. It is a triple-walled Pyrex
tube, 68 cm in length and 3.8 cm in internal diameter. The outer
vacuum jacket is for thermal insulation, and the intermediate
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one is for cooling the sample cell, which is obtained by flowing
cold ethanol from a refrigerator (Maton) at a regulated temper-
ature. The cell temperature is controlled by a chromel-alumel
thermocouple placed in the cooling jacket. During the experi-
ments, the temperature fluctuations did not exceed(0.5 K.

Methane and oxygen were supplied byAir Liquide with a
stated purity better than 99.998%. The gas pressures were
measured using a MKS Baratron gauge for pressures up to 1
Torr (1 Torr)0.1333 kPa) and a Texas Instruments Bourdon
gauge for the higher pressures.

Our measurements have been performed in CH4/O2 mixtures
at 296 and 193 K for different gas pressures up to 82 hPa and
by varying the methane molar fraction in the gas mixtures from
1% to 100%.

III. Experimental Results

A. Rotational Relaxation.As observed in CH4/N2 mixtures,11

subsequent to the excitation of CH4 molecules in a selected
rotational level of the 2ν3(F2) state, a fast equilibration of
population occurs first in this state among the rotational levels
of the same symmetry type as that of the laser-excited one, i.e.,
of the same nuclear spin modification. The total depopulation
rate coefficients are measured by probing the laser-excited level.
By pumping methane molecules into the 2ν3(F2) J ) 1, A2, 18
level14 via the R(0) line and by probing this level, depopulation
rate coefficients upon CH4-O2 collisions were found equal to
(17.4( 1.4)µs-1 Torr-1 or (5.3( 0.4)× 10-10 cm3 molecule-1

s-1 at 296 K and (21.6( 1.5) µs-1 Torr-1 or (4.3 ( 0.3) ×
10-10 cm3 molecule-1 s-1 at 193 K. The value at 296 K is larger
than that obtained for CH4-N2 collisions,11 but the values at
193 K are very close to each other showing that oxygen like
nitrogen is an efficient collision partner for depopulation of the
rotational levels of methane in the excited vibrational state.
Following the rotational relaxation, the vibrational energy-
transfer processes that spread out energy from the 2ν3 (F2) state

to other vibrational states are slower than the rotational
relaxation by about 1 order of magnitude.

B. Vibrational Relaxation. The vibrational relaxation is
observed by monitoring the time evolution of the population of
several vibrational states, from the dyad to the tetradecad, using
well identified double-resonance (DR) signals corresponding to
stretching transitions∆V3 ) 1.

The depopulation of the 2ν3 vibrational state is well observed
by probing a 2ν3(F2) - ν3 or a 3ν3 - 2ν3(F2) transition for
which the probed 2ν3 rotational level is different from the laser-
excited level. For these types of DR signals, no significant
differences were observed between CH4/N2 and CH4/O2 mix-
tures as well as at room temperature at 193 K.

The major processes involved in the depopulation of the 2ν3-
(F2) state are the intermode-energy-transfer processes that
redistribute the vibrational energy within the polyad. They occur
upon CH4-CH4 and CH4-O2 collisions. Indeed, our experi-
mental data shows that the addition of oxygen to methane has
the same effect as nitrogen to accelerate the equilibration of
population within each polyad of interacting states. It can be
deduced that the major processes involved in the depopulation
of the 2ν3(F2) state, namely the intermode processes, are as fast
for O2 collisions as for N2 collisions.

The redistribution of vibrational energy within the tetradecad
is also observable by probing a transition between a 2ν4 level
of the pentad and a (ν3+2ν4) level of the tetradecad. DR signals
obtained with such a probe are shown in Figure 2. The fast
increase of population in (ν3+2ν4) is observed in the way of a
fast initial amplification. The amplified part of the IR double-
resonance signals is weak. Indeed, the redistribution of mol-
ecules laser-excited in the 2ν3(F2) state among all the states of
the tetradecad is rapid due to the efficiency of intermode-transfer
processes and leads to only a very small increase in population
of the upper level of the probed transition. On the other hand,
the lower level of the transition belongs to the 2ν4 state that is
the lower state of the pentad, and when the pentad states are
equilibrated, the maximum of population is in this state. Thus
the absorbed part of these signals is large. Indeed, by probing
a (ν3+2ν4) - 2ν4 transition one observes mainly the time
evolution of the population of the pentad state. The DR signals
presented in Figure 2 were obtained at 193 K either in a CH4/
O2 mixture or in a CH4/N2 mixture at 8 Torr total pressure with
a methane molar fraction equal to 5%. As shown in this figure,
the temporal evolution of this type of signal in CH4/O2 mixtures

Figure 1. Simplified diagram of vibrational energy levels up to 9000
cm-1 showing the main transitions probed in this work., b . is for
bending and, s . is for stretching;νb ) ν2 or ν4 andνs ) ν1 or ν3.

