Appl. Phys. B (2015) 120:587-599
DOI 10.1007/500340-015-6170-5

Applied Physics B

Lasers and Optics CrossMark

Time-resolved spectroscopic study of photofragment fluorescence
in methane/air mixtures and its diagnostic implications

Malin Jonsson' - Jesper Borggren' - Marcus Aldén' - Joakim Bood!

Received: 23 March 2015 / Accepted: 7 July 2015 / Published online: 18 July 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract In this work 80-picosecond laser pulses of 266-
nm wavelength with intensities up to (2.0 & 0.5) x 10! W/
cm? were used for fragmentation of methane/air gas
mixtures at ambient pressure and temperature. Emis-
sion spectra are, for the first time, studied with ultrahigh
temporal resolution using a streak camera. Fluorescence
spectra from CH(A2A-XT1, B*S -X2I1, C?x-X°M),
CN(B?*Zt=X?%*, Av = 0 and Av = +1), NH(A’TI -
X’S7), OH(A’T*-X’M) and N,"(B’T{-X’T}) were
recorded and analyzed. By fitting simulated spectra to
high-resolution experimental spectra, rotational and vibra-
tional temperatures are estimated, showing that CH(C),
CN(B), NH(A), and OH(A) are formed in highly excited
vibrational and rotational states. The fluorescence signal
dependencies on laser intensity and CH,/air equivalence
ratio were investigated as well as the fluorescence lifetimes.
All fragments observed are formed within 200 ps after the
arrival of the laser pulse and their fluorescence lifetimes
are shorter than 1 ns, except for CN(B-X) Av = 0 whose
lifetime is 2.0 ns. The CN(B-X) Av = 0 fluorescence was
studied temporally under high spectral resolution, and
it was found that the vibrational levels are not populated
simultaneously, but with a rate that decreases with increas-
ing vibrational quantum number. This observation indicates
that the rate of the chemical reaction that forms the CN(B)
fragments is decreasing with increasing vibrational state of
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the product. The results provide vital information for the
application of laser diagnostic techniques based on strong
UV excitation, as they show that such methods might not
be entirely non-intrusive and suffering from spectral inter-
ferences, unless the laser intensity is kept sufficiently
low. Finally, equivalence ratios were determined from
“unknown” spectra using multivariate analysis, showing
a good agreement with theoretical compositions with an
error of 4 %. The method is expected to be a useful diag-
nostic tool for measurements of local equivalence ratios in
for example combustion environments.

1 Introduction

The interaction of intense laser light with matter and espe-
cially the influence of lasers on molecular processes such as
dissociation and ionization have received attention across
different research fields, see for example [1] and references
therein. The photodissociation and ionization processes
of methane (CH,) and other hydrocarbons have been the
focus of a number of studies, e.g., [2-7]. Methane is par-
ticularly interesting since it is the main component in natu-
ral gas, but also the most abundant hydrocarbon on earth,
and therefore an important atmospheric trace species and
a greenhouse gas [8—11]. Hence, the possibility to measure
concentrations of methane is of vital importance for under-
standing atmospheric and combustion chemistry, especially
in biofuel combustion.

Photodissociation dynamics of molecules has mostly
been investigated by use of low-intensity light sources
(<10'° W/cm?), such as conventional UV lamps or weak
nanosecond laser pulses in the UV regime. Using low-
intensity light sources leads to photodissociation through
a single-photon absorption process. Extensive research on

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00340-015-6170-5&domain=pdf
http://dx.doi.org/10.1007/s00340-015-6170-5

588

M. Jonsson et al.

photodissociation dynamics based on single-photon pho-
tolysis has been described and discussed in several review
articles and text books, see, e.g., [12—14]. During the last
decade, however, extremely intense femtosecond laser
pulses (>10'3 W/cm?) have been used for spectroscopic
studies of ionization and dissociation processes in several
hydrocarbons, especially methane [15-21]. These studies
show that the dissociation processes are completely differ-
ent for weak and strong laser photolysis. As mentioned pre-
viously, a weak light source results in single-photon exci-
tation to low-lying repulsive electronic states and implies
that typically only one or two bonds in the parent molecule
are broken. In contrast, photolysis using ultra-intense light
sources results in multi-photon excitation to high-lying dis-
sociative states, which causes breakage of multiple bonds,
and the creation of a multitude of photofragments [15].

In addition to multi-photon dissociation, ultra-short
laser pulses may cause optical breakdown of the gaseous
medium due to multi-photon ionization processes, which
leads to plasma formation. This phenomenon is used for
diagnostic purposes in laser-induced breakdown spectros-
copy (LIBS), see, e.g., [22] for a comprehensive review
of diagnostic aspects and [23] for a review of the current
state-of-the-art of LIBS diagnostics with numerous applica-
tion examples. Recently, Kotzagianni and Couris reported
studies of femtosecond LIBS in CH,/air flames [18, 20]
and in various CH,/N, mixtures at room temperature [20].
They found that the emission corresponding to the B> *—
X22* Av = 0 band of CN is the most intense spectral fea-
ture and that it is linearly dependent on the CH, concentra-
tion, allowing for determination of local equivalence ratio
in the flame. Excited molecular fragments can also be cre-
ated by the high intensity prevailing inside a laser filament.
For high enough peak power, such a filament can easily be
produced by a femtosecond laser as the beam undergoes
self-focusing due to the intensity dependence of the refrac-
tive index, creating a plasma, which in turn defocuses the
beam. In this way the beam is repeatedly self-focused/defo-
cused and the dynamic balance between these two mecha-
nisms results in the propagation of laser light in a very thin
(d ~100 um) self-sustained channel, a so-called laser fila-
ment [24]. Several papers report on fluorescent fragments
of methane and other hydrocarbons induced by femtosec-
ond laser filament excitation [17-21].

In multi-photon dissociation associated to both LIBS
and filamentation, spectral lines from ions and excited
atomic fragments occur in the emission spectrum. In addi-
tion, the spectrum typically contains a broadband contin-
uum due to bremsstrahlung or, in the filamentation case,
self-phase modulation. In the work by Kong et al. [15], it
is shown that it is possible to perform multi-photon disso-
ciation in methane, ethylene, n-butane, and 1-butene, using
an ultra-intense femtosecond laser pulse (2 x 10 W/em?),
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resulting in emission from only neutral fragments. They
conclude that the fragmentation process in their study can-
not be due to Coloumb explosion of multiply charged ions,
but instead should be explained as a multiple-channel dis-
sociation of the super-excited state of the parent molecule
[15].

