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Strong fluorescence emissions were observed for nitrogen, carbon monoxide, and carbon dioxide
molecules in intense femtosecond laser fields. These emissions can be assigned to the transitions of
the molecular ions from the excited electronic states to the ground electronic states. The formation
mechanisms were discussed and the lifetimes were measured for these excited molecular ions in

intense laser fields.
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1 Introduction

Tons are ubiquitous in space and can be generated
through cosmic radiation, UV rays, X-rays, shock waves
as well as high-energy particle collisions. In a recent arti-
cle, Larsson, Geppert and Nyman reviewed the gas-phase
ion chemistry in extraterrestrial space [1]. Molecular ions
have been discovered in the atmospheres of some planets
and their satellites in 1930s [2]. They play an important
role in the cosmic chemistry, such as the origin of life on
Earth. Due to the importance of molecular ions in the at-
mosphere, the ionization of molecules has attracted much
attention in laboratory in the past few decades. The for-
mation mechanism and decay dynamics of molecular ions
were extensively studied with electron bombardment [3],
photoionization [4, 5], discharge [6], Penning ionization
[7], fast ion collision [8], charge transfer [9] and so on.
Recently, chirp pulse amplifier technology has made
ultra-intense and ultra-short laser available in labora-
tory. Dynamic processes become a hot topic for molecules
in such intense laser fields [10]. These studies indicate
that tunneling ionization is a fundamental process for
molecules in intense laser fields. According to Molecular
Ammosov—Delone-Krainov (MO-ADK) model [11], the
ionization rate decays exponentially on the electron bind-
ing energy. Therefore, it is always assumed that the elec-

tron in the highest occupied molecular orbital (HOMO)
is firstly removed and the molecular ion is always in its
ground electronic state. However, some evidences suggest
that not only the HOMO, but also the lower-lying molec-
ular orbitals, are involved in the process of tunneling
ionization [12-17]. Correspondingly, the molecular ions
are in the ground electronic state as well as excited elec-
tronic states in intense laser fields. Very recently, we pro-
vide direct evidences that lower-lying molecular orbitals
are involved in the tunneling ionization of molecules by
probing the fluorescence emission from the molecular ion
in the excited electronic state [18].

In this article, we report the observation of fluores-
cence emission of Nj , CO* and COJ that are generated
in intense femtosecond laser fields. The formation mech-
anisms are discussed and lifetimes are measured for these
excited molecular ions.

2 Experimental

The experiments were performed using a Ti:sapphire
laser amplifier with a repetition rate of 1 kHz. The pulse
duration is 35 fs and central wavelength is 800 nm. The
laser pulses are focused into a vacuum chamber by using
a convex lens with focus length of 150 mm. The peak
intensity of the laser pulse is estimated by measuring

© Higher Education Press and Springer-Verlag Berlin Heidelberg 2013



Yun-Chen Wang, et al., Front. Phys., 2013, 8(1) 35

the focusing size. The vacuum chamber is pumped by a
magnetically-levitated molecular turbo pump backed by
a dry scroll pump. The gas sample is introduced into the
vacuum chamber through a capillary with an inner di-
ameter of 100 um and a length of 300 mm. By adjusting
the pressure of the capillary inlet end, the pressure of the
vacuum chamber is controlled to be less than 1 x 1073
mbar when the gas sample is introduced. The fluores-
cence signals generated in the laser—molecule interaction
are collected by a combination of one spherical mirror
and one convex lens and then sent into a monochromator
followed by a photo-multiplier tube (PMT R585, Hama-
matsu, Japan). The output analog signals of the PMT
are sent to a 2-GHz dual-channel data acquisition card
(CS22G8, GAGE, USA) and recorded by a computer for
analysis.