Figure 2. Comparison of experimental DR signals obtained by probing
a (ν3+2ν4) - 2ν4 transition in a CH4/O2 or in a CH4/N2 mixture. For
both signals the total pressure is 8 Torr, the molar fraction is 5%, and
the temperature is 193 K.
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is different from what was previously observed in CH4/N2

mixtures. The DR signal obtained in the CH4/O2 mixture reaches
its minimum earlier and returns more rapidly to equilibrium.
That means that, as a result of O2 collisions, the population of
the pentad state reaches its maximum earlier and decreases more
rapidly.

The difference between CH4/O2 and CH4/N2 mixtures is
particularly striking for dyad states. The evolution of populations
in the dyad is monitored by probing dyad-octad transitions.
The same temporal behavior of the DR signals is observed for
(ν4+ν3) - ν4 and (ν2+ν3) - ν2 transitions, but the DR signals
depend on the symmetry type (A, E, or F) of the probed
transition relative to the spin modification of the methane
molecules excited by the pumping pulse.

In our experiments, methane molecules are excited onto a
level of A-symmetry type. DR signals observed by probing an
A-symmetry level and an F-symmetry level may be compared
in Figure 3. These signals were obtained at 193 K in mixtures
with a 5% methane molar fraction in 26 Torr total pressure.

The signals of Figure 3(a),(b) were obtained in a CH4/N2

mixture and these of Figure 3(c),(d) in a CH4/O2 mixture. As
shown, the increase in population of A-symmetry levels of the
dyad is faster than that of the other symmetry levels, and one
observes a transient excess in populations of the A-symmetry
levels compared to the levels of F-symmetry. This excess is
due to the conservation of the spin modification in collisional
processes. Indeed, the dyad levels become populated either by
V-T transfer processes (loss of a bending quantum) or by near
resonant V-V transfer processes. In the case of CH4/N2

mixtures the later processes occur only by self-collisions and
involve the exchange of aν4 vibrational quantum between two
methane molecules. Consequently, the filling of the F-symmetry

levels is due to the promotion of molecules from the ground
state, whereas the filling of the A-symmetry levels is due both
to the promotion from the ground state and to V-T de-excitation
from the upper A-symmetry levels. This temporary excess
disappears by vibrational exchange (or swap) between methane
molecules respectively on the dyad and ground states until an
equilibrium is obtained in the distribution of the molecules in
the various modifications of spin. Then all the dyad states return
to Boltzmann equilibrium by V-T transfer processes, and the
decrease in absorption of the signals proceeds at the same rate
for all dyad-octad probes.

The rate coefficients of the near resonant V-V energy-
transfer processes, involving the exchange of one quantum
between two CH4 molecules, have been determined in previous
work11 as also the rate coefficients of V-T de-excitation in N2
collisions and self-collisions. The V-T processes are much
slower than the V-V processes so that the main processes
involved in the filling of the pentad and dyad states of methane
in CH4/N2 mixtures remain essentially near-resonant V-V
energy-transfer processes upon self-collisions even for CH4

molar fractions as weak as 0.01% at 193 K.
The situation is totally different for CH4 diluted in O2, as the

energy of the first vibrationally excited state of O2 is close to
the energy of the dyad levels of CH4 so that near-resonant V-V
transfer can occur.

