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The rovibrational energy transfer processes occurring in methane upon inelagtidNgEollisions have

been investigated by using time-resolved double-resonance (DR) measurements. s;Timel€tdiles were
excited at about 1.66m into selected rotational levels of thesgF,) state by an optical parametric oscillator
pumped by a Nd:YAG laser. The low power beam of a tunable diode laser emitting aroymah 8vds used

to probe the following transitions:v{ + va) < va, 2vs < v3, (v3 + 2v4) < 2v4, and 33 — 2v3 transitions.
Measurements were performed in £HN, gas mixtures with various molar fractions of methane. Rate constants
were deduced from the time evolution of the transient populations of the probed leydiasMeen found

to be an efficient collision partner to deplete the laser-excited level through rotational energy transfer, with
a rate constant of (13.& 1.5) us™* Torr! and through intermode transfer to equilibrate the populations
among the states of the tetradecad, with a rate constant of(2.8) us™* Torr . These measurements have
allowed us to determine the part played in the vibrational relaxation by intermode transfer processes, which
occur between the strongly interacting states of the polyads upar-CH, as well as Ch—N; collisions,

and by near-resonant-W energy transfer processes coupling the tetradecad to lower polyads, which occur
only upon CH—CH, collisions.

Introduction The aim of the present paper is to give the results obtained
In a previous work, we have presented a preliminary study n dCH4t_ Ndz. mlx]tcl:;]es "’Imd tt.o shci\r/]v how they |mp(rjotvethour i
of the vibrational relaxation of methane after its excitation into Understanding ot the relaxation pathway as compared to the nea
the 25(F,) state by a laser radiation around 6000-énFrom methane analysis. Besides, new r_esults were obtained concerning
the observed laser-induced fluorescence, we obtained a firstthe transfer of energy between dlfferent. symmetry species and,
understanding of the main processes implied in the return to moreover, the detection of a new unassigned transition between
a bending state of the pentad and a combination state of the

equilibrium of this gas. 5 y
qRecentIyzwe ha\?e shown that the transfers of rotational and tetradecad corroborates the interpretation of the results and
' demonstrates the interest of the technique to assign new lines.

vibrational energy that occur in CHunder the effect of

collisions could be thoroughly studied with the time-resolved
IR—IR double-resonance technique. Indeed, this technique hasExperimental Setup
been largely improved during the past few years owing to the
recent progress in tunable laser sources in the infrared. Optical
parametric oscillators (OPOQO) are very good sources to pump
molecules in selected vibratiemotation levels because they
can now produce laser pulses with a very small spectral widt
as narrow as 0.02 cmin our experiments. On the other hand,
single mode lead-salt laser diodes, with a spectral width of 0.002

cm* are very convenient sources to confinuously probe a mixtures, the rovibrationally excited methane molecules return
selected transition between two rovibrational levels. S y . :
to equilibrium. The low power infrared beam provided by a

From the double-resonance measurements reported in ref 2 ) . .
many data on the relaxation of methane were obtained: _CWsmgIe mode lead-salt diode laser (Laser Photonics), tunable

1 i )
determination of the rate constants for rotational energy transfer, " the 2.9352983 cm - range, IS used to probe the transient
and for vibrational energy transfer, in particular intermode popul_a}tlons of_select.ed levels in methane via asymmetnq stretch
transfers (between bending and stretching modes) and nearlransitions. It is collinearly propagated and overlaps with the
resonant V-V energy transfers. But these measurements were S;ﬁ%@ﬂ:gﬁggﬁggtzga?gg?éep:gs%laﬁi;i f:fllle%\/?:ye:p;ugg a
perfqrmgd in neqt methane. In view of future atmospheric 3000 et while tranémitting~85% of the 6000 ¢ pulse
applications in which the methane could be used as a probe of ’

its environment, it was also necessary to investigate the energy.The sample cell is made from a Pyrex tube 60 cm long with an

transfers that occur in CHunder the effect of collisions with internal d|am_eter of 38 mm. Cah‘fvmdows_ are held on each .
the main atmospheric constituents. end. The residual pulsed beam at the exit of the sample cell is

ruled out by means of a same dichroic beam splitter reflecting

* To whom correspondence should be addressed. Fax: 33 (0)1 44 27 700Nly the probe beam. Then, the probe beam is focused onto a
33. E-mail: menard@ccr.jussieu.fr. liquid nitrogen cooled InSb detector (SAT). The detector/
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Details about the double-resonance experimental technique
used to study the collisional relaxation of vibrationally excited
methane molecules can be found in ref 2. We briefly recall here
h the main features. The 7 ns output pulse of the OPO pumped

" by a single mode Nd:YAG laser (Continuum) is used to excite
CH, via selected rovibrational transitions of the;@,) — 0
band near 6000 cm. Under the effect of collisions in molecular
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dyad‘._,_@_ﬁ'&_ Figure 2. DR signals showing the time evolution in population of the
laser-excited level. They are obtained by exciting, via thdiri@, CH,
molecules into the&(F;) J = 4, A, 43 level, and by probing a3 —
Ground state 2v3(F2) J =4, A, 43 transition. In both ClH N2 mixtures, the methane

pressure is 15 mTorr, and the total pressure 0.03 and 0.3 Torr,
respectively.