In the present work, we have investigated emission
spectra resulting from dissociation, induced by a focused
266-nm picosecond pulse of intermediate intensity
(2.0 x 10" W/cm?), in different mixtures of methane and
air at room temperature and atmospheric pressure. The
laser intensity is kept below the threshold for plasma for-
mation, i.e., neither breakdown or filamentation occur. A
streak camera is used behind a spectrograph, providing
2-dimensional fluorescence maps with time and wave-
length along the horizontal and vertical axis, respectively,
which thus allows spectroscopic analysis with outstanding
temporal resolution. The implication of the findings based
on diagnostics with strong UV laser excitation is discussed
in the final section, where also a novel concept, based on
multivariate analysis, is demonstrated for determination of
equivalence ratio.

2 Experimental setup

Intense picosecond laser pulses are generated from a mode-
locked Nd:YAG laser (Ekspla, PL-2143C) that provides
pulses of 80-ps duration and 10-Hz pulse repetition rate.
The fundamental output at 1064 nm is frequency quadru-
pled, providing pulses with a wavelength of 266 nm hav-
ing a full width at half maximum (FWHM) of 2 cm™~!. The
laser beam was focused by a 300-mm focal length spherical
lens into the measurement volume located above a vertical
tube, containing a free flow of methane and air of differ-
ent proportions. The laser pulse energy was ~2.5 mJ, and
the laser beam waist had a diameter of 140 um, result-
ing in a laser pulse intensity of 2.0 x 10" W/cm? in the
probe volume, with an uncertainty of £0.5 x 10" W/em?.
The total gas flow was 10 1/min and was regulated with
calibrated mass flow controllers. For spectral investiga-
tion, the fluorescence signal was collected by two spheri-
cal lenses; +50 and +200 mm focal length, perpendicular
to the measurement volume and imaged onto the entrance
slit of a 0.5-m spectrograph (Princeton Instruments, Acton
Model SP-2556) equipped with an intensified CCD camera
(Princeton Instruments, PIMAX III). Two different gratings
were used in the spectrograph; either one with 150 grooves/
mm or one with 1200 grooves/mm. The latter grating pro-
vided a spectral resolution of 0.12 nm with a slit width of
50 pm. The CCD camera was synchronized with the laser,
and the image intensifier was gated, capturing light within
a temporal window of 100 ns succeeding the arrival of the
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laser pulse. The two lenses used for signal collection, men-
tioned above, imply four times magnification of the probe
volume. The diameter of the laser beam at its focus will
thus appear with a diameter of 560 um in the image on the
horizontal slit. Since the horizontal slit of the spectrograph
had a width of 50 um, only signal induced from a narrow
plane in the middle of the laser beam was collected, which,
to some extent, reduces the impact of spatial laser intensity
variations.

For time-resolved spectral studies, the fluorescence sig-
nal was imaged onto the entrance slit of a spectrograph
(Spectral Products, Digikrom DK 240) connected to a
streak camera (Optronis, Optoscope). This detection sys-
tem thus generates images with wavelength on one axis and
time on the other axis, which makes it possible to investi-
gate molecular dissociation and formation in great detail.
The horizontal slit of the streak camera, located in the focal
plane of the spectrograph, had a width of 400 um, while
the vertical entrance slit of the spectrograph had a width of
15 ym. Two different spectrometer gratings were used, one
with a 150 grooves/mm grating and one with 2400 grooves/
mm, the latter providing a spectral resolution of 0.5 nm. For
all measurements, a liquid N,N-dimethylformamide absorp-
tion filter was positioned in front of the spectrographs to
suppress scattered laser light.

3 Results and discussion
3.1 Spectral assignments

The fluorescence emitted by fragments created by a pico-
second laser pulse, having an intensity of approximately
2.0 x 10" W/cm?, was recorded spectrally dispersed using
a spectrometer coupled to a gated CCD camera. Figure 1
shows a fluorescence spectrum recorded in a free gas flow
of a stoichiometric mixture of methane and air. The data
were accumulated over 500 laser shots. The spectral lines
correspond to fluorescence of the electronically excited
free radicals; CN, CH, NH, and ionized molecular nitrogen
N,". Raman scattering from O,, N,, and CH, is also visible
in the spectrum. The red spectra represent emission fea-
tures recorded with high spectral resolution. It is clear from
the figure that the spectral features at 358, 388 and 418 nm
correspond to different vibrational bands, Av = —1, 0,
and +1, respectively, of the B°XT—X>%™ transition in CN.
Furthermore, the spectral structures at 314 and 430 nm are
assigned to the C*X —X°IT and A’A-X>I1, respectively,
transitions in CH. The CH fluorescence of the B?X™—X°T1
transition, R-branch band head at 387 nm, is superimposed
on the strong Av = 0 band of CN(B—X) at 388 nm and the
B*L-X’%] fluorescence (0-0 band) of N, at 391 nm,
and can therefore not be further analyzed. The peaks at 336
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Fig. 1 Low-resolution emission spectrum (black) induced by intense
80-picosecond laser pulses. The spectrum is based on an accumula-
tion of 500 laser shots. The identified fragments and associated transi-
tions are denoted in figure. The red spectra were recorded with the
high-resolution grating in the spectrograph

and 337 nm correspond to the (0,0) and (1,1) band, respec-
tively, of the (A’ TI-X3%7) system in NH, and finally, the
low peak at 309 nm is due to emission corresponding to the
(0,0) band of OH(AZZ+—X>11).

It is noteworthy that the spectrum shown in Fig. 1 does
not contain any spectral features from atoms, e.g., H, O, C,
and N, and the background level is low. It should also be
mentioned that the grating of the spectrograph was rotated
to get access to the spectral range 430-650 nm in order to
investigate whether C, fragments were produced. However,
no spectral features reminiscent of the C, Swan band were
observed. A comparison between the low-(black) and high-
resolution (red) spectrum shows that the background level
in the low-resolution spectrum is mainly due to the limited
spectral resolution. Furthermore, no spark, i.e., white-light
emission indicative of breakdown and plasma formation,
was visible in the laser beam focus. These observations
indicate no or very little plasma formation, yet highly
excited molecular fragments are created.