The fluorescence detection is much less efficient than
the mass spectroscopy. High gas density is usually re-
quired for fluorescence measurement. In our experiment,
the fluorescence spectra are recorded with a typical pres-
sure of several 10~* mbar. The laser-molecule interac-
tion is very complicated in intense laser fields. There-
fore, we have to ensure that excited molecular ion is pro-
duced by direct laser excitation and the fluorescence sig-
nal comes from unimolecular reaction. Figure 1(a) shows
the fluorescence intensity with wavelength at 391 nm as
a function of the gas pressure in the reaction chamber.
The fluorescence emission comes from the (0, 0) band
of NI (B*Sf — X?¥}). Within the pressure range be-
tween 3 x 107° mbar and 1 x 1072 mbar, the fluores-
cence intensity shows a linear dependence on the gas
pressure. The linear pressure dependence of the fluores-
cence intensity demonstrates that the excited molecu-
lar ion N3 (B2%}) is produced by direct laser excitation
and the fluorescence signal comes from unimolecular re-
action [19]. Figure 1(b) shows the fluorescence lifetime
of N7 (B*Lf — X2% 1) as a function of the gas pressure.
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Fig. 1 (a) Fluorescence intensity and (b) fluorescence lifetime
of the (0, 0) band of N;r(B?‘Z];r — X253 as a function of the gas
pressure in the reaction chamber.

Here, the fluorescence lifetime represents the time the
molecule stays in its excited electronic state and is ob-
tained by fitting the fluorescence signal with an expo-
nential decay. The results show that the fluorescence
lifetime is almost constant within the pressure range
we have measured. The independence of the pressure
demonstrates that the collision-induced decay can be ne-
glected for NJ (B2E — X2%F), which has a lifetime of
about 60 ns in intense femtosecond laser fields.

3 Results and discussion

Figure 2 shows the fluorescence spectra of N, CO
and COg irradiated by 800 nm, 35 fs laser pulses
with an intensity of 1.5 x 10® W/cm?. The spectra
were recorded over the wavelength range between 200-
500 nm and not calibrated by the detecting system.
According to the molecular parameters listed in Ta-
ble 1, it is predicted that the (0, 0) band locates at
1109 nm and 391 nm for the emission of Nj (A%, —
X?°%}) and Ny (B2%f — X?%}), 490 nm and 219 nm
for COT(A%II — X?%t) and COT(B2%t — X2%1),
351 nm and 289 nm for COj (A%II, — X?°II,) and
COF (B?Y} — X?11,). In combination with previous
reports [7, 9], the spectra shown in Fig. 2 can be as-
signed to N3 (B?Sf — X?%1), COT(A’II — X2%H),
cot(B?xt — X?%xt), COJ (A%, — X?°1,), and
COJ (B?2F — X211,), respectively, with the (0,0) bands
being marked by a red star. It should be mentioned that
there mixed some fluorescence from CO"(B?X+ — A21I)
in the spectrum of CO™. In the present measurement,
the chamber pressure was kept to 4x 10~4 mbar when the
corresponding gas sample was introduced into the cham-
ber and the molecular ion has been confirmed through
direct laser excitation. The electronic configurations are
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Fig. 2 Fluorescence spectra of (a) N2, (b) CO and (c¢) COg irra-
diated by 800 nm, 35 fs laser pulses with an intensity of 1.5 x 1015
W /cm?2. The spectra were recorded over the wavelength range be-
tween 200-500 nm and not calibrated by the detecting system. The
(0, 0) bands are marked by red stars.
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KK (0,25)%(0,25)%(m,2p)*(0,2p)?, KK (30)%(40)%(17)*-
(50)? and (10y)*(10,,)(20,)2(30,)2(20,)? (4,2 (307, )2
(1m,)*(1m,)* for neutral Np, CO and CO2 molecules,
respectively. The removal of one electron from HOMO
will leave the molecular ion in the ground electronic
state (the X state). The removal of one electron from
the lower-lying orbital will leave the molecular ion in the
excited electronic state. For example, the removal of one
electron from HOMO-1 creates the molecular ion in the
first excited electronic state (the A state).

In intense laser fields, the molecular ion can be pro-
duced when an electron is stripped away through ab-
sorbing proper amount photons or tunneling effect. The
Keldysh parameter v = +/I,,/(2U,) is always used to de-
termine the ionization mechanism, where I, is the molec-
ular ionization potential, U, is the ponderomotive poten-
tial and also the quiver energy of a free electron in an
oscillating field [20]. When v > 1, the ionization is in the
multi-photon regime and the molecule is ionized by ab-
sorbing several photons simultaneously. Otherwise, the
ionization is in the tunneling regime and the molecule is
ionized through tunneling effect. The ionization poten-
tial, the Keldysh parameter, and the electronic config-
uration are listed in Table 1 for all the three molecules
studied here. It can be seen that even for the lower-lying
orbitals, the Keldysh parameter is much less than unity.
The results indicate that the excited molecular ion is
produced through tunneling ionization from lower-lying
orbitals.

