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The visible and near-UV emission spectroscopy of methane (CH4) induced by a femtosecond intense laser field
(800 nm, 40 fs, 1014 W∕cm2) is studied. By measuring the decay profiles of the neutral fragment product CH
(A2Δ → X2Π), two reaction pathways, i.e., the electron-ion recombination through e− þ CHþ

4 and the direct
disintegration of CHþ

4 are found to be responsible for populating the electronic excited states of the neutral
fragment product CH, which gives rise to the photoemissions. Our results provide complementary information
on previous understanding of the strong-field-induced photoemission mechanism of CH4 through neutral
dissociation of superexcited states.
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The interaction of molecules with femtosecond intense
laser fields has, both experimentally and theoretically,
been a subject of intense interest in recent years[1,2].
In particular, filamentation induced by the propagation
of femtosecond laser pulses in air can produce a strong
field of 1013–1014 W∕cm2 over a long distance that enables
molecules in the propagation path of filaments[3] to be
remotely ionized/dissociated. This opens up the possibil-
ity of investigating strong-field molecule interactions at a
remote place in a variety of complicated atmospheric envi-
ronments[4]. However, because of the difficulty to remotely
characterize molecular reaction dynamics using ions
or electron signals, photoemission signals are usually
employed to explore related phenomena[5–8].
Photoemission signals induced by intense laser fields in

filaments have been observed from a variety of gaseous
molecules including hydrocarbons[9,10], halocarbons[11], car-
bon dioxide[12], and major atmospheric constituents: nitro-
gen[5,8,13], oxygen[14], and water vapor[6,7,15]. The mechanisms
behind the photoemission of gaseous molecules in intense
laser fields have also been extensively studied. For
example, the optical emission from Nþ

2 (B2Σþ
u − X2Σþ

g

transition) was ascribed to direct ionization of inner-
valence electrons of neutral nitrogen molecules[16], and that
of N 2 (C3Πu − B3Πg transition) was attributed either to
the two indirect excitations by the reactions of Nþ

2 þ
N 2 → Nþ

4 followed by Nþ
4 þ e → N �

2ðC3ΠuÞ þ N 2 in the
case of higher electron density[17] and the collision-assisted
intersystem crossing from excited singlet states in the case
of lower electron density[18], or to the direct excitation by
electron impact with a circularly polarized pulse[19].

Hydrocarbon molecules such as CH4, C2H2, and C2H2
exhibit identical optical emissions but remarkably differ-
ent signal intensities from neutral fragments of CH (A2Δ,
B2Σ−, C2ΣþÞ, C2 (d3Πg), and H α in a femtosecond laser
filament[9,10,20]. However, the underlying mechanism
responsible for the photoemission phenomenon of the
neutral fragments is still not totally clear. Only one
mechanism has been so far proposed, which attributed
the strong-field-induced photoemission phenomenon to
neutral dissociation of parent hydrocarbon molecules
via superexcited states (SESs), i.e., states beyond the
ionization limit[21].

In the present study, we systematically investigate the
photoemission from the A2Δ → X2Π transition of the free
radical CH induced from CH4 by a femtosecond laser field
at the intensity of about 1014 W∕cm2 in order to examine
whether or not there exist other contributions to the
photoemission of hydrocarbon molecules in intense laser
fields. By using time-resolved measurements, two reaction
pathways, i.e., the electron-ion recombination of e− þ
CHþ

4 and the direct decomposition of CHþ
4 ions, are unam-

biguously identified to be responsible for the CH emission
of CH4 in intense laser fields.

The experiment was conducted using a Ti:Sapphire
femtosecond laser system. The pulses, emitted from a
Ti:Sapphire oscillator (Spectra Physics Tsunami), were
positively chirped to about 200 ps in a stretcher. After
this, the pulses with a repetition rate of 1 kHz were
successively amplified in a regenerative amplifier and a
two-pass Ti:Sapphire amplifier (Spectra Physics Spitfire).
A compressor was used to shorten the pulse duration,
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measured with a single-shot autocorrelator (SSA Positive
Light), to 45 fs at FWHM. The pulse spectrum was cen-
tered at 800 nm with a 23-nm bandwidth (FWHM). The
diameter of the beam was about 5 mm (at 1∕e2 level of
intensity) and the energy per pulse was about 0.9 mJ.
As shown in Fig. 1, the laser beam was focused by a fused
silica lens (L1: f ¼ 30 cm) into a vacuum chamber filled
with CH4 at a pressure range of 0.1–40 Torr. The thickness
of the input fused silica window was about 6 mm and the
distance between the focusing lens and the input window
of the vacuum chamber was about 2 cm. The induced fluo-
rescence signal was collected at a right angle to the laser
propagation direction. The fluorescence passed through
an 8-cm diameter fused silica window and was imaged
by two convex quartz lenses (L2: f ¼ 20 cm and
L3: f ¼ 10 cm) onto the entrance slit of the imaging spec-
trometer (Acton Research Corp., Spectrapro-500i). The
spectral resolution of the spectrometer was about
0.4 nm using a grating of 1; 200 grooves∕mm (blazed
wavelength at 500 nm) with a 100 μm entrance slit width.
The entrance slit of the spectrometer was arranged to be
parallel to the laser propagation direction in order to en-
hance the collection efficiency. The dispersed fluorescence
was detected using a gated intensified charge coupled
device (ICCD, Princeton Instruments PI-Max: 512) or
using a Hamamatsu R5916U-52 microchannel-plate pho-
tomultiplier tube with a rise time of 0.2 ns. A Tektronix
Model TDS 7254 oscilloscope with a bandwidth of 2.5 GHz
was used to record and average the signals from the photo-
multiplier tube.
Figure 2 demonstrates the femtosecond laser-induced