3.2 Comparisons with simulated spectra

The fact that fragments are created in electronically excited
states means that significant excess energy is available in
the fragmentation process. The shapes of the high-resolution
spectra, i.e., the red curves in Fig. 1, indicate that there is
sufficient excess energy to even cause significant rotational
and vibrational excitation of the fragments. In order to fur-
ther examine these properties, the experimental spectra were
compared with simulated spectra. Fluorescence spectra cor-
responding to CH(C-X), OH(A-X), and CN(B-X) were
simulated using the software LIFBASE [25], while NH(A—
X) fluorescence was simulated with PGOPHER [26] using
molecular constants from [27]. The simulated spectra were
fitted to the measured spectra with rotational and vibrational
temperature as fitting parameters, i.e., both rotational and
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Fig. 2 Experimental (black) and best-fit simulated (red) spectra of
fluorescence corresponding to CH(C-X) and OH(A-X) (a), NH(A-
X) (b), CN(B-X) Av = —1 (¢), CN(B-X) Av = 0 (d), and CN(B-X)
Av=+1(e)

vibrational populations were kept Boltzmann distributed in
the fits. Figure 2 displays experimental and best-fit simulated
spectra, while Table 1 summarizes the results in terms of
vibrational and rotational temperatures corresponding to the
best-fit spectra. Due to the presence of a nitrogen emission
line, namely the 0-0 band of Ny(C*I,~B°I1y) at 337 nm
[28], which interferes with the first hot-band of NH(A-X),
no vibrational temperature was evaluated for NH(A-X).

It should be noted that the recorded emission spectra
reflect the vibrational/rotational population distributions
corresponding to the time-integrated fluorescence signal,
i.e., not the nascent distributions. Hence, the spectra are
affected by vibrational (VET) and rotational energy trans-
fer (RET) processes due to collisions. This means that
vibrational and rotational temperatures of the nascent tem-
peratures are expected to be higher than the temperatures
reported here. The deviation from the nascent temperature
is strongly dependent on the fluorescence lifetimes, such
that shorter lifetimes mean less impact from VET and RET
and vice versa.
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Table 1 Vibrational and rotational temperatures determined by fit-
ting simulated fluorescence spectra to experimental data recorded in a
stoichiometric mixture of methane and air at 296 K

Rotational
temperature (K)

Vibrational
temperature (K)

Spectral feature

CNB-X) Av=0 7000 =+ 1000 7000 £ 1000
CNB-X) Av = -1 8000 £ 1000 4500 £ 500
CN(B-X) Av =+1 8000 + 1000 6500 £ 1000
CH(C-X) 3000 £ 500 2000 £ 500
NH(A-X) * 3000 £ 500
OH(A-X) 5000 =+ 2000 5000 £ 2000

As can be seen in Fig. 2, the best-fit spectra generally
agree well with the corresponding measured spectra. One
possible reason for the slight deviation between measured
and fitted spectrum for the Av = —1 band of CN(B-X),
shown in panel (c), is interfering fluorescence from N, (B—
X), whose Av = +1 band has its band heads near 358 nm.
Since a signal from N,"(B-X) Av = 0 is observed at
391 nm, as shown in Fig. 1, fluorescence in the Av = +1 is
of course a possibility. The fact that the difference between
the experimental and fitted CN(B—X) Av = +1 spectrum is
small, however, suggests that the N2+(B—X) Av = +1 fluo-
rescence is very weak.

Fluorescence from N, may also be the reason for the
very small discrepancy, near 390 nm, between meas-
ured and fitted spectrum for CN(B-X) Av = 0, shown in
panel (d), since N,"(B-X) Av = 0 has its band heads at
~391 nm and that the bands are blue-shaded. The fact that
the fitted spectra generally agree well with the experimen-
tal data suggest that the vibrational and rotational popula-
tions of the electronically excited fragments are Boltzmann
distributed.

As can be seen in Table 1, all observed fragments have
very high vibrational and rotational temperatures, indicat-
ing that significant excess energy ends up in vibrational and
rotational energy of the fragments. The CN(B) fragments
show the highest vibrational and rotational temperatures.
The emission bands corresponding to Av = 0, —1, and +1
should reflect the same vibrational and rotational popula-
tions in CN(B), yet the rotational temperature extracted
from the Av = —1 is significantly lower than for the other
two bands, 4500 K in comparison with 7000 and 6500 K
for Av = 0 and +1, respectively. One possible reason for
this discrepancy might be the aforementioned interfer-
ing fluorescence from N,"(B-X), Av = +1. NH(A) and
OH(A) have the same vibrational temperature, 5000 K, but
the rotational temperatures are different; 5000 K for OH(A)
and 3000 K for NH(A). The OH(A) temperatures are, how-
ever, more uncertain than the NH(A) temperatures because
of two reasons: The OH(A-X) spectrum is much weaker
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than the NH(A—-X) spectrum, as can be seen in Fig. 1, and
there is considerable crosstalk between the OH(A—X) spec-
trum and the significantly stronger CH(C-X) spectrum, as
shown in Fig. 2a.

As reported in Table 1, the CH(C) temperatures are sig-
nificantly lower than the temperatures of the other inves-
tigated species, both in terms of vibration and rotation.
It should be noted that CH is the only fragment of those
studied here that can be formed directly through photo-
dissociation of a single species, whereas formation of the
other fragments requires a chemical reaction. This circum-
stance suggests that the chemical reactions involved in pro-
ducing OH, NH, and, in particular, CN, should be highly
exothermic. Possible formation channels for vibration-
ally and rotationally excited CN(B) are C, + N, — 2CN,
C+ N, — CN + N, and C" + N, - N* + CN [20].