By comparing DR signals obtained with a dyad-octad probe
in CH4/O2 and CH4/N2 mixtures in the same conditions, the
effect of O2 collisions can be well observed. It can be seen in
Figure 3 that for both symmetry species the signals reach their
minimum earlier, and the increasing part of the DR signal
corresponding to F-symmetry is very different. It shows that
before the slow return to equilibrium of the dyad levels there is

Figure 3. Comparison of experimental DR signals obtained in a CH4/O2 and in a CH4/N2 mixture by exciting into the 2ν3(F2) J ) 1, A2, 18 level
and probing (ν3+ν4) - ν4 transitions. For both mixtures the total pressure is 26 Torr, the molar fraction is 5%, and the temperature is 193K.
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a faster decrease in population corresponding to V-V transfer
between CH4 and O2 molecules.

It is particularly interesting to compare the temporal evolution
of these DR signals as a function of the methane molar fraction
and of the O2 gas pressure for it allows determination of the
part played by near-resonant V-V energy-transfer processes
between CH4 and O2 molecules in filling lower polyads. For
weak CH4 molar fractions, the transfer to the lower polyads
occurs predominantly via the resonant process, and, at each
relaxation step, the energy released by CH4 is transferred to
oxygen molecules.

The effect of the temperature on the transfer processes
between CH4 and O2 can be observed by comparing DR signals
obtained in the same CH4/O2 mixture. Such signals obtained
by probing dyad-octad transitions in a sample with 2× 1018

molecules cm-3 and a 1% methane molar fraction are shown
in Figures 4 and 5, at 193 K and at room temperature,
respectively. It appears that the V-V energy transfer from
excited CH4 to O2 is faster at 296 K than at 193 K, the number
of molecules being constant. This behavior is contrary to that
observed for V-V energy transfer between methane molecules.

IV. Analysis

A. Relaxation Processes.In order to obtain the rate constant
of these processes we have modified the kinetic model
developed for describing relaxation in CH4/N2

11 to take into
account the energy-transfer processes specific to the CH4-O2

collisions. Due to the complexity of the energy levels of methane
and because the molecules are excited rather high in energy
(6000 cm-1), only the vibrational aspect of the relaxation is
described in the kinetic model. This model involves 90 states
from the ground state to the tetradecad: 30 vibrational energy
states and, for each of them, 3 overall rovibrational symmetry
species C) A, E, or F (related to the total nuclear spin).

In the following, processes previously taken into account in
the kinetic model are recalled, and processes specific to CH4-
O2 collisions are presented.

(a) Intermode-Energy-Transfer Processes.These processes
that redistribute the vibrational energy within a polyad can occur
upon self-collisions as well as CH4-O2 collisions. In such
collisions the symmetry type of the CH4 molecules remains
unchanged so that if one excites only one symmetry species,
then the population of the rovibrational states of different
symmetry is not affected by these processes. Three types are
considered: transfer between stretching modesν3Tν1, transfer

Figure 4. DR signals (dots) obtained at 193 K by probing dyad-
octad transitions in a CH4/O2 mixture with a 1% methane molar fraction.
The total pressure is 40 Torr (2× 1018 molecules/cm3). The simulated
DR signals (line) are superimposed.

Figure 5. DR signals (dots) obtained at 296 K by probing dyad-
octad transitions in the same gas sample as in Figure 4 (2× 1018

molecules/cm3). The simulated DR signals (line) are superimposed.
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between bending modesν2Tν4, and transfer between stretching
and bending modesν3T(ν2+ν4).

(b) Near-Resonant Vibration-Vibration Energy-Transfer
Processes between CH4 Molecules.The most probable processes
are the exchange of only oneν3 or ν4 quantum between two
CH4 molecules. These processes distribute the energy among
the different polyads and contribute also to the distribution of
vibrational excitation among the different symmetry species.
Indeed, as the CH4 molecules in the ground state may be in
any symmetry type C) A, E, or F, when such a molecule
encounters an excited one, it can be promoted either toν3 or ν4

according to the process but conserves its symmetry type.
For the processes involving the exchange of oneν3 quantum,

we have considered the processes of vibrational swap between
the ground state andν3

with C*C′ and the similar processes coupling the tetradecad
to the pentad.

For the processes involving the exchange of oneν4 quantum,
we have considered the processes of vibrational swap between
the ground state andν4

and similar processes coupling the pentad to the dyad, the octad
to the pentad, and the tetradecad to the octad.