fluorescence spectra of CH4 in the spectral region of
300–700 nm for the pressures of 0.1, 1, and 10 Torr, respec-
tively. The ICCD gate width was set to 1 μs and the ICCD
delay time was set to t ¼ −10 ns (note that the laser pulse
arrives in the interaction region at t ¼ 0). The data were
averaged over 200 shots. The spectral lines were assigned
to CH (A2Δ, B2Σ−, C2Σ− − X2Π), C2 (Swan band) and H
(Hα)

[9]. It can be noted that in Fig. 2 the Swan band of C2
can only be clearly observed in the spectrum for a pressure
of 10 Torr or more. Since there is only one carbon atom
existing in the parent CH4 molecule, the collisions among
the induced fragments of ionization products could be one

of the mechanisms for the product of C2
[22]. As for CH and

H, they have been previously attributed to the neutral dis-
sociation of CH4 through the SESs by a pump-probe ex-
periment in which a fast depletion of the CH fluorescence
signal with a lifetime of about 160 fs was observed as a
function of the delay time between a pump (800 nm) pulse
and a probe (1338 nm) pulse[23]. The 800-nm pulse prepares
the CH4 molecule in the SESs, and the probe pulse de-
excites the SESs, leading to a decrease of the CH signal
produced through neutral dissociation of SESs of CH4

[23].
However, it should be pointed out that the decrease in the
fluorescence signal of CH was only 5%[23], which indicates
that the dissociation of the SESs of CH4 might not be the
only mechanism responsible for the product of the CH
fragment. Therefore, we investigate in the following the
decay profiles of the A2Δ → X2Π transition of CH at
431 nm using time-resolved measurements in order to
determine whether there exist other mechanisms contrib-
uting to the photoemission of CH.

Figure 3 shows a typical decay profile of the A2Δ →
X2Π transition of CH at 431 nm. The pressure is 0.2 Torr
(black line). The data were averaged over 100 laser shots.
The decay profile can be well fitted to three exponentials
(red line) with the time constants of τ1 ¼ 232 ns,
τ2 ¼ 10.5 ns, and τ3 ¼ 755 ns. One of these three exponen-
tial decays can be assigned to the spontaneous decay of the
excited A2Δ state of CH. As already indicated in the
pump-probe experiment[23], the neutral dissociation of
CH4 via its SESs is one source of populating the excited
A2Δ state. However, this decay process is very fast, occur-
ring on a femtosecond time scale, and thus can be inter-
preted as being the ‘immediate’ population of the excited
A2Δ state, which emits spontaneously. As a result, the
contribution from the SESs of CH4 in the decay profile
should show a sharp rise time, which is limited by the
detector system’s rise time, and then a decrease with
the spontaneous decay constant of the A2Δ state.

Fig. 1. Experimental setup. L1: f ¼ 30 cm; L2: f ¼ 20 cm;
L3: f ¼ 10 cm.
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Fig. 2. Femtosecond laser-induced emission spectra of
CH4: 0.1 Torr (bottom), 1 Torr (middle), and 10 Torr (top).
The ICCD gate width was set to 500 ns and the ICCD delay time
t ¼ −10 ns (note that the laser pulse arrives in the interaction
region at t ¼ 0).
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Therefore, besides the neutral dissociation of CH4 via its
SESs, it should have two other channels to make contri-
butions to the excited A2Δ state of CH.
Next, we attempt to explore the possible mechanisms

responsible for the product of CH lying in the A2Δ state.
Since three exponentials are needed to fit the decay of the
A2Δ state, the decay dynamics of the A2Δ state should be
described by a rate equation with three exponential terms.
Therefore, a rate equation including the terms due to
electron-ion recombination and disintegration of CHþ

4 is
written as[17]

dN∕dt ¼ −kN þ R1½CHþ
4 �½electron� þ R2½CHþ

4 �; (1)

where k and N are the spontaneous decay rate and the
population of the excited A2Δ state, respectively; R1

and R2 refer to the reaction rates of the electron-ion re-
combination and the disintegration of CHþ