Kong et al. [15], who studied fragments produced by
intense femtosecond laser pulses (2 X 10" W/cm?) of
800 nm wavelength in pure methane, suggest that the only
dissociation pathway that creates vibrationally and rotation-
ally excited CH* is through CH,, via CH, — CH* 4 H,
where CH, is formed by dissociation of methane, e.g., via
CH, — CH, + H, or CH, — CH, + 2H, where the first
process is most energetically favorable [15, 29, 30]. They
found that the CH(C) fragments had a vibrational tem-
perature of 1200 £ 300 K and a rotational temperature of
1100 + 500 K, which are significantly lower than the cor-
responding temperatures determined in the present study,
i.e., 3000 £ 500 K and 2000 4 500 K, respectively. Since
our result is based on a fluorescence spectrum recorded in
a stoichiometric mixture of methane and air, i.e., 17.3 %
CH,, 17.3 % O,, and 65.3 % N,, one possible reason for
our higher temperatures could be that CH(C) here to some
extent is formed by exothermic chemical reactions with
species originating from N, and O,.

3.3 Laser intensity dependence study

The laser intensity dependence of the emission spectrum
was investigated by recording spectra, using the low-reso-
lution grating, for different laser pulse energies. The result-
ing spectra are not shown here, but can be found in the
supplementary material (Fig. S1). The recorded data were
analyzed by plotting the peak intensity of each spectral
feature versus laser pulse energy in a log—log diagram. A
linear function was then fitted to each data set, whereupon
the slope of each fitted curve was documented, see Table 2.
Figure 3 shows intensity dependence plots for four spectral
features, namely CH, Raman scattering, CH(C-X) fluo-
rescence, CN(B-X) Av = —1 fluorescence, and NH(A-X)
fluorescence.

As indicated in Table 2, the three Raman lines have
slopes close to unity, indicating linear laser intensity

Table 2 Result of the laser intensity dependence study: spectral fea-
ture, wavelength at the highest signal intensity, and slope extracted
from log—log plot

Spectral feature Wavelength (nm) Slope
0O, Raman 2774 1.2
N, Raman 283.5 1.2
CH, Raman 288.5 1.1
CH(C-X) 314.6 1.2
NH(A-X) 336.2 2.4
CN(B-X) Av=—1 358.5 2.6
CNB-X) Av=0 385.5 2.7
CN(B-X) Av=+1 4154 24
CH(A-X) 430.7 0.9
10* ¢ - ————
5 w0} =
s | ]
8
2
8 2 H, (Raman)
8 0k : 5
= ° H(C X) 3
CN(B-X) Av=-1
A NH(A-X)
10' . e .
0.5 1 2

Pulse energy (mJ)

Fig. 3 Signal intensity vs laser pulse energy for four different spec-
tral lines. The solid lines are linear fits to the experimental data

dependence as expected. The deviation from unity is within
the experimental uncertainty of the current data. The slopes
corresponding to the CH emission are close to unity too,
i.e., these emission lines are also linearly dependent on the
laser intensity. As can be seen in Fig. 3, the slope corre-
sponding to CH(C-X) is very close to the slope associated
with the CH, Raman scattering. The slopes of NH(A-X)
and the three CN(B—X) bands are between 2.4 and 2.7.

The fact that the CH fluorescence is linearly depend-
ent on laser intensity does not necessarily reflect a single-
photon absorption process. In fact, such a result is very
unlikely given the high laser intensities used, ranging from
3 x 10" W/em?® to 2.0 x 10" W/em?, with which multi-
photon processes are readily accomplished. One possible
path of CH(A, B, C) formation is via a super-excited state
(SES), i.e., a state located above the ionization potential (IP),
followed by a fast neutral dissociation (ND) into excited CH
fragments [15, 31] see Fig. 4. The ionization potential of
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Fig. 4 Schematic illustration of how CH(A, B, C-X) fluorescence
is induced via a 3-photon excitation to a super-excited state (SES),
beyond the ionization potential (IP) of CH,, followed by rapid neu-
tral dissociation (ND) into CH(A, B, C) fragments. The CH(A, B, C)
states are depopulated via spontaneous emission (fluorescence) and
2-photon ionization

CH, is 12.6 eV [32], which means that three 266-nm pho-
tons (14.0 eV) are needed to reach an SES above the IP.
The excited CH states are located 12.2 eV (A%A), 12.8 eV
(B2T7), and 13.3 eV (C>TT) above the ground state of CH,
[15], i.e., all reachable with three 266-nm photons. Azarm
et al. have investigated the dynamics of the SES and they
measured a lifetime of 160 fs [31], i.e., the neutral disso-
ciation (ND) process is extremely fast. Now, our measured
laser intensity dependence of the CH fluorescence (slopes
1.2 and 0.9) indicates that the 3-photon process needed to
reach the SES and finally CH(A, B, C) must occur in com-
petition with intensity-dependent processes that counteracts
formation of CH(A, B, C). The energies of CH(A), CH(B),
and CH(C) are 2.9, 3.2, and 3.9 eV, respectively, above the
ground state of CH. Since the IP for CH is 10.6 eV, CH(A,
B, C) can be photoionized/photodissociated with two 266-
nm photons (9.3 eV), as schematically illustrated in Fig. 4.
Thus, one possible explanation for the observed intensity
dependence of the CH fluorescence, which is close to linear,
could be the combination of a 3-photon production term and
a 2-photon consumption term.

Kato et al. [33] have studied super-excited states of CH,
by recording spectrally dispersed fluorescence resulting
upon excitation with photons in the energy range 12.65—
41 eV produced by a synchrotron radiation source. They
found five super-excited states, of which the lowest one,
at around 14.5 eV, is found to produce CH(A) and CH(B)
fragments via neutral dissociation. Thus, CH fluorescence
induced by three 266-nm photons (14.0 eV) is consistent
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with the findings by Kato et al. The CH(C-X) fluorescence
was not observed by Kato et al., most likely due to too low
measurement sensitivity at this wavelength (314 nm) since
the grating was blazed at 500 nm (no information about the
responsivity of the CCD is given) [33].

In studies of SESs of CH, using intense femtosec-
ond laser pulses of 800-nm wavelength, distinct fluores-
cence peaks corresponding to CH(A, B, C-X) and a very
weak spectral line from H (the Balmer-a line at 656 nm)
have been observed. In our work, an investigation of the
wavelength range 390-680 nm did not reveal any observ-
able emission from excited hydrogen atoms. The energy
threshold for creating H(n = 3), resulting in the Balmer-a
line upon deexcitation to n = 2, is 16.5 eV [33], which is
greater than the 14.0 eV provided by three 266-nm pho-
tons, and this may be the reason why this emission was not
observed in our study.