(c) Near-Resonant Vibration-Vibration Energy-Transfer
Processes between CH4 and O2. Contrary to the case of N2
collisions that are not efficient in V-V transfer with CH4

because of the large difference in energy of the vibrational
quanta of these molecules, in O2 collisions, these V-V transfer

processes are efficient because the energy of the first vibra-
tionally excited level of O2 (1556.4 cm-1) is very similar to the
energy of the dyad levels of CH4 (ν2)1533.3 cm-1 and
ν4)1310.8 cm-1). Actually, the probability of this type of
transfer is linked not only to the small energy defect but also
to the transition momentum. As the transition momentum is
larger forν4 transitions, we consider only processes in which
methane makes aν4 transition, while oxygen undergoes a∆V
) 1 transition. It is worth noticing that theν2 andν4 states are
strongly coupled, as mentioned above, and theν4 state is much
more populated than theν2 state: 81.5% of the dyad population
at 296 K and more than 88% at 193 K. The primary process

contributes to relax energy from the dyad states of methane
toward O2 (V ) 1).

The reverse process

permits, as process 2, an equilibration among the levels of
different symmetry types of methane because upon a collision
with excited oxygen a methane molecule of any symmetry type
may be excited to the dyad state.

At each relaxation step, the energy released by CH4 is
transferred to oxygen molecules. For example it is necessary
to take into account, as for self-collisions, processes coupling
the pentad to the dyad

TABLE 1: Rate Coefficients for Intermode-Transfer Processes and V-V Transfer Processes in theν3 Mode

rate coefficient (cm3 molecule-1 s-1) rate coefficient (s-1 Torr-1)

processes 296 Ka 193 Ka 296 Ka 193 Ka

CH4(ν3,C) + CH4 f CH4(ν2+ν4,C) + CH4 (4.6( 0.6)× 10-11 (3.6( 0.4)× 10-11 (1.5( 0.2)× 106 (1.8( 0.2)× 106

CH4(ν3,C) + O2 f CH4(ν2+ν4,C) + O2 (3.53( 0.46)× 10-11 (2.8( 0.4)× 10-11 (1.15( 0.15)× 106 (1.4( 0.2)× 106

CH4(ν3,C) + CH4 f CH4(ν1,C) + CH4 (3.37( 0.92)× 10-11 (2.6( 0.8)× 10-11 (1.1( 0.3)× 106 (1.3( 0.4)× 106

CH4(ν3,C) + O2 f CH4(ν1,C) + O2 (2.45( 0.92)× 10-11 (1.8( 0.5)× 10-11 (0.8( 0.3)× 106 (0.90( 0.25)× 106

CH4(ν2,C) + CH4 f CH4(ν4,C) + CH4 (6.75( 1.53)× 10-11 (4.8( 0.8)× 10-11 (2.2( 0.5)× 106 (2.4( 0.4)× 106

CH4(ν2,C) + O2 f CH4(ν4,C) + O2 >3.68× 10-11 >2.8× 10-11 >1.2× 106 >1.4× 106

CH4(ν3,C) + CH4(0, C′) f CH4(0,C)+ CH4(ν3,C′) (2.45( 0.92)× 10-12 (0.28( 0.08)× 10-11 (0.8( 0.3)× 105 (1.4( 0.4)× 105

a Temperature.

TABLE 2: Rate Coefficients for V-T Transfer Processes and V-V Transfer Processes in theν4 Mode

rate coefficient (cm3 molecule-1 s-1) rate coefficient (s-1 Torr-1)

processes 296 Ka 193 Ka 296 Ka 193 Ka

VT CH4
CH4(ν4,C) + CH4 f CH4(0,C)+ CH4 (3.2( 0.5)× 10-14 (1.2( 0.4)× 10-14 (1.05( 0.15)× 103 600( 200
CH4(ν2,C) + CH4 f CH4(0,C)+ CH4 (3.2( 0.5)× 10-14 (1.2( 0.4)× 10-14 (1.05( 0.15)× 103 600( 200

VT O2
CH4(ν4,C) + O2 f CH4(0,C)+ O2 (5.7( 1.4)× 10-15 (2.4( 0.8)× 10-15 (185( 45) (120( 40)
CH4(ν2,C) + O2 f CH4(0,C)+ O2 (5.7( 1.4)× 10-15 (2.4( 0.8)× 10-15 (185( 45) (120( 40)