Figure 1. Simplified diagram of the vibrational energy levels of

methane showing the lowest polyads of interacting states. The arrows,
in full lines, show the transitions probed in the present experiments,
and, in dotted lines, collisional intermode transfers between states of
each polyad and near-resonant-V transfers coupling the polyads. CH+N,

CH, 0.015 Torr

amplifier combination has a rise time lower than 200 ns. The
signal from the InSb detector is sampled, averaged, and stored
on a Tektronix DSA 601 digital signal analyzer before being
transmitted to a computer for further analysis. To eliminate the
scattered radiation coming from the pump pulse and the
electrical disturbance from the Pockels cell in the Nd:YAG laser,
a reference signal, recorded in the same condition except for

Amplification

the probe beam that is frequency shifted, is subtracted from 01 2 3 4 56 789 0N 1B
each DR signal before analysis. time (ps)

Figure 3. DR signals obtained by exciting, via the, Rne, CH,
Results molecules into the &(F;) J = 1, A, 18 level, and by probing the

2v3(Fy), J=1, Ay, 18— v3, J = 2, A, 4 transition. The gas pressures

The spectroscopic peculiarities of the gldpherical-top are the same ones as for the signals of Figure 2.
molecule have been summarized in our previous papensd
will not be repeated here. Let us only recall that all the methane pressure is 15 mTorr with nitrogen pressure being 1
vibrational states of methane are gathered in polyads of and 19 times the methane pressure. These signals exhibit a quasi
interacting states that are spaced by about 1500 amenergy. instantaneous decay in transmission of the probe beam (in the
As schematically shown in Figure 1, the lowest polyads limit of electronic response), due to the increase in population
considered in this work are successively a dyad, a pentad, anof the laser-excited level, followed by a rise due to the depletion
octad, a tetradecad involving thezdaser-excited state, and a  of this J level by collisional processes of rotational energy
higher polyad called £involving the 33 state. To investigate  transfer. It is clearly seen that the nitrogen molecules are efficient
the relaxation path in neat methahthree types of transitions  collision partners for rotational relaxation. Such DR signals may
have been probed: vg@ — 2v3(F,), 2vs(F2) < v3, and various be analyzed by fitting the rising part of the curve to a sum of
octad— dyad transitions. After revisiting the double-resonance two exponential functions of time. The pressure-dependent
(DR) signals observed by scanning the frequency of the diode rotational relaxation rate is extracted from the fastest exponential
laser emission, we have found a new kind of signal at 2970.50 that is also the strongest one. In &HN, mixtures involving a
cmL It may be assigned to they(+ 2vs), J = 2, Ay, 11— same methane partial pressure, the rate varies linearly with the
2v4, J = 3, Ay, 1 transitiod* from the data provided to us by  nitrogen pressure, and the rate constant of rotational relaxation
0. Robert and J.-P. Champion from their spectroscopic analysiscorresponding to ClH- N collisions is deduced from the slope
of the tetradecad. So, we have now at our disposal four typesof this linear variation.
of probe transitions as indicated in Figure 1. Another type of probe transition has been used to investigate

Rotational Relaxation. The rotational relaxation of the the rotational relaxation. When the rotational level excited by
excited level is directly observed by choosing the diode the pump laser is no longer the lower level of the probed
frequency in such a way that the lower level of the probed transition but the upper level, the DR signals exhibit an initial
transition is the excited level. Two such typical DR signals are amplification followed by a fast decay. For instance, in Figure
shown in Figure 2. The pump laser is tuned to the frequency of 3 the pump laser is tuned to thg e at 6015.66 cmt, which
the @ line of the 23(F;) <— 0 band at 6003.89 cm, which excites methane into the'dF,), J = 1, A,, 18 level while this
leads to excitation of CiHmolecules into the &(F2) J = 4, level is monitored via the(F,), J=1, Az, 18— wv3,J = 2,
A,, 43 level. The diode laser is tuned to 2939.79 &nwhich A1, 4 transition at 2963.99 crd. Obviously, these two signals,
corresponds to a1 — 2v3(F,) J = 4, Ay, 43 transition. The obtained with the same pressures as the signals of Figure 2,
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Figure 4. Plot of the measured rotational relaxation rates versus 00 02 0.4 06 08 10

nitrogen pressure for CH N, mixtures with the same methane pressure
of 15 mTorr. The data have been obtained by probing the laser excited
level via a 33 < 23 transition (+) as in Figures 2 andi3 — v
transitions &) as in Figure 3: The slope of the straight line is 12.8
ust Torr L.