Regarding the other fluorescent species, whose intensity
dependencies have been investigated, i.e., NH and CN, see
Table 1, they obviously cannot be formed through photo-
dissociation only, but also demands chemical reaction.
With the laser wavelength and intensity used in the present
work, photodissociation of N, is unlikely. This suggests
that both NH and CN are produced in reactions between
molecular nitrogen (N,, N,*, or N,) and a fragment from
photodissociation of CH,.

3.4 Dependence on methane concentration

Emission spectra were recorded in 13 different mixtures of
methane and air, corresponding to fuel equivalence ratios,
¢, ranging from 0.6 to 1.8. The equivalence ratio is defined
as ¢ = (”ZCH4/ nOZ)actual/ (nCH4/ nOZ)stoichiometric’ where
ncy, is the number of moles CH, and no, is the number
of moles O,. The measurements were taken in free gas
flows at room temperature (296 K) and atmospheric pres-
sure. Signal intensity versus methane mole fraction for CH,
Raman scattering (a), CH(A-X) fluorescence (b), CN(B—
X) fluorescence (c), and NH(A-X) fluorescence (d), is
shown in Fig. 5. The data for each spectral feature has been
normalized in that the highest signal intensity has been set
to unity. As can be seen, all signals increase with increas-
ing methane mole fraction. The linear fits to the experimen-
tal data reveal that all spectral features grow linearly with
increasing methane concentration. The slopes of the fitted
linear curves are: 3.5 for CH, Raman (a), 3.1 for CH(A-
X) fluorescence (b), 4.0 for CN(B—X) fluorescence Av =
0 (c¢), and 2.5 for NH(A-X) fluorescence (d). Within the
experimental uncertainty all fits, except for NH(A-X), i.e.,
panel (d), cuts through the origin. The offset present on the
NH(A-X) signal is mainly due to the fact that this emission
line is partly overlapping with a nitrogen emission line,
namely N,(C-B).
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Fig. 5 Signal intensity vs methane mole fraction for the CH, Raman scattering (a), CH(A-X) fluorescence (b), CN(B-X) Av = 0 fluorescence
(c), and NH(A-X) fluorescence (d). The solid lines are linear fits to the experimental data

Since spontaneous Raman scattering, in contrast to flu-
orescence, is independent of quenching, predissociation
and photoionization, the concentration dependence of the
Raman scattering signal of CH,, i.e., panel (a), can be used
as a reference. In other words, a fluorescence signal that
depends solely on the methane concentration must have the
same slope as the CH, Raman signal, i.e., 3.5. The slope
for the CH(A-X) signal, i.e., 3.1, is only slightly lower
than the slope of the CH, Raman signal, indicating that this
signal is strongly linked to the methane concentration. Xu
et al. have studied the CH(A-X) fluorescence intensity as
a function of CH, concentration, and they found that the
fluorescence signal increases with increasing methane con-
centration [16]. Given that the methane concentration, in
the present study, increases by a factor ~2.5 from the lowest
to the highest methane concentration, fluorescence quench-
ing by methane appears to be of minor importance. Hence,
this result supports depopulation of CH(A) by 2-photon
photoionization, as hypothesized from the laser intensity
dependence study discussed in the previous section.

The CN(B-X) fluorescence, shown in panel (c),
has a slightly steeper slope than the Raman signal,
which could be an indication of decreasing quench-
ing with increasing equivalence ratio. Cross sections for
CN(B) quenching have been reported for CH,, 11.0 A2
[12], and for O,, 253 A? [12], while no quantitative

information regarding N, quenching was found in the lit-
erature. Using these quenching cross sections together
with averaged thermal velocities leads to the following
quenching rate constants: kcy, = 8.75 X 107" cm? s7!
and ko, = 1.67 x 1079 em® s7'. A situ-
ation where the total quenching rate, i.e,
Q = kcu, - Ncu, + ko, - No, + kn, - NN, (where N, is the
number density, in molecules/cm?, of species i), is decreas-
ing with increasing ¢, would require a nitrogen quench-
ing cross section larger than 10 A2 Nitrogen is generally
known to be a weak fluorescence quencher, and a cross
section larger than 10 A% which is only marginally lower
than the CH, cross section, seems rather unlikely. Hence, a
decreasing quenching with increasing equivalence ratio can
therefore not explain the steeper slope of CN(B—X) in com-
parison with the Raman slope. The linear dependence on
CH, concentration is however in agreement with previous
findings by Kotzagianni et al. who studied the fluorescence
intensity variation of the CN(B—X) Av = 0 band at differ-
ent methane/nitrogen/oxygen mixtures [18, 20].

The NH(A-X) fluorescence, shown in panel (d), has
a slope of 2.5, i.e., lower than the slope corresponding to
the Raman signal (3.5). NH must be formed by a chemi-
cal reaction of a nitrogen-containing species and a hydro-
gen-containing fragment. The current study is based on
fuel equivalence ratios ranging from 0.6 to 1.8, i.e., while
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the methane concentration is increasing by a factor 2.4
the nitrogen concentration is lowered by 18 %. Hence, the
lower slope for NH(A—X) might be an indication of that its
formation has a stronger dependence on the nitrogen con-
centration than the methane concentration.