V-V CH4
CH4(ν4,C) + CH4(0,C′) f CH4(0,C)+ CH4(ν4,C′) (1.10( 0.06)× 10-11 (1.16( 0.06)× 10-11 (0.36( 0.02)× 106 (0.58( 0.03)× 106

CH4(2ν4,C) + CH4(0,C′) f CH4(ν4,C) + CH4(ν4,C′) (2.21( 0.12)× 10-11 (2.32( 0.12)× 10-11 (0.72( 0.04)× 106 (1.16( 0.06)× 106

CH4(3ν4,C) + CH4(0,C′) f CH4(2ν4,C) + CH4(ν4,C′) (3.31( 0.18)× 10-11 (3.48( 0.18)× 10-11 (1.08( 0.06)× 106 (1.74( 0.09)× 106

CH4(4ν4,C) + CH4(0,C′) f CH4(3ν4,C) + CH4(ν4,C′) (4.41( 0.25)× 10-11 (4.64( 0.24)× 10-11 (1.44( 0.08)× 106 (2.32( 0.12)× 106

V-V O2
O2(V)1) + CH4(0,C)f O2(V ) 0) + CH4(ν4,C) (1.32( 0.09)× 10-12 (1.50( 0.08)× 10-12 (4.30( 0.30)× 104 (7.50( 0.40)× 104

CH4(ν4,C) + O2(V)0) f CH4(0,C)+ O2(V)1) (1.33( 0.09)× 10-13 (0.80( 0.04)× 10-13 (4.34( 0.30)× 103 (4.00( 0.20)× 103

CH4(2ν4,C) + O2(V)0) f CH4(ν4,C) + O2(V ) 1) (2.66( 0.19)× 10-13 (1.60( 0.08)× 10-13 (8.68( 0.60)× 103 (8.00( 0.40)× 103

CH4(3ν4,C) + O2(V)0) f CH4(2ν4,C) + O2(V)1) (3.99( 0.28)× 10-13 (2.40( 0.12)× 10-13 (1.30( 0.09)× 104 (1.20( 0.06)× 104

CH4(4ν4,C) + O2(V)0) f CH4(3ν4,C) + O2(V)1) (5.32( 0.37)× 10-13 (3.20( 0.16)× 10-13 (1.74( 0.12)× 104 (1.60( 0.08)× 104

a Temperature.

CH4(ν4,C) + O2(V ) 0) f CH4(0,C)+ O2(V ) 1) (3)

CH4(0,C)+ O2(V ) 1) f CH4(ν4,C) + O2(V ) 0) (3′)

CH4(ν2+ν4,C) + O2(V ) 0) f CH4(ν2,C) + O2(V ) 1) (4)

CH4(2ν4) + O2(V ) 0) f CH4(ν4) + O2(V ) 1) (5)

CH4(ν3,C) + CH4(0,C′) T CH4(0,C)+ CH4(ν3,C′) (1)

CH4(ν4,C) + CH4(0,C′) T CH4(0,C)+ CH4(ν4,C′) (2)
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and processes coupling the octad to the pentad and the tetradecad
to the octad.

These processes have been taken into account for all levels
having at least oneν4 quantum leading to 16 processes.

It has been suggested1,2 that direct energy transfer from CH4

(ν3) to O2 (V ) 2) and processes of ladder-climbing in O2 could
play a small part in the relaxation of CH4/O2 mixtures. The first
process that implies an exchange of two quanta of vibration
between methane and oxygen was neglected in our model.
Indeed, this exchange is less probable than the exchange of one
quantum, and, due to the fast equilibration that occurs inside
the pentad by intermode processes, the relaxation of molecules
in the ν3 state is more likely to happen through transfer to the
2ν4 pentad state and then by energy transfer to O2 according to
the above process 5.

Concerning the ladder-climbing processes in oxygen, two
processes were considered

and

(d) Vibration to Translation, Rotation (V-T,R) Energy-
Transfer Processes.The V-T,R processes considered in our
model involve the loss of one bending quantum. Such processes
can occur upon self-collisions as well as CH4-O2 collisions,

so, in the following processes, M will represent either a methane
molecule or an oxygen molecule.

These processes have been taken into account for all levels
having at least one bending quantum.