z

Figure 5. Variation, versus the methane molar fractinnof the
rotational energy transfer rate constants deduced from various sets of
measurements performed by pumpihdevels fromJ =1 toJ = 4
and by probing 8; — 2v3 (F) transitions Q) as well as 23 (F;) — v3

. . . . .__transitions &) at methane pressure ranging from 0.002 to 0.2 Torr
have essentially the same time behavior except for the direction ;g methane molar fractions down to 1.75%.

of deviation.

Similar DR signals have been obtained with other ptimp  low pressure. Unfortunately, because these rotational redistribu-
probe combinations. All these signals can be analyzed by fitting tion processes are very fast and because the number of implied
the decaying part of the DR signal to a sum of two exponential levels is large, the signals obtained in the required pressure range
functions of time. The pressure-dependent relaxation ratesare rather weak, and it was not possible to measure with enough
extracted from the fastest exponential are in close agreementaccuracy the detailed state to state rotational energy transfer
with those obtained with the previous DR signals as can be processes.
seen in Figure 4 where a typical plot of the measured relaxation Vibrational Relaxation. After an equilibrium has been
rates versus nitrogen pressure is shown for a same methanestablished in theid(F,) vibrationally excited state among the
pressure of 15 mTorr. The data reported in Figure 4 have beenrotational levels belonging to the same symmetry type as that
obtained for three pumpprobe combinations: the pump tuned of the laser-excited level, the energy is spread out by vibrational
to Q4 with the probe tuned to 2939.79 chas in Figure 2, the relaxation into the other vibrational states. The induced changes
pump tuned to Rwith the probe tuned to 2963.99 ctnas in in population can be well visualized with the various probes at
Figure 3, and the pump tuned tg @ 6004.29 cm! with the our disposal. Typically, three DR signals obtained for a same
probe tuned to theig(F,), J = 3, A;, 32— wv3,J =4, A, 5 gas sample with three different probes corresponding to A
transition at 2944.69 cm. All these data are well fitted by a  symmetry species and with the pump laser tuned to the A
straight line the slope of which is 12,8 Torr 1. symmetry component of £are shown in Figure 6. The methane

Various sets of measurements have been made by pumpingoressure is 0.6 Torr, and the nitrogen pressure is 34 Torr. A
to various J levels frond = 1 toJ = 4 and by probing either  first DR signal (top signal) is obtained by probing the®,),
3vs — 2v3(F,) transitions or 23(F,) < vz transitions at methane  J =1, Ay, 18— v3, J = 2, Ay, 4 transition; the second signal
pressure ranging from 0.002 to 0.2 Torr and methane molar (middle signal) has been assigned to the{ 2v,), J = 2, Ay,
fractions down to 1.75%. For a given molar fraction, the 11 < 2v,, J = 3, Ay, 1 transition, and the bottom signal
relaxation rate was found to be proportional to the total pressure, corresponds to the/§ + v4), J =5, Ay, 14— v4,J =6, A1, 1
and thence a rate constant can be determined for each moladyad-octad transition. On the top signal, one can observe a
fraction. The mean values obtained by taking into account all fast initial rise showing that a fast increase in population occurs
the DR signals are plotted in Figure 5 versus the methane molarin the 2/3(F,), J = 1 A, upper level of the transition, due to
fraction. rotational energy transfer frod = 4 to J = 1. Then, the

From these results, one can deduce the values for theamplification decreases as this state is depleted. At the same
rotational self-relaxation and for the relaxation upon nitregen time, the middle signal increases slightly providing evidence

methane collisions, namely, (20482.5) and (13.Gt 1.5)us™* of intermode transfer processes populating the  2vys)

Torr %, respectively. vibrational state. After about s, the top signal and the middle
Now, by probing again & < 2v3(F;) or 2v3(F) — v3 signal exhibit an absorption of the probe beam as a result of an

transitions but in which the rotational state ofs@) is not increase of population in the lower levels of the probed

directly laser-excited, it is possible to observe the transfer from transitionsys and 24, respectively, showing that both bending
one rotational state to another one. Only states of the sameand stretching states of the pentad are filling up. Considering
symmetry type as that of the laser-excited level are populated, the time behavior and the position of the minimum in the top
as explained in ref 2, but within this symmetry type the and middle signals, which corresponds to the maximum transient
redistribution is very fast. For instance, after excitation into the population in pentad states, it appears that the stretching and
J=4, A,, 43 level the delay time to reach maximum population bending levels of the pentad proceed at similar rates. During
inthed =2, Ay, 29 is shorter than 0,6s for a 0.2 Torr mixture this period, the bottom signal decreases ag/iHievel is filling.