4 processes;
and ½x� refers to the population/density of species x. This
rate equation is based on the fact that the main positive
component in the plasma is CHþ

4 according to the mass
spectra of CH4

[24] and the laser intensity used in this work
(5 × 1013 − 1 × 1014 W∕cm2). That is, the reaction chan-
nels from other positive ions such as CHþ

3 (the second
main positive ion in the plasma[24]) can be neglected.
Otherwise, more than three exponentials due to additional
terms in the equation will be obtained. Here it is reason-
able to assume that ½CHþ

4 � and [electron] decay exponen-
tially with a rate of ka and kb, respectively. Finally, the
solution of N ,

N ðtÞ ¼ C1 expð−ktÞ þ C2 expð−ðka þ kbÞtÞ
þ C 3 expð−katÞ; (2)

where Cxðx ¼ 1; 2; 3Þ is a constant used to fit the exper-
imental data. As a result, we measure the decay curves
of the fluorescence emission at 431 nm at different pres-
sures and fit them by Eq. (2). It is found that all of the

experimental data can be well fitted, with uncertainties
of less than 2%. By plotting the decay rates (inverse life-
times) as a function of pressure, the lifetime extrapolated
at a pressure of p ¼ 0 is about 530 ns (see Fig. 4), which
agrees very well with the previously measured radiative
lifetime of the excited A2Δ state of CH (about 537 ns[25]).
This corresponds to the value of τ1 ¼ 232 ns at a pressure
of p ¼ 0.2 Torr. Therefore, the values of τ2 ¼ 10.5 ns
(ka þ kb ≈ kb) and τ3 ¼ 755 ns measured at a pressure of
p ¼ 0.2 Torr can be assigned to the decay times of elec-
trons and CHþ

4 in the plasma, respectively.
The agreement between the present and previous life-

times of the A2Δ state of CH indicates the reasonability
of the written rate equation. In addition, because of the
large difference between τ2 and τ3, these two processes
could not be due to the same type of reactions, i.e., both
due to the electron-ion recombination of e− þ CHþ

4 or due
to the disintegration of multiply charged ions CHþ

4 . As a
consequence, besides the neutral dissociation of SESs, as
proposed previously[20,23,26], the photoemission from the
A2Δ → X2Π transition of CH can also result from the
electron-ion recombination of e− þ CHþ

4 and the disinte-
gration of CHþ

4 .
In conclusion, we study the emission spectroscopy of

CH4 induced by intense laser fields. In order to understand
the mechanisms responsible for the photoemission of CH,
we measure the emission spectra of CH4, the decay curves,
and the decay rate as a function of pressure. Two possible
reaction channels are unambiguously identified for pro-
ducing the photoemission of CH: one is the recombination
of electrons and ions by e− þ CHþ

4 and the other is the
disintegration of CHþ

4 . When combined with the previ-
ously confirmed contribution from the neutral dissociation
of SESs of CH4, our results provide complementary
information on understanding the mechanism for the CH
emission of CH4 in intense laser fields. In view of the com-
plexity of ionization, fragmentations, and collisions of
molecules and molecular ions in strong laser fields[27–29],
all of which may affect the induced photoemissions, it is
clear that additional effort is needed to give a complete
understanding of photoemissions of molecules in intense
laser fields.
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Fig. 3. Decay profile (black line) of the fluorescence emission at
431.2 nm from the A2Δ−X2Δ transition of CH for the pressures
at 0.2 Torr and its fit (red line). The insets show the same data
but in a semilogarithmic representation.
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Fig. 4. Decay rate k (1∕τ1) vs pressure.

COL 13(7), 070007(2015) CHINESE OPTICS LETTERS July 10, 2015

070007-3



The authors acknowledge A. Azarm, Y. Kamali, and
M. Martin for their technical assistance. This work was
partially supported by the National Natural Science
Foundation of China (61427816 and 61235003), the
National Basic Research Program of China
(2014CB921300), the Research Fund for the Doctoral
Program of Higher Education of China, the Open Fund
of the State Key Laboratory of High Field Laser Physics
(SIOM), Canada Research Chairs, NSERC, Femtotech
and FQRNT.

References
1. J. H. Posthumus, Rep. Prog. Phys. 67, 623 (2004).
2. B. Yang, L. Zhang, H. L. Xu, R. X. Li, and S. L. Chin, Chin. J. Phys.

52, 652 (2014).
3. S. L. Chin, Femtosecond Laser Filamentation (Springer, 2010).
4. H. L. Xu, P. T. Simard, Y. Kamali, J.-F. Daigle, C. Marceau, J.

Bernhardt, J. Dubois, M. Châteauneuf, F. Théberge, G. Roy, and
S. L. Chin, Laser Phys. 22, 1767 (2012).