The V-T,R process of de-excitation of oxygen by collision
with methane has also been introduced in our kinetic model:

The de-excitation of oxygen by itself was neglected, because,
as outlined in ref 1, this process is particularly slow and the
addition of a small amount of methane to oxygen enhances
greatly the de-excitation of O2.15 Nevertheless, the rate coef-
ficient of process 10 is expected1 to vary between 1 and 10%
of the rate coefficient of process 8.

(e) Simplifying Assumptions.For the same collision partner,
all ν3fν1 intermode-transfer processes considered in the
exothermic direction (ν3>ν1) have the same rate coefficient
kν3fν1

M for M collisions (M)CH4 or O2). Similarly, for ν2fν4

and forν3fν2+ν4 intermode-transfer processes, the rate coef-
ficients of the exothermic processes have the same rate
coefficientskν2fν4

M andkν3fν2+ν4
M , respectively.

Figure 6. DR signals (dots) obtained in CH4/O2 mixtures with a 5% methane molar fraction by probing a (ν3+2ν4)-2ν4 transition or dyad-octad
transitions after laser-excitation on an A-symmetry level of 2ν3(F2). The simulated DR signals (line) are superimposed.

O2(V ) 1) + O2(V ) 1) f O2 (0) + O2(V ) 2) (6)

O2(V ) 1) + O2(V ) 2) f O2(0) + O2(V ) 3) (7)

CH4(ν4) + M f CH4(0) + M (8)

CH4(ν2) + M f CH4(0) + M (9)

O2(V ) 1) + CH4 f O2(V ) 0) + CH4 (10)
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The rate coefficients of near-resonant V-V transfer processes
between methane molecules are related by a scaling factor
appropriate to first-order perturbation theory for harmonic
oscillators. For instance, the rate coefficients for the processes

aren times the rate coefficient of processes 1 and 2, respectively.
The same assumption was adopted for V-V transfer pro-

cesses from excited methane to oxygen molecules. Hence, the
rate coefficient of the following process

is n times that of process 3.
It is worth noticing that the direction of the collisional process

chosen is really important when doing the assumption of
harmonic factor. Indeed, although process 3 is well adapted to
describe the relaxation of methane, the exothermic process is
process 3′ whose rate coefficient, notedkV-O2, is much larger
than that of process 3 (by a factor of about 10 at 296 K and 18
at 193 K from the detailed balance). Furthermore, the energy
defect and equilibrium constant change from processes 3-5.
Consequently, whereas the rate coefficient of process 5 is twice
the rate coefficient of process 3, the reverse rate coefficient of
process 5 is not simply twice the rate coefficient of process 3′
but 1.39 and 1.42 timeskV-O2 at 296 and 193 K, respectively.

Finally, by applying the above assumptions and the detailed
balance, all the rate coefficients for V-V transfer processes
are obtained from only three rate coefficients: those of processes
1, 2, and 3′.

The rate coefficients of V-T,R transfer processes are also
related to each other according to the harmonic oscillator
approximation, i.e., the rate coefficients (M)CH4 or O2) of the
process

aren times those of process 8. Furthermore, the rate coefficients
of processes 8 and 9 were supposed to be equal.

B. Results and Discussion.From the kinetic model, a system
of coupled nonlinear differential equations is obtained. This
system is solved by a Runge-Kutta method yielding the time-
dependent populations of the 90 states of methane and 4 states
of oxygen considered in the model. Then, simulated DR signals
directly comparable with the experimental signals are generated
from the time-dependent populations of methane.

The experimental and simulated DR signals were compared
for CH4/O2 mixtures with various pressures and molar fraction
at 193 and 296 K. The values of the rate coefficients leading to
the best fit of our data are given in Tables 1 and 2. The results
for self-collisions reported in these tables are from ref 11. The
very good agreement between experimental DR signals and
signals calculated using the values of Tables 1 and 2 is shown
in Figures 4-6.

Let us discuss the values of the rate coefficients reported in
Tables 1 and 2.

(a) Intermode-Transfer Processes.As mentioned in section
III, the same rate of depopulation of the 2ν3 state was found in
CH4/O2 as in CH4/N2 mixtures. As the constants that play a
major part in this depopulation arekν3fν2+ν4

O2 and to a lesser
extentkν3fν1

O2 , these constants were assumed to be identical to
those measured for N2 collisions. For theν2Tν4 intermode

processes a minimal value ofkν2fν4
O2 was determined under

which the filling of the upper state of the (ν3+2ν4) - 2ν4 probed
transition is not as fast as seen experimentally. Actually,
decreasingkν2fν4

O2 results in a broadening of the amplified part
and a shift in time of the absorbed part of the DR signal for a
(ν3+2ν4) - 2ν4 transition. As no significant difference was
observed in the first rise of the DR signals for this type of
transition when N2 is replaced by O2, the same rate coefficients
are assumed for N2 as for O2 collisions.