with 50% methane molar fraction, and it decreases very rapidly While at about 4«s the population in the pentad states begins
as N is added. So, it is necessary to take measurements at venjto decrease, the bottom signal is still decreasing, which shows
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Figure 6. DR signals obtained, with 0.6 Torr methane pressure and
34 Torr nitrogen pressure, by pumping £holecules with the laser
tuned to the A symmetry component of,@nd probing A symmetry
species via three different transitions successivehy;a-2v; transition

(top signal), a¥s + 2v,4) < 2v4 transition (middle signal), and &+

v4) < v4 dyad—octad transition (bottom signal). All these signals are
given on a same time scale.
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Figure 7. DR signals showing the time evolution in population of a
rotational level different from the laser-excited level. They are obtained
by pumping the 25(F;) J = 4, A;, 43 level via the Qline and probing

a vz — 2u3(F2) J= 2, Ay, 29 transition at 2970.93 cthin CH, + N
mixtures with 0.1 and 1.9 Torr nitrogen pressure, respectively, the
methane pressure being 0.1 Torr for both mixtures.
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Figure 8. DR signals obtained by pumping thesg), J = 4, A, 43
level and probing thei (F2), J =1, Ay, 18— v3, J= 2, Ay, 4 transition
at 2963.99 cm?, with the same Cl+ N, mixtures as in Figure 7.

Two typical DR signals obtained by pumping via §d probing

a 33— 2v3(F,) J= 2, A; transition at 2970.93 cnt are given

in Figure 7. For both signals, the methane pressure is 0.1 Torr,
and the nitrogen pressure is 0.1 Torr in one case and 1.9 Torr
in the other one. Obviously, the nitrogen molecules are efficient

collision partners for depleting thevgF,) vibrational state.

that the populations in the dyad states of the A symmetry species The same effect can be observed by probingR), J— vs

are still increasing, reaching a maximum after abou$0at
these pressures.

transitions withJ different from the pumped level. The increase
of the relaxation rate due to the addition of nitrogen to a given

To obtain a more quantitative understanding of the various methane pressure is obvious in Figure 8 giving two DR signals
processes involved in the relaxation, the DR signals obtained obtained with the same pressures as for the signals given in
with the available probes have been studied in detail at different Figure 7, by pumping to they3(F»), J = 4, A level and probing

time scales.

(a) Tetradecad States Probings shown above, the rising
(or decaying) part of the DR signals, obtained by probing 3
— 2v3(F,) (or 2v3(F,) < v3) transitions in which the lower (or
upper) level is directly laser-excited, can be fitted by two

the 23(F2), J = 1, Az, 18 — v3, J = 2, A4, 4 transition at
2963.99 cmit. Such DR signals have been recorded at methane
pressures ranging from 0.025 to 0.6 Torr and methane molar
fractions down to 1%.

Two relaxation rates are deduced from exponential fits of all

exponential functions: the fastest and strongest one is due tothese signals. Plots of these rates versus nitrogen pressure are
the rotational relaxation; the slowest one can be attributed to given in Figure 9 for mixtures with 100 mTorr partial methane
intermode energy transfer processes that lead to energy redispressure. The rate constants corresponding tg-GH collisions
tribution among the vibrational states of the tetradecad. The deduced from the slopes of such plots are found to be equal to
determination of the rate corresponding to this second expo- (2 + 0.6) and (0.44+ 0.1) us™! Torr %, respectively.

nential function is relatively imprecise since its contribution to
the signal is rather small. It is better to probe; 3— 2v3(F)

transitions where the lower rotational level is not the laser-
excited level. These signals exhibit first a very fast initial

(b) Pentad States Probingvhen the probe frequency is tuned
to a 2v3(F;) < v3 transition, the transient population of the
pentad states can be investigated by considering the absorbed
part of DR signals such as that given in Figure 10. Of course,

decrease, due to rotational energy transfer, then a rise, whichthe time evolution depends on the populations of both the
can be well fitted by two exponential functions of time, the tetradecad state and the pentad state, and thus it is not possible
fastest one corresponding to the slowest function discussed wherto deduce directly from such signals the rate constant for the
fitting the DR signals considered above like those of Figure 2. filling of the v3 state. However, it is clear that the probe beam
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Figure 9. Variation, versus nitrogen pressure, of the two rates of
depletion of the 2; (F,) state deduced from exponential fits of DR
signals obtained by pumping thes#,), J = 4, A;, 43 level and probing

the 53— 2v3(F,) J = 2, A4, 29 transition & and x) and the 23 (F»),
J=1, Ay 18— v3,J =2, Ay, 4 transition © andd), in CHs; + N
mixtures with 0.1 Torr methane pressure. The rate constants corre-
sponding to Ck—N collisions, deduced from the slopes of the linear
regressions, are found to be equal to¥2.6) and (0.4+ 0.1) us™?
Torr %, respectively.
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0.6 Torr CH,
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Amplification
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time (us)
Figure 10. DR signal obtained by pumping the®F,), J = 4, A,, 43
level and probing theig(F,), J= 1, A, 18« v3, J =2, Ay, 4 transition,
in CH; + N2 mixtures with 0.6 Torr methane pressure and 0.6 Torr