3.5 Temporal characteristics

In order to shed more light on the formation and consump-
tion of the photofragments, streak camera measurements
of spectrally resolved emission were carried out. Figure 6
shows such a streak camera image acquired in a stoichio-
metric methane/air mixture. The fluorescence from differ-
ent photofragments as well as the Raman scattering from
CH, is indicated by arrows in the figure. It is evident that
the photofragments are created extremely fast. Although the
temporal resolution is limited by the 80-ps duration of the
laser pulse, the result shown in Fig. 6 gives some indication
of that the fluorescing fragments generally takes ~200 ps
longer to be formed than the Raman scattering of meth-
ane, a process whose duration is basically set by the period
of a molecular vibration, i.e., it is expected to be formed
within on the order of 10 fs. Azarm et al. have studied the
super-excited state of CH,, from which CH(A, B, C) frag-
ments are produced (see Fig. 4), and they found its lifetime
to be 160 fs [31]. They studied the SES by monitoring the
CH(A-X) fluorescence induced by an intense femtosecond
pump pulse (800 nm), while a 1338-nm probe pulse, also
of femtosecond duration, destroys the SES. By measuring
the CH(A—X) fluorescence intensity versus pump-probe
delay time, the lifetime of the SES could be determined.
Our data, shown in Fig. 6, have too low temporal resolu-
tion and the CH(A—X) fluorescence is somewhat obscured
by the CN(B-X) Av = +1 fluorescence, which prevents an
adequate comparison with the result of Azarm et al. [31].
However, it is clear that the more spectrally isolated and
more intense CH(C-X) fluorescence is slightly delayed,
relative to the CH, Raman scattering, and a detailed anal-
ysis of the data shown in Fig. 6 shows that the delay is
~200 ps. Despite the limited temporal resolution, our result
suggests that neutral dissociation of CH,, via an SES at
14.0 eV (three 266-nm photons), into a CH(C) fragment
takes significantly longer time than dissociation into CH(A)
via an SES at 15.0 eV as reported in [31]. As discussed in
Sect. 3.2, where it was noted that our measured rotational
and vibration temperatures of the CH(C) fragment are sig-
nificantly higher than those reported in [15], it is possible
that CH(C) to some extent is formed by chemical reactions
with species originating from N, and O,, which, of course,
would impact its formation rate.

Fluorescence lifetimes of the fragments were extracted
based on the data from the streak camera image shown in
Fig. 6. Due to the generally weak fluorescence signals, only
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Fig. 6 Spectrally resolved streak camera image (average of 15,000
laser shots) of the emission induced by the picosecond laser in the
stoichiometric CH,/air mixture. Identified photofragments are
denoted in the figure

integrated lifetimes, corresponding to all rovibronic transi-
tions within each fluorescence band, were determined, i.e.,
pixels were binned along the vertical direction across the
entire signal from each fragment in Fig. 6. The fluores-
cence signals were plotted in log-linear diagrams, which
revealed that the signals consist of a strong initial com-
ponent decaying with a constant slope followed by a sig-
nificantly weaker component having a different, less steep,
constant slope, i.e., the fluorescence decays are bi-exponen-
tial. This is the case for all signals except for the CN(B—
X) Av = 0 fluorescence, which shows a single-exponential
decay. Since the signals are heavily dominated by their ini-
tial parts, only the decay times associated with these parts
are reported here, see Table 3. Since the fluorescence tails
suffer from low signal-to-noise ratios, reliable decay times
from these regions are difficult to extract from the present
data. Nevertheless, we have made an attempt to estimate
these decay times by making fits to the latter part of the sig-
nals, and they were found to be 2.3 £ 0.5 ns for all investi-
gated fluorescence curves.

As can be seen in Table 3, all fluorescence lifetimes,
except for CN(B—X) Av = 0, are below 1 ns. A calcula-
tion based on only collisional quenching by CH,, N,, and
O,, using quenching cross sections from [34], for a stoi-
chiometric mixture, results in a lifetime for CH(A-X) fluo-
rescence of 8 ns, which is in agreement with the measured
CH lifetime by Xu et al. [17]. This lifetime is ~20 times
longer than the measured lifetime. As discussed in Sect.
3.3, the laser intensity dependence suggests that CH(A, B,
C) might be depopulated by 2-photon photoionization (see
Fig. 4), which could explain the short lifetimes of CH(A)
and CH(C).
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Table 3 Fluorescence lifetimes determined from the spectrally
resolved streak camera image shown in Fig. 6

Fluorescence
lifetime (ns)

Spectral feature

CNB-X) Av=0 2.03 £0.01
CNB-X) Av=+1 0.93 +£0.02
CNB-X) Av=—-1 0.54 £ 0.05
CH(C-X) 0.53 +£0.10
CH(A-X) 0.39 +£0.03
NH(A-X) 0.74 £ 0.04

The fluorescence lifetime for NH(A-X) was calculated
assuming quenching by CH,, O, and N, as the only non-
radiative deexcitation processes. Quenching rate constants
for v/ = 0 are available for CH, and O, from Ref. [35].
The quenching rate constants reported in [35] are for low
rotational states; N' = 1 to 6 for CH, and N = 1 to 5 for
0O,. Quenching by N, was neglected as it is known to have
a very low cross section (<0.01 A?) from studies at room
temperature [36]. For CH, and O,, the average values of the
quenching rate constants for the different rotational states
were used to calculate the fluorescence lifetime, which was
found to be 1.1 ns. This value is about 30 % higher than the
measured fluorescence lifetime, i.e., 0.74 ns (see Table 3).
As the quenching rate constants decreases with increasing
rotational state (N) [35], it may seem surprising that the
measured lifetime is shorter than the calculated since the
NH(A) state exhibits very high vibrational and rotational
temperatures (5000 and 3000 K, respectively, as shown
in Table 2). However, the lifetime calculation is based on
quenching rate constants from only v' = 0, which obviously
is a severe limitation as higher vibrational states clearly are
populated. The measured NH(A—X) fluorescence lifetime
thus suggests that the quenching rate constants are higher
in the excited vibrational states than in v/ = 0.

Figures 1 and 6 clearly illustrate that the CN(B-X)
Av = 0 is the strongest fluorescence signal in this study.
The reason for this is because this fluorescence has the
highest Einstein coefficient for spontaneous emission, for
the v/ = 0 — v/ = 0 band, which is Ay, = 1.36 x 107 s™!
[25] for example. The average values based on four
vibrational transitions within each vibrational sequence,
ie, Av =0, —1, and +1, are A,,_, = 1.06 x 107 s~}
Appe 1 =299 x 10°s7', A, = 1.69 x 10° s™". Thus,
App—_118 28 % of Ay,_gand Ay,_; is 16 % of A, .
As can be seen in Figs. 1 and 6, this trend is reflected
in the experimental data. The fluorescence lifetime of
CN(B-X) Av = 0 1is 2.03 ns. This value agrees well with
2.26 + 0.23 ns, which was measured using time-resolved
laser-induced fluorescence (excitation to v = 0) by

380
CN(B-X)
Av=0

3g5) 33| §
2-2
1-1 | s
0-0 | g

390

Wavelength [nm]

-N2+(B-X)' .