Tunneling highly complicated for
molecules in intense laser fields. The ionization rate is

ionization is

determined not only by the electron binding energy, but
also the symmetry of the ionizing molecular orbital. Ac-
cording to MO-ADK model [11], the ionization rate de-
cays exponentially on the electron binding energy. There-
fore, it is always assumed that the HOMO electron is
firstly removed by the laser electric field and the molec-
ular ion is in the ground electronic state. However, the

energy difference is small for valence electrons in adja-
cent molecular orbitals. For example, the binding ener-
gies of neutral N9 molecules are 15.58 and 17.07 eV for
HOMO and HOMO-1, respectively. The energy differ-
ence is only 1.49 eV. The structure observed in the high
harmonic spectra suggests that the molecule may be ion-
ized through tunneling from several orbitals simultane-
ously [12, 14]. Due to the complicated generation pro-
cesses of high harmonic in intense laser fields, sophisti-
cated theories and accurate measurements are required
to separate the contribution of lower-lying orbital to the
tunneling current in intense laser fields. In addition to
the energy difference, the electron in different molecu-
lar orbitals exhibits different symmetries relative to the
molecular axis. According to MO-ADK model, the ion-
ization rate is also determined by the symmetry of the
ionizing molecular orbitals [11]. For example, the HOMO
of Nz molecules is 04 and the maximum electronic den-
sity is in the direction parallel to the molecular axis. As
a result, when the laser electric field is parallel to the
molecular axis, the ionization rate is maximal and the
molecular ion is in the ground electronic state. In con-
trast, the HOMO-1 of Ny molecules is 7, and the maxi-
mum electronic density is in the direction perpendicular
to the molecular axis. Correspondingly, when the laser
electronic state is perpendicular to the molecular axis,
the ionization rate is maximal and the molecular ion is
in the first excited electronic state. Such angle-dependent
ionization has been verified by experimental observations
and theoretical calculations [21, 22].

The fluorescence emission shown in Fig. 2 directly
demonstrates that multiple molecular orbitals are simul-
taneously involved in the process of tunneling ionization
and molecular ions are not only in the ground elec-
tronic state, but also in the excited electronic states.
The excited molecular ion will decay to its ground elec-
tronic state through emitting a photon of light. In the
present measurement, we do not observe the emission of

Table 1 Electronic configurations, ionizing molecular orbital symmetry, binding energies, corresponding electronic state of the molec-
ular ion, ionization potential (Ip), as well as the Keldysh parameter () for No, CO and CO2 molecules in intense laser fields. All data
are taken from online NIST chemistry database except « is calculated accordingly.

Electronic configuration Tonizing molecular Binding Electronic I,/eV ”
orbital symmetry energy/eV state

Ny HOMO (o) 15.58 X2t 15.58 0.30
KK(0425)%(0u2s)? HOMO-1 (7y,) 17.07 A?TL, 16.70 0.31
(mu2p)*(042p)? HOMO-2 (0,) 21.00 B2x 18.75 0.32
Cco HOMO (o) 14.01 X2yt 14.01 0.28
KK(30)?(40)%(17m)* (50)2 HOMO-1 (7) 17.66 A?T1 16.54 0.30
HOMO-2 (o) 21.92 B2zt 19.67 0.33
CO4 HOMO (7g) 13.77 X211, 13.77 0.28
(1og)?(1ow)?(204)%(304)% (20u)? HOMO-1 (7y) 19.70 AL, 17.30 0.31
(40¢)2(30w)2(1my )4 (1mg)* HOMO-2 (o) 20.27 B2x 18.06 0.32
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NJ (A%, — X %) because the wavelength of the emis-
sion is beyond the spectral response of our fluorescence
detection system. In previous experiments, cold target
recoil ion momentum spectroscopy (COLTRIMS) is al-
ways used to study tunneling ionization of molecules in
intense laser fields [23]. It is known that COLTRIMS can
provide accurate yields as well as kinetic energy of reac-
tion products. But it is not sensitive to the internal state
of the detected ion and cannot disentangle the molec-
ular ion in different electronic states. Fluorescent spec-
troscopy provides the upper and lower states of observed
transitions. Thus we can determine the internal quan-
tum state of molecular ion and separate different molec-
ular orbitals’ contribution to the tunneling ionization by
measuring the fluorescence spectra of the excited molec-
ular ion in intense laser fields. If we use a femtosecond
laser pulse to align molecules and another femtosecond
laser to ionize the aligned molecules, then we can acquire
the ionization rate of lower lying orbitals as a function
of the alignment angle between the molecular axis and
the laser polarization through measuring the fluorescence
from aligned molecules. In combination with some the-
oretical simulations, the symmetry might be imaged for
lower-lying molecular orbitals. Such investigation is be-
ing carried out in our laboratory.