T
34§

nitrogen pressure. The absorbed part of the signal is representative of

the time evolution of the; state population.

becomes absorbed earlier when the(B,) depletion becomes
faster upon the effect of collisions with nitrogen molecules,
which is observed by comparing the DR signals obtained with
0.6 and 34 Torr N pressure in Figure 10 and Figure 6,
respectively. But it can be seen that the time to reach maximum
absorption of the probe beam, that is the time to reach maximum
population invs levels, depends very little on the,Npartial
pressure as long as the methane molar fraction is lower than
50%.

When the probe frequency is tuned toig (+ 2v,) — 2v4
transition, the transient population of the,2entad states is
well observed in the absorbed portion of DR signals such as
that of Figure 11 obtained with a mixture containing 0.6 Torr
CHs and 11.4 Torr M. In this 5% mixture, the maximum
population in the 24 state is reached 4s after laser excitation,
which is the same delay as for the 1.75% mixture of Figure 6.

Actually, in CH;—N, mixtures with a methane molar fraction
in the 10 to 1% range, the time to reach maximum population
in all pentad levels was found to be quasi independent of the
nitrogen pressure and inversely proportional to the methane

Menard-Bourcin et al.

=

2

& CH, 0.6 Torr

E; N, 11.4 Torr

<

A e e o S s I
20 2 4 6 8 1012 14 16 13 20 22 24 26 28 30
time (ps)

Figure 11. DR signal obtained by pumping the?F,), J =4, A;, 43

level and probing au; + 2v4) < 2w, transition, at 2970.50 cm, in

CH; + Nz mixtures with 0.6 Torr methane pressure and 11.4 Torr
nitrogen pressure. The absorbed part of the signal is representative of
the time evolution of the i state population.
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Figure 12. Plot, versus nitrogen pressure, of the delay time to reach
maximum transient population in pentad levels for 1 Torr,@kessure.
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Figure 13. Plot of the measured rate constant for the depletion of the

2v, state versus the molar fractiaof methane in Ckl+ N, mixtures,
showing that this relaxation is independent of the nitrogen pressure.

CH, pressure, the time delay to reach maximum population is
equal to 2.4us.

As the molecules in thei3 state are quenched, the DR signal
rises. This rise is well fitted by an exponential function of time,
the rate of which is proportional to the methane pressure with
a rate constant equal to (044 0.04)us™* Torr™1, as shown in
Figure 13.

These results clearly show that the main processes involved
in the increase and decrease of the population in the pentad
states are near-resonantV energy transfer processes implying
only CHs;—CH, collisions as it has been assumed.

(c) Dyad States Probing’he time evolution of the transient

pressure. In this range, as can be seen in Figure 12, for 1 Torrpopulations in the states of the dyad has been investigated by
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Figure 16. Plot, versus nitrogen pressure, of the time to reach
maximum transient population in dyad states of the same symmetry as
that of the pumped leveln) and of different symmetryL), for a
methane pressure of 1 Torr.

Figure 14. DR signals obtained by pumping thesAF,), J = 1, A,
18 level via the R line and probing aiz + v4) — v, transition of
same A symmetry species, in GHN, mixtures with CH molar
fractionsz= 0.05 and 0.1 for signals a and b, respectively, and in neat

rcnggsne for signal ¢, the methane pressure being 0.6 Torr in the threethe initial part of the DR signal is slowed as seen on the signal

of Figure 14c obtained in neat methane.