2 0 2 4 6
Time [ns]

Fig. 7 High-resolution streak camera image of the fluorescence sig-
nals from CN(B-X) Av = 0 and N,"(B-X). The image is based on
signal accumulated over 30,000 laser shots

Schwarzwald et al. [37] in a CH,/N,O/N, flame . Schwar-
zwald et al. [37] also found that the lifetime was rather
insensitive to variation in stoichiometry (no significant
difference in the range ¢ = 1.02-1.42) and height above
burner. Thus, the CN(B-X) fluorescence lifetime, and
thereby the quenching rate, is fairly insensitive to varia-
tions in chemical composition and temperature. Therefore,
it is not surprising that the Av = 0 lifetime measured here
agrees well with the lifetime reported in [37], in spite of the
fact that the measurements were taken in different chemical
compositions and at vastly different temperatures.

The CN(B-X) Av = 0 fluorescence was analyzed in
greater detail by recording a streak camera image with
high spectral resolution. The result is displayed in Fig. 7. In
addition to the CN (B-X) Av = 0 signal, N,"(B-X) fluo-
rescence is visible in the image at around 391 nm. The fluo-
rescence lifetimes corresponding to the 0-0, 1-1, and 2-2
vibrational bands are found to be 2.23 £ 0.01, 2.02 £ 0.01,
and 2.04 £ 0.02 ns, respectively. These lifetimes corre-
spond well with the integrated lifetime of 2.03 ns extracted
from the low-resolution data shown in Fig. 6. The fact that
the variation in lifetimes for the 0-0, 1-1, and 2-2 bands is
less than 10 % suggests that the difference in non-radiative
depopulation rates of v/ = 0, 1, and 2 is less than 10 %.
The signal-to-noise ratio is not high enough to discern the
vibrational bands 3-3, 44, etc., but they are hidden in the
blurry structure between 380 and 385 nm in Fig. 7. Evalua-
tion of the total signal in this wavelength region results in a
fluorescence lifetime of 1.25 £ 0.05 ns, which suggests that
the non-radiative deexcitation rates are higher for v/ > 3.

It is evident from Fig. 7 that the N2+(B—X) fluorescence
lifetime is much shorter than the lifetime of CN(B-X)
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Fig. 8 a Horizontal cross sections extracted from Fig. 7 illustrating
the growth of the three fluorescence bands. The signal corresponding
to the 0-0 band is shown in the upper panel, the 1-1 band in the mid-
dle panel, and the 2-2 band in the lower panel. The red solid lines are
fitted third-order polynomials, only serving as a guide for the eye. b
Fluorescence spectra at three different times, i.e., three vertical cross

Av = 0. Unfortunately, the temporal resolution was not
sufficiently high to determine its lifetime.

The image shown in Fig. 7 reveals that v/ = 0 is popu-
lated first, while the higher vibrational levels are populated
later, with a rate that decreases with increasing v'. This
trend is more clearly observable in Fig. 8a, where horizon-
tal cross sections corresponding to the 0-0, 1-1, and 2-2
bands have been extracted from Fig. 7. The three fluores-
cence bands have reached maximum intensity after the fol-
lowing times: 410 ps (0-0), 450 ps (1-1), and 670 ps (2-2),
which means that k,_y/k,_;, = 1.1 and k,_y/k,_, = 1.6,
where k, is the production rate of CN in state v. Hence, the
chemical reaction rate is decreasing with increasing vibra-
tional state.

The population dynamics is further shown in Fig. 8b,
where three vertical cross sections of the image shown in
Fig. 7 are plotted. The cross sections reflects the vibrational
population distribution at three different times after the for-
mation of CN(B). The upper spectrum (blue dots) corre-
sponds to the population after 15 ps (signal averaged from
—55 to 85 ps), the middle spectrum (red dots) corresponds
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sections of the signal shown in Fig. 7. The upper spectrum (blue dots)
corresponds to the population after 15 ps (signal averaged from —55
to 85 ps), the middle spectrum (red dots) corresponds to the popula-
tion after 180 ps (signal averaged from 90 to 260 ps), and the lower
spectrum (black dots) corresponds to the population after 1.00 ns
(signal averaged from 0.260 to 1.76 ns)

to the population after 180 ps (signal averaged from 90 to
260 ps), while the lower spectrum (black dots) corresponds
to the population after 1.00 ns (signal averaged from 0.260
to 1.76 ns).

4 Significance of the results and diagnostic
development

The present study is a detailed investigation of the emis-
sion resulting upon strong UV laser illumination of dif-
ferent methane/air mixtures. It is found that a number of
luminescent fragments, i.e., CH, CN, NH, OH, and N2+,
are formed due to photodissociation, photoionization, and
photochemical reactions. In fact, fluorescence from these
species is observable even for the lowest laser pulse energy
investigated, i.e., 0.4 mJ, corresponding to an irradiance of
~30 GW/cm?. These results constitute crucial information
for the application of existing laser diagnostic techniques
based on strong UV excitation, which are widely used in
for example combustion research, as they show that such
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methods, unless the laser intensity is kept low enough,
might not be entirely non-intrusive and also hampered by
interfering emission from photofragments. Examples of
techniques utilizing high UV laser intensities are saturated
laser-induced fluorescence (LIF) and multi-photon LIF,
which are described and discussed in [38, 39].