(b) V-V Energy Transfer in CH4-O2 Collisions.The shape
of the signals simulated for dyad-octad probe transitions in
CH4/O2 mixtures with small methane molar fraction, in par-
ticular the time position of the maximum of absorption of the
signal (maximum of population inν4), was found to depend
strongly on the processes of V-V energy transfer between CH4

and O2. This is illustrated in Figure 7 where computed DR
signals have been plotted for A- and F-symmetry type (ν3+ν4)
- ν4 transitions after laser excitation onto an A-symmetry type
level. Signal (1) is obtained using the values of Tables 1 and 2,
whereas for signals (2), (3), and (4) the rate coefficients of V-V
energy transfer between CH4 and O2 were decreased by
changingkV-O2 to 2.4× 104 s-1 Torr-1, 1.6× 104 s-1 Torr-1,
and 0, respectively. Indeed, 2.4× 104 s-1 Torr-1 and 1.6×
104 s-1 Torr-1 are the values given in refs 1 and 2, respectively,

CH4(nν3 ,C) + CH4(0) f CH4((n-1)ν3, C) + CH4(ν3)

CH4(nν4 ,C) + CH4(0) f CH4((n-1)ν4, C) + CH4(ν4)

CH4(nν4,C) + O2(0) f CH4((n-1)ν4, C) + O2(V ) 1)

CH4(nν4) + M f CH4((n-1)ν4) + M

Figure 7. DR signals computed for dyad-octad transitions with
different values of the rate coefficients of V-V energy transfer between
CH4 and O2: signal (1), values of Tables 1 and 2 and signals (2-4),
same as (1) except for the rate coefficientkV-O2 taken respectively at
2.4 × 104, 1.6 × 104, and 0 s-1 Torr-1.
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for the exothermic process 3′ at 296 K. It is clearly seen in
Figure 7 that the efficiency of the energy transfer from oxygen
to methane was underestimated in these previous works.

At 193 K, no comparison can be made with existing results,
but the simulations presented in Figure 8 illustrate the waykV-O2

was determined in our experiments. In this figure, computed
DR signals have been plotted for a F-symmetry (ν3+ν4)-ν4

probe transition after an A-symmetry type excitation. Signal
(1) is obtained using the values of Table 1 and 2, whereas for
signals (2) and (3) the value ofkV-O2 has been changed from
7.5 to 6.0 × 104 s-1 Torr-1 and 9.0 × 104 s-1 Torr-1,
respectively. For such rather small variations ((20%) ofkV-O2

the shape of the signal changes rapidly. Furthermore, the shape
of the initial signal (1) cannot be reproduced by taking a low
value ofkV-O2 (6.0 × 104 s-1 Torr-1) and increasing the rate
coefficient of the V-T transfer as shown in signal (4) of Figure
8.

A similar behavior, although less obvious, was observed for
the maximum of absorption of the signals simulated for a
(ν3+2ν4)-2ν4 probe and a small CH4 molar fraction (between
1% and 10%). Since the values giving the best agreement for
these two types of signals are consistent, we could obtainkV-O2

with a precision of about 10% at 193 K as well as 296 K.
For CH4-CH4 collisions, the V-V energy-transfer rate

coefficients expressed in cm3 molecule-1 s-1 increase with
decreasing temperature, but for the transfer from excited CH4

to O2, the rate coefficients decrease with decreasing temperature
showing that these processes are not very resonant processes.
For the temperature dependence of the rate coefficients for the
reverse transfer (from excited O2 to CH4), contrary to the direct
ones, they present a small increase with decreasing temperature
when expressed in cm3 molecule-1 s-1 and a larger increase
when expressed in s-1 Torr-1.