probing dyad-octad transitions. Such typical DR signals are ~ The DR signals of Figure 14, obtained by probing a transition
given in Figure 14. As it will be discussed, they do not present of the same A symmetry type as that of the laser excited level
significant amplification of the probe beam because deactivation in the tetradecad, exhibit, after the maximum of absorption, a
of the tetradecad to the octad is coupled to promotion into the time rise much faster than the rise back to thermodynamic
dyad. Thus, the increase in population of the octad level (upper equilibrium due to the V-T/R de-excitation of the dyad. This
level of the probed transition) could not be investigated. These time rise reveals a decrease in the population of levels of A
signals show a decay mainly due to an increase of populationsymmetry, while the DR signals obtained by probing a transition
in the states of the dyad, followed by a slower increase toward of a symmetry type different from that of the laser-excited level
thermodynamic equilibrium. They are all obtained by pumping do not exhibit this feature as illustrated by the DR signal given
with Ro the 23(F,), J= 1, A, level and probing a + v4) — in Figure 15. It is obtained by pumping withyR level of A
v4 transition of same symmetry species at 2949.81 ¢rin symmetry in a mixture of 0.6 Torr of methane and 11.4 Torr of
CH,—N2 mixtures with CH molar fractions equal to 5 and 10%, nitrogen, and by probing a transition of F symmetry at 2949.526
respectively, for the signals of Figure 14a,b, and in neat methanecm~. The same result is obtained by probing a transition of E
for the signal of Figure 14c, the methane pressure being in all symmetry. Obviously, the time to reach maximum population
cases 0.6 Torr. in dyad levels belonging to symmetry species different from
All these signals have almost the same behavior, showing that of the excited molecules is longer showing that, while the
that processes implying only GHCH, collisions (i.e., near- population corresponding to A species decreases, those corre-
resonant -V transfer) are also predominant in the increase of sponding to E and F species are still increasing. The time to
population in thev, state. Indeed, the signals in Figure 14a,b, reach maximum population as a function of nitrogen pressure
obtained for two different mixtures with the same gdessure, is given in Figure 16 for dyad levels of the same symmetry as
can be superimposed and more generally all the signals obtainedhe pumped level or of different symmetry species. The time
with CH, molar fraction ranging from 1 to 10% have the same evolution of the signals obtained by probing a transition of a
behavior. However, as the nitrogen molar fraction decreases,symmetry type different from that of the laser-excited level can
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0.6 rates of about 3.5 and 85! for a 0.2 Torr mixture with 50%
% methane molar fraction as measured from DR signals given in
& Figures 7 and 8, respectively. These values are very large as
05 compared to the rate coefficient ofys™* Torr! determined
/ for octad levels in neat methafe.
0d »/ Following the rotational relaxation, the energy transfer
’ processes involved in the vibrational relaxation of methane from
/ the tetradecad states are essentially intermode transfer and near-
03 / resonant \*-V energy transfer processes. The intermode transfer
/ processes are known to be very fast between strongly coupled
state$® 13 as is the case for the polyads of £Hhey occur
02 X not only upon CH—CHg collisions but also with other collision
partners as M Indeed, our experimental data shows that the
addition of nitrogen to methane has for the main effect to
0.1 accelerate the equilibration of the population within each polyad
/ of interacting states. That first results in a fast decrease in the
population of the 23(F,) excited state, which is well observed
0 by probing 33 < 2v3(F,) as well as 23(F,) < v3 transitions.
00 02 04 06 08 10 12 14 16 18 The rate constants deduced from these measurements may be
CH, pressure (Torr) due to different types of intermode transfer: transfer between
Figure 17. Variation, versus the methane pressure, of the decay rate stretching modes; <> v3, transfer between stretching and
of_DR signa_lls obtained by pro_bing dyadctad transitions in CiHN, bending modess < 2vp and transfer between bending modes
mixtures with CH molar fractions between 1 and 10%. v, <> v, Intermode transfers between Coriolis coupled stretching
) . . states 23 < (v1 + v3) < 2v; are probably the fastest ones
be well reproduced by a difference of two exponential functions. qntributing to the redistribution of excited molecules among
The decay rate 1/ determined from the first exponential, is e states of the tetradecad. However, a large coupling is
found not to depend on the nitrogen pressure for methane mOIarknownl“ to exist in the tetradecad betweers2nd (3 + v +
fraction in the +10% range. _It v_aries linearly versus the v4) and more generally betweemgstretching andis + 2vp)
methane pressure as shown in Figure 17. The rate constantgmpination states. Let us recall that the fast increase of
relative to the methane pressure is equal to @82 Torr™1. It population in ¢5 + 2v2) has been observed by probingig ¢
is worth mentioning that if several symmetry species are pumpedy,, ) — 2, transition even though the initial amplification is
at the same time the apparent decay rates are larger. 45 \eak to deduce a rate constant for this transfer. Indeed, the
Finally, these signals show, after the maximum of absorption, registribution of molecules laser-excited in thes(E,) state
a very slow rise back to equilibrium with the V-T/R rate constant among all the states of the tetradecad leads to only a very small

in agreement with the results given by Perrin and Joli&od increase in population of these states, and in particular of the
by Avramides and Huntef (about 860 st Torr ! for CHs— upper level of the probed transition.