Figure 3 shows the fluorescence decay for the (0, 0)
band of (a) N (B?Xf — X?% 1), (b) CO™(A?II—- X2%T)
and COT(B2X* — X?2%+), (c) COF (A%I1, — X211,) and
COJ (B?2F — X11,). Fitting with an exponential decay,
the lifetimes were determined to be 60 ns, 700 ns, 60 ns,
109 ns and 120 ns, for N3 (B2S; — X2%}), CO* (A1 —
X2%+), COT(B2Et - X2%F), COF (A%, — X2I1,), and
CO7 (B%xf — X11,), respectively. These results are con-
sistent with previous reports except CO™ (A%l — X2 7)

@ 5 Ng=060ns :
§ N5(B-X)
=‘: h-uud':. : . .
£ 90 " 20 40 60
= T=60ns_ o 3 CO(A-X) =
Slop\ M 1005 gl
E ¥
:J e. -
5 0 259 500 750 1000
= 1) tf— .|!.J ns,_ J=109ns CO'E(A-X)
) h‘-._____ CO5(B-X) »
e mw o — r .
0 100 200 300 400 500
Time /ns

Fig. 3 Fluorescence decay for the (0, 0) band of (a) N;r(B?‘Z];r -
X251, (b) COT (A — X25+) and COT(B2ET — X257), (c)
COJ (A%IL, — X?II,y) and COF (B2Z) — X2II,). The intensities
are normalized with the peak heights. Scattered points are exper-
imental data and colored solid lines are theoretical fitting. The
COH (A2 — X25F)and COJ (A2IL, — X 211,) are shifted right by
100 ns for visual convenience.

[24-26]. The lifetime of COT(A%II — X2%%) is 700 ns in
our measurement, which is much shorter than the values
of 2-3 us reported by Holland and Maier [3]. The large
difference might come from the collision-induced decay.
The chamber pressure in our experiment is three orders
of magnitudes higher than that in the experiment of Hol-
land and Maier [3] and reaches several 10~* mbar. In
the laser-molecule interaction zone, the pressure is even
higher. Under this experimental condition, the collision
time is probably several hundred nanoseconds. There-
fore, the collision-induced decay can be neglected when
the lifetime of the excited molecular ion is near 100 ns.
However, the collision-induced decay might play a sig-
nificant role when the lifetime of the excited molecu-
lar ions is longer than 1 ps. As a result, the lifetime of
CO™ (AT — X2%7) is greatly shortened in the present
measurement.

4 Summary

Multiply charged ions have some unique properties and
may participate in fusion plasmas and planetary iono-
spheres as an important media. In a recent themed issue
“Multiply charged ions in the gas phase”, various aspects
are reviewed for the physics and chemistry of multiply
charged ions [27]. Intense laser fields provide a convenient
tool for generating multiply charged ions in the labora-
tory. However, the internal quantum state of the multiply
charged ions is scarcely studied for these charged ions
[19]. In the present measurement, we observed strong
fluorescence emissions of the excited molecular ions gen-
erated in intense laser fields. The results demonstrate
that ionization from lower-lying orbitals is a general as-
pect for molecules in intense laser fields. The excited
molecular ions thus formed will decay to their ground
electronic states through emitting photons. Fluorescence
spectroscopy can determine the internal quantum state
of molecular ions and is therefore a viable approach of
separating different lower-lying orbitals to the contri-
bution of tunneling ionizations for molecules in intense
laser fields.
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