(c) V-T Energy Transfer.The rate coefficients of these
transfers are lower than those of V-V transfer between methane
and oxygen. For V-T transfer processes, at room temperature,
our results are in agreement with results of refs 1 and 16 for
CH4-O2 collisions but higher than those of refs 2 and 3: (138
( 7) and (101( 16) s-1 Torr-1. At 193 K, our result for CH4-
O2 collisions presents a larger discrepancy with the only
available value3 of (6 ( 1) 10-16 cm3 molecule-1 s-1 ) (30 (
5) s-1 Torr-1. Let us notice that for such a small rate coefficient

the determination is difficult and the accuracy worsens owing
to beam flyout. These low values explain the slow increase of
the dyad-octad signals. As de-excitation upon CH4-O2 colli-
sion by V-T processes is very slow, V-V processes play really
a leading part in depletion of 2ν4 levels and in the filling ofν4

levels even for very small methane molar fractions.
In our model, we account for V-T de-excitation processes

starting from all the excited levels having at least one quantum
of bending assuming the same rate coefficient forν4 and ν2.
Indeed, it corresponds to a global rate coefficient for the de-
excitation of the dyad with the same value as the individual
rate coefficients presented in Table 1. Another way to model
the de-excitation of the dyad is to neglect the V-T de-excitation
from ν2 and consequently to increase the rate coefficient of the
V-T de-excitation fromν4. Due to the ratio of populations into
the ν4 andν2 states, this alternative hypothesis would lead to
135 s-1 Torr-1 at 193 K and 227 s-1 Torr-1 at 296 K for the
de-excitation ofν4.

The V-T de-excitation of oxygen upon CH4 collisions could
not be obtained from the comparison of simulations with
experimental results. No effect on the simulated DR signals for
dyad-octad probes was observed by varying the rate coefficient
of this process from 0 to 100% of the value found for the rate
coefficient of the V-T de-excitation of methane upon O2

collisions.
(d) Processes of Ladder-Climbing in Oxygen.The rate

coefficient of these processes could not be measured from our
experiments. These processes that allow a distribution of the
energy among the vibrational energy levels of oxygen should
be important when there is much energy in methane to transfer
to oxygen. Simulations were carried out by varying the rate
coefficient of processes 6 and 7 from 0 to the value of the rate
coefficient of process 3′ that is an upper limit. We found that
processes 6 and 7 are negligible in the experimental context of
this work: excitation of methane molecules. When the methane
molar fraction is small, simulations were done down to 5 ppmv,
the ladder-climbing processes have no effect because there are
plenty of O2 molecules to absorb the energy from methane
molecules. On the contrary, when the molar fraction is large
(above 5%), relaxation through CH4-CH4 collisions becomes
preponderant, and again the ladder-climbing processes in O2

have no effect upon the DR signals we can observe.

V. Conclusion

The rate coefficient of the near-resonant transfer from
methane to oxygen has been measured at room temperature and,
for the first time, at a temperature low enough for applications
to the terrestrial atmosphere.

The time-resolved double-resonance technique used in the
present work is much more selective than the laser induced
fluorescence or photoacoustic techniques used in previous
studies.1,2 With this technique, the time evolution of the
population of well-defined vibrational levels was obtained
directly from the experimental signals allowing us to measure
the rate coefficient of the near-resonant transfer from methane
to oxygen with a good accuracy.

Concerning the temperature dependence, the rate coefficient
of the transfer from excited methane to O2 (V ) 1) remains
about constant with decreasing temperature when expressed in
s-1 Torr-1 unit (and decreases slightly in cm3 molecule-1 s-1

unit), whereas the rate coefficient of the transfer from O2 (V )
1) to methane increases with decreasing temperature for both
units.

Figure 8. DR signals computed for an F-symmetry type dyad-octad
transition with different values of the rate coefficients for CH4-O2

collisions: signal (1), values of Tables 1 and 2; signals (2) and (3),
same as (1) except for the rate coefficients of V-V processes decreased
by 20% and increased by 20%, respectively; and signal (4), same as
(2) but the rate coefficients of V-T processes are multiplied by 5.
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The kinetic model developed for CH4-O2 collisions has
proved efficient to reproduce the DR signals obtained with
various probes and various mixture conditions after laser-
excitation in the 2ν3(F2) vibrational state. It could be useful to
predict, in circumstances not attainable in our experiments, the
evolution of the population of methane and oxygen vibrational
levels.
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