CH,4 collisions) and by Siddles et &lor Yardley et aP (about
700 s* Torr ! for CHs—CH,4 collisions and 70 st Torr1 for
CH4—Ng;, collisions).

1/t (ps'l)

For lack of probe connected to other tetradecad states, it is
difficult, in neat methane, to assess the part played by intermode
transfer processes filling other tetradecad states and by near-
resonant V-V energy transfer processes filling lower polyads
in the depopulation of thei2 levels. As the near resonant\¥/

As already observed in neat metha&radter the excitation of ~ €nergy transfer processes, involving the exchange ofrgoe
CH, molecules in a selected rotational level of the(E») state, v4 quantum between two Chinolecules, occur only by collision
a fast equilibration of population occurs first in this state among between methane molecules, it is particularly interesting to study
the rotational levels of the same symmetry type as that of the the evolution of the rates as a function of the foreign gas pressure
laser-excited one, i.e., of the same nuclear spin modification. for it allows one to determine the part played by the intermode
Our experimental results show that nitrogen is a very efficient transfer processes. In previous measureri@etsormed in neat
collision partner for depopulation of the rotational levels of Methane, the rate constant corresponding to the second expo-
methane in the excited vibrational state. The total depopulation nential function fitting the depopulation obgF), i.e., (1.7+
rates by CH—N; collisions is found to be independentdfor 0.2) us™* Torr!, was assumed to be due to the relaxation of
the monitored levelsJ(= 1 to J = 4) in the limits of our ~ the states of the tetradecad by near-resonant/\energy
experimental accuracy. The linear best fit of the total depopula- transfers coupling the tetradecad to the lower polyads. Indeed,
tion rate constants versus methane molar fraction leads to 13as it can be seen in Figures 6 and 10, the last part of the time

Discussion

st Torr 1 for CHs—N; collisions and to 20.@s™* Torr*for ~ decrease of DR signals obtained by probing(g;) — vs
self-collision in agreement with the results of our previous transitions shows an absorption of the probe beam, which means
measurementsn neat CH. that the lower level of the probed transition, namelyysdevel,

Despite the difficulty to measure accurately the state-to-stateiS populated. However, as the nitrogen partial pressure is
rotational energy transfers, our results show that the corre- increased, the rate of depopulation of the probed tetradecad
sponding rate constants are certainly very large. We havelevels increases, showing that the measured rate constant

observed that, after excitation in a rotatiorlalevel of the corresponds to both intermode and near-resonarit énergy
2v3(F,) state, levels with rotational quantum numides= AJ transfer processes.

are very rapidly populated even fanJ > 2. For example, the The v3 state is populated by different near-resonantW
increase in population of thé= 2, A;, 29 andJ = 1, A, 18 energy transfer processes: (i) processes involving exchange of

levels after excitation into thd = 4, A,, 43 level occurs at a vz quantum between CHmolecules, which result in direct
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population of they; state: collisions increase the contribution of the pathway involving
both intermode transfer and, quantum exchange processes.
CH, (2v) + CH, (0) <> CH, (v3) + CH, (v,) (1) The near-resonantvV energy transfer processes lead to the

. . . . gathering of excited molecules in the states of the lowest polyad,
(ii) processes involving exchangesof quanta that require  pnamely, thev, and v, states. So the increase of population in

a first phase of equilibration in the tetradecad to populate the these states is essentially due to these processes and thus depends
combination states that may be illustrated by the following mainly on CH—CH; collisions.

sequences: However, as observed for DR signals obtained in gas mixtures

by probing dyad-octad transitions, the CH N collisions are

not without effect on such signals, as previously seen in Figure
14 for thevs + v4 ~— v transition. For instance, for gas samples
with the same partial pressure of methane, the time to reach

CH. (v. + 2v.) + CH., (0)< CH, (v. +v.) + CH. (v,) (3 maximum population in the/, state is shorter in CkHN,
4 (73 ) 40 s (5 v) 4 () (3) mixtures than in neat methane. This is certainly due to the

CH, (v5+ v,) + CH, (0)<> CH, (v)) + CH, (v,) (4) intermode transfer processes which, upory€N; collisions,
accelerate the equilibration between stretching and bending
As in the tetradecad, a fast equilibration of population due to medes of each polyad. N
intermode transfer processes occurs among the states of each The upper level of the dyaebctad probed transitions has no
polyad upon collisions with CiHand with No. This means that ~ contribution to DR signals. Indeed, the near-resonantwv
the v, quantum exchanges may occur via another phase of €nergy transfer processes, which give rise to an increase of