5. J. P. Yao, B. Zeng, H. L. Xu, G. Li, W. Chu, J. Ni, H. Zhang,
S. L. Chin, Y. Cheng, and Z. Z. Xu, Phys. Rev. A 84, 051802 (2011).

6. T. J. Wang, H. L. Xu, J. F. Daigle, A. Sridharan, S. Yuan, and S. L.
Chin, Opt. Lett. 37, 1706 (2012).

7. S. Yuan, T. J. Wang, P. Lu, S. L. Chin, and H. P. Zeng, Appl. Phys.
Lett. 104, 091113 (2014).

8. W. Chu, G. Li, H. Xie, J. Ni, J. Yao, B. Zeng, H. Zhang, C. Jing, H. L.
Xu, Y. Cheng, and Z. Z. Xu, Laser Phys. Lett. 11, 015301
(2014).

9. H. L. Xu, Y. Kamali, C. Marceau, P. T. Simard, W. Liu, J.
Bernhardt, G. Méjean, P. Mathieu, G. Roy, J.-R. Simard, and
S. L. Chin, Appl. Phys. Lett. 90, 101106 (2007).

10. S. Hosseini, A. Azarm, J. F. Daigle, Y. Kamali, and S. L. Chin, Opt.
Commun. 316, 61 (2014).

11. J.-F. Gravel, Q. Luo, D. Boudreau, X. P. Tang, and S. L. Chin, Anal.
Chem. 76, 4799 (2004).

12. W. Chu, B. Zeng, J. P. Yao, H. L. Xu, J. Ni, G. Li, H. Zhang, F. He,
C. Jing, Y. Cheng, and Z. Z. Xu, Europhys. Lett. 97, 64004 (2012).

13. A. Talepour, M. Abdel-Fattah, A. D. Bandrauk, and S. L. Chin,

Laser Phys. 11, 68 (2001).
14. J. Bernhardt, W. Liu, F. Théberge, H. L. Xu, J. F. Daigle, M.

Chateauneuf, J. Dubois, and S. L. Chin, Opt. Commun. 281, 1268

(2008).
15. S. Yuan, T. Wang, Y. Teranishi, A. Sridharan, S. H. Lin, H. P. Zeng,

and S. L. Chin, Appl. Phys. Lett. 102, 224102 (2013).
16. A. Becker, A. D. Bandrauk, and S. L. Chin, Chem. Phys. Lett. 343,

345 (2001).
17. H. L. Xu, A. Azarm, J. Benhardt, Y. Kamali, and S. L. Chin, Chem.

Phys. 360, 171 (2009).
18. B. R. Arnold, S. D. Roberson, and P. M. Pellegrino, Chem. Phys.

405, 9 (2012).
19. S. Mitryukovskiy, Y. Liu, P. J. Ding, A. Houard, A. Couairon, and

A. Mysyrowicz, Phys. Rev. Lett. 114, 063003 (2015).
20. F. Kong, Q. Luo, H. L. Xu, M. Sharifi, D. Song, and S. L. Chin,

J. Chem. Phys. 125, 133320 (2006).
21. S. L. Chin and H. L. Xu, Chin. Phys. B 24, 013301 (2015).
22. H. L. Xu, A. Azarm, and S. L. Chin, Chin. Opt. Lett. 12, 113201

(2014).
23. A. Azarm, H. L. Xu, Y. Kamali, J. Bernhardt, D. Song, A. Xia, Y.

Teranishi, S. H. Lin, F. Kong, and S. L. Chin, J. Phys. B 41, 225601

(2008).
24. M. Sharifi, F. Kong, S. L. Chin, H. Mineo, Y. Dyakov, A. M. Mebel,

S. D. Chao, M. Hayashi, and S. H. Lin, J. Phys. Chem. A 111, 9405

(2007).
25. K. H. Becker, H. H. Brenig, and T. Tatarczyk, Chem. Phys. Lett. 71,

242 (1980).
26. S. Koseki, N. Shimakura, Y. Teranishi, S. H. Lin, and Y. Fujimura,

J. Phys. Chem. A 117, 333 (2013).
27. S. L. Chin, H. L. Xu, Y. Cheng, Z. Z. Xu, and K. Yamanouchi, Chin.

Opt. Lett. 11, 013201 (2013).
28. T. Wang, S. Yuan, Y. Chen, and S. L. Chin, Chin. Opt. Lett. 11,

011401 (2013).
29. K. Zhai, T. Li, H. Xie, C. Jing, G. Li, B. Zeng, W. Chu, J. Ni, J. Yao,

and Y. Cheng, Chin. Opt. Lett. 13, 050201 (2015).

COL 13(7), 070007(2015) CHINESE OPTICS LETTERS July 10, 2015

070007-4