Although not claimed to be non-perturbing, since delib-
erate photodissociation of a target species forms its basis,
photofragmentation laser-induced fluorescence (PFLIF) is
another method for which the current results are important.
The PFLIF method is described in detail in [40], and here
we only give a brief description of the concept. The mol-
ecule of interest is photodissociated into fragments using
a UV laser pulse. Then one of the fragments is probed
using a second laser pulse, whose wavelength is tuned to
a strong absorption line of the fragment, which results in
laser-induced fluorescence. Since the LIF-signal intensity
reflects the concentration of photofragments, the method
yields an indirect measure of the parent molecule concen-
tration. Photofragmentation laser-induced fluorescence has
been used for detection of hydrogen peroxides in flames
[41], where OH fragments from UV-photolysis of predomi-
nantly HO,, constitute the signal of interest. In premixed
methane/air flames, a photochemical interference, originat-
ing from photodissociation of hot CO,, has been observed
and predicted by detailed chemical kinetics modeling. The
intensity of the interfering signal decreases with decreas-
ing pump-probe delay time (see Fig. 10 in [41]). Utilization
of picosecond pump and probe pulses would allow sub-
nanosecond delays, which thus potentially may reduce the
interfering signal substantially. The results presented here,
however, show that the potential benefits of using picosec-
ond pulses and a sub-nanosecond delay might be inhibited
by the production of other interfering signal contributions,
in particular the OH(A-X) and CH(C-X) fluorescence as
can be seen in Fig. 2a. The lifetime of the CH(C-X) flu-
orescence is found to be 0.53 ns (see Table 3), while the
signal-to-noise of the OH(A—X) fluorescence was not high
enough for a reliable determination of its lifetime. The OH
fluorescence lifetime is, however, expected to be shorter
than 2 ns [42]. Thus, the influence from fluorescence from
CH(C-X) and OH(A-X) might be negligible for a pump-
probe delay of 2 ns if a detector with a steep gate function,
synchronized with the probe laser firing, is used. It should
also be noted that the OH signal observed in this work only
reflects the presence of electronically excited fragments,
i.e., OH(A). It is possible that also ground state fragments,
i.e., OH(X), are formed, and these will then add another
interfering signal contribution in PFLIF detection of hydro-
gen peroxides as these fragments will be probed as well.

Despite the potential limitations imposed by strong UV
excitation, the present results also suggest that the multi-
tude of luminescent fragments may form the basis for

a method measuring the local fuel equivalence ratio, as
described in the following section.

4.1 Multivariate analysis for determination
of equivalence ratio in methane/air mixtures

To show how picosecond photofragmentation can be used
for sensing the equivalence ratio in an unknown mixture
of methane and air, multivariate analysis was applied on
the 13 normalized emission spectra recorded in different
methane/air mixtures. Multivariate analysis using singu-
lar value decomposition (SVD) is a technique commonly
used in chemometry to reduce large data sets and create
predictive models. Intuitively, SVD can be interpreted as
a method to investigate where in a data set the most vari-
ation occurs by transforming a data set to an orthonormal
basis, where the data can be represented by a few princi-
pal components. Correlating the variation to known vari-
ables gives the possibility to develop a statistical model to
predict the values of the variables based on new measure-
ments. For a detailed description of multivariate analysis
and the methods used, the reader is referred to [43]. In this
work the data set consists of 13 normalized emission spec-
tra recorded at known equivalence ratios between 0.6 and
1.8. The singular values, determining the relative impor-
tance of the principal components, are decreasing in sig-
nificance after the third singular value. Truncation of the
model at this point provided a reduced model to accurately
determine the equivalence ratio. The first three normalized
principal components are seen in the inset of Fig. 9. The
model was verified with leave-one-out cross validation
(LOOCYV), and the result is shown in Fig. 9. In LOOCV
a model is created after leaving one of the measurements
out and thereafter evaluating the model by calculating
what value the left out measurement would give. This
is done for every measurement point, and the predicted
equivalence ratio is seen to agree very well with the real
equivalence ratio, predicting the equivalence ratio within
4 % of the real value. The advantage of SVD compared
to intensity-based methods, where the integrated inten-
sity of a spectral band is correlated with the equivalence
ratio, is that the SVD is independent of laser energy fluc-
tuations, collection efficiencies, and error sources related
to the detected intensity. Singular value decomposition is
similar to the ratiometric method, where the ratio of two
spectral bands is correlated with the equivalence ratio [20];
however, SVD can be interpreted to have as many spec-
tral bands as pixels in the spectrum, which increases the
accuracy of the method drastically. Utilizing this technique
on spectrally resolved measurements along a line would
allow determination of spatially resolved local equiva-
lence ratios, thus providing a great asset for combustion
research.
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Fig. 9 Predicted equivalence ratios based on singular value decom-
position and the leave-one-out cross validation. The solid line repre-
sents expected equivalence ratios and blue squares are the predicted
values with error bars derived from the standard deviation of all
points. Inset First three normalized principal components where the
number to the right denotes the corresponding principal component.
The principal components 2 and 3 show where the biggest variation
in the spectrum occurs as a function of equivalence ratio. The x axis
of the inset is wavelength

5 Conclusions

This study presents novel results, showing that an intense
(2.0 + 0.5) x 10" W/cm?, 80-picosecond laser pulse at
266-nm can break several chemical bonds in gas mixtures
of methane and air at atmospheric pressure and room tem-
perature. Emission spectra are, for the first time, studied
with ultrahigh temporal resolution using a streak cam-
era. The main findings are: (a) the focused beam of 266-
nm picosecond pulses leads to the formation of several
luminescent fragments, namely CH(A’A, B’z C?=h),
CN(B?Z™), NH(A’TT"), OH(A’X ") and N,"(B’%)), i.e.,
all neutral species except N,, (b) all neutral fragments are
created with very high vibrational and rotational tempera-
tures (2000-8000 K), (c) CH(A, B, C) might be formed
through neutral dissociation via a super-excited state of
CH,, reached by 3-photon excitation and that 2-photon
ionization/dissociation, rather than collisional quenching,
dominates the deactivation of these fragments, (d) all frag-
ments observed are created within 200 ps, (e) the fluores-
cence lifetimes are shorter than 1 ns for all observed transi-
tions except for the Av = 0 band of CN(B-X), which is
found to be 2.0 ns, and (f) the rate of the chemical reac-
tion that forms CN(B) is decreasing with increasing vibra-
tional state of the product. In addition to providing basic
understanding, the results also constitute crucial informa-
tion for the application of laser diagnostic techniques based
on strong UV excitation, as they show that such methods
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might not be entirely non-intrusive and suffering from
spectral interferences due to emissive photofragments,
unless the laser intensity is kept sufficiently low. Finally,
a novel diagnostic concept, based on multivariate analysis
using singular value decomposition, is demonstrated for
determination of equivalence ratio. The method is expected
to be a useful diagnostic for measurement of local equiva-
lence ratios in for example combustion environments.
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