CH, (2v5) + M <> CH, (v3 + 2v,) + M )

and two successive, quantum exchanges:

intermode transfer populating the bending states population in the states of the octad, induce a corresponding
increase of population in the states of the dyad. This is illustrated
CH, (v3+2v)) + M <= CH, (4v,) + M (5) by processes (3) and (6) implying exchange of epgquantum:

upon such processes, the de-excitation of a molecule from the
followed byv,4 quantum exchanges and intermode equilibration tetradecad to the octad gives rise to the excitation of another
in the pentad states molecule from the fundamental state to a state of the dyad. Then,
after different steps of relaxation, the de-excitation of one
CH, (4v,) + CH, (0) <> CH, (3v,) + CH, (v,)  (6) molecule from the tetradecad leads to the excitation of four
molecules in the states of the dyad. In particular, the cascading
CH,(3v,) + CH, (0)~ CH, (2v,) + CH, (v,) (7) de-excitation of a Cl molecule from the #, state leads
successively this molecule to the,32v,4, andv, states, at each

CH,(2v)) + M <= CH, (v + M (8) step a molecule being excited from the fundamental state to

thev, state. The cascading de-excitation occurs only for levels

and also via equilibration in the octad states: of the same symmetry as the laser-excited level, while the
molecules that are raised into thestate from the ground state

CH, (v3+v,) + M < CH,(3v,) + M ) are of any possible symmetry respecting the distribution of

molecules in the different spin modifications (5/16 in A, 9/16
The processes involving exchange ofaquantum between  in F, and 2/16 in E). Consequently, when the pump is tuned to
CH,4 molecules have been neglected in previous stifties an A symmetry transition for instance, the populations of A
CHj, relaxation. But if the pentad states were filled only via ~ symmetry levels are in an excess as compared to that of E or F
guantum exchange processes only rovibrational levels corre-symmetry levels. Then a vibrational swap occurs between
sponding to the same symmetry species as the laser-excited ongnolecules of different symmetry types until an equilibrium is
would be populated. In reality, we have observed a weak but achieved. This effect induces a decrease in the population of
fast increase in population of pentad levels corresponding to |evels of A symmetry which have been seen on the DR signals
symmetry species different from the excited one. For instance, of Figure 14 that exhibit first a faster rise due to the vibrational
by pumping the @multiplet of the Z3(F,) < O transition that ~ swap followed by a much slower one due to V-T/R de-
has no A symmetry component, we have observed an increase:xcitation.
of population invs levels of A symmetry by probing this
symmetry species via selecteds@,) — v3 transitions. This Conclusions
result implies the exchange of & quantum between CH
molecules, as in process (1), because A levelssafannot be The collisional relaxation of methane in mixture with nitrogen
populated otherwise than by collisions with &Hipon which molecules has been studied using time-resolvedlRRdouble-
molecules on A symmetry levels of the ground state are resonance technique. The time behavior of the pOpUIationS of
promoted into thev; state. This is illustrated by specifying in several levels belonging to various rotational and vibrational
the process (1) the spin modification of the laser-excited level States were obtained as a function of the partial pressures of
which can be written in case of excitation of the F Spin CH4 and l\b A better view of the relaxation mechanisms is

modification: obtained owing to the numerous transitions found in various
vibrational bands and to the observed effect of nitrogen. It has

CH, (2v;, F)+ CH, (0, A) = CH, (v5, F) + CH, (v5, A) been observed that nitrogen molecules are very efficient to
1) redistribute the rotational energy among the rotational levels

of the same symmetry. The energy is then spread out over the
The existence of different pathways to populate thdevels tetradecad levels of the same symmetry species as that of the
explains why the rate corresponding to the population of the laser-excited one by intermode transfer processes between
pentad depends also on the nitrogen pressure for mixturesstretching and bending mode, which occur also upon collisions
containing large methane molar fraction. Indeed, the-€N, with N, molecules. The lower polyads are more slowly
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populated. In pure methane, the more efficient vibrational
deactivation processes are-V transfers. In methanenitrogen

mixtures, as the partial pressure of nitrogen increases, theg,,

populating rate of the lower polyads increases very slowly

Menard-Bourcin et al.

(2) Menard-Bourcin, F.; Doyennette, L.; Menard, J.; Boursier]JC.
Phys. Chem200Q 10, 1021.
(3) Robert, O.; Champion, J.-P. Univefsitee Bourgogne. Dijon,
nce, private communication.
(4) The assigned quantum numbers J, C, N represent the angular

because the V-T/R processes are much slower. In addition, themomentum, the rovibrational symmetry, and a running number according

excited levels corresponding to a symmetry type (spin modifica-
tion) different from that of the pumped level are not populated
by collision with nitrogen but only by WV transfer processes
that are expected to be more efficient at lower temperature.

Further investigations at lower temperature are underway as
well as the development of a detailed kinetic model of the
vibrational relaxation after excitation in the tetradecad. The
model should be capable of reproducing the observed evolution
of populations with different collision partners and at various
temperatures.
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