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HIGHLIGHTS

® N, and N7} fluorescence shows different spatial distribution along the propagation direction.
® The intersystem crossing scheme dominates the formation of N,(C3I1,) in the low-intensity region.
® Excitation and ionization processes play different roles along the filament column.
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Laser intensity has a great influence on the excitation, ionization and other dynamical processes of atoms and
molecules. During the femtosecond laser filamentation, the different values of intensity along the propagation
direction will have a great influence on the spatial distribution of the products generated by these processes, and
that of the fluorescence emitted by these products. In this paper, by measuring the spatial distribution of
fluorescence induced by femtosecond laser filament in air, we find that along the propagation direction, the

fluorescence signal from N, appears in front of that from N3. Based on the experimental observations, we discuss
the mechanism for the formation of N, (C3I1,), and arrive at the conclusion that in the case of shorter focal
length, the intersystem crossing process plays a main part in the formation of the C3II, state of N..

1. Introduction

Femtosecond laser filamentation in air has been a research hotspot
in the past few decades. As the femtosecond laser pulses propagates in
air, they will interact with the N, and O, molecules in air, and generate
a large number of excited molecules, molecular nitrogen ions, atoms
and atomic ions. After the complicated interaction between femtose-
cond laser pulse and atom, molecules, and light like fluorescence [1-3]
and lasing [4-12], supercontinuum [13-18], and terahertz [19-21] etc.
will be emitted from the filament region. By measuring the fluorescence
spectra during the femtosecond filamentation, we can have an insight
into the excitation, ionization and other dynamical processes which the
molecules experience [22-24], and on this basis, we can obtain the
laser intensity, electron temperature, plasma density and other in-
formation inside the femtosecond filament [25-27]. Furthermore, the
backward propagating fluorescence induced by femtosecond

filamentation have the advantage of high sensitivity, non-intrusiveness,
and real-time analysis, making it possess promising application pro-
spects in the remote sensing of atmospheric trace species [1,2].

In our work, we mainly focus on the fluorescence emission coming
from the nitrogen molecules and molecular nitrogen ions, which is
closely related to the dynamical processes that nitrogen molecules ex-
perience in the stronger laser filed such as excitation, ionization and
collision. For example, nitrogen molecules are ionized by the intense
laser pulses, generating N," in different electronic states. For N, mo-
lecule, its  ground state electronic configuration  is
KK(0y25)%(0425)*(m42p)*(052p)?. According to the molecular orbital
theory, removal of one electron from the HOMO (highest occupied
molecular orbital), HOMO-1 and HOMO-2 of N, generates N, in the
Xz}, ATl and B°Z{ electronic states, respectively. The laser intensity
influences the excitation, ionization and other dynamical processes
occurring in filament: when it is relatively low, excitation process may
dominate the dynamical processes, when it is higher, the photo-
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Fig. 1. Schematic diagram of the experimental setup for the measurement of side fluorescence induced by the femtosecond filament.
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Fig. 2. Side fluorescence spectrum measured z = 8.0 mm and z = 14.0 mm. It
should be noted that the position where the weakest fluorescence signal can be
detected is set as z = 0 mm, and thus the propagation distance used is this paper
is a relative value. The negative values at 400, 411 and 415 nm are caused by
poor background.

ionization effect becomes obvious. Even for the photo-ionization, it can
be classified as multiphoton ionization, above threshold ionization, and
tunneling ionization etc. according to the parameters of laser pulse and
those of the atoms and molecules [28]. During the femtosecond laser
filamentation, along the propagation direction, the laser intensity firstly
increases, then remain a relative high value for a certain distance and
finally becomes weaker, which will inevitably affect the spatial dis-
tribution of the products formed by excitation and ionization processes
and further that of the light emission from theses products.

In this paper, by measuring the spatial distribution of side emitted
N, andN," fluorescence induced by femtosecond laser filamentation in
air along the propagation direction, we analyze the excitation, ioniza-
tion, collision and other process occurring in the femtosecond filament,
and attempt to discuss the mechanism for the formation of N, (C3IT,).

2. Experimental setup

Fig. 1 shows the schematic diagram of experimental setup. We carry
out the experiment by using a one-box ultrafast Ti: sapphire amplifier

(Coherent Libra), and the central wavelength, duration and repetition
rate of the laser pulses generated are 800 nm, 50 fs and 1 kHz, respec-
tively. The laser beam passes through a lens with focal length of
f=400mm, and generates filament in air. We measure the fluores-
cence spectra by the imaging approach: the produced fluorescence
spectra are first collected by two lenses (fused silica f = 75 mm) placed
on a two-dimension moving stage (x-z, where x denotes the vertical
direction and z denotes the propagation direction), and then guided to a
spectrometer (Spectra Pro 500i, PI Acton, and the grating is 150
grooves/mm) through an optical fiber. The fluorescence spectra are
detected using an intensified charge coupled device (ICCD, PI-MAX,
Princeton Instruments, 1024 X 1024 pixels). To obtain the spatial dis-
tribution of side fluorescence emission (x-z), the 2D moving stage is
controlled by computer in the X and z directions, where the moving
step in the X direction is 50 pm and that in the z direction is 100 pm.

3. Results and discussion

In this paper, we focus on the fluorescence emission from the second
positive band system (CII, — B[, transition) of N, and the first ne-
gative band system (B2Z} — X2I; transition) of N,* . We select 337,
357, 380 nm spectral lines (corresponding to the
C3Iy(v = 0) » B, (v' = 0, 1, 2) transition) and 391, 428 nm spectral
lines (corresponding to the B2} (v = 0) - X?Z}(v' = 0, 1) transition) to
study the fluorescence from N, and N,", as shown by the solid blue
curve in Fig. 2. The femtosecond filament is generated by femtosecond
laser pulse with energy of 3.2mJ. It can be seen from Fig. 2(a) that at
the propagation distance z = 8.0mm, the 380nm spectral line is
stronger than the 391 nm one, while at z = 14.0 mm, it is just the re-
verse: the 391 nm spectral line is stronger than the 380 nm one (see
dashed red curve in Fig. 2), indicating that along the propagation di-
rection, the spatial distribution of fluorescence signal from N, and N,"
is different from each other.

Using a two-dimension moving stage shown schematically in Fig. 1,
the side emitted light spectra in the x-z plane is obtained. We select 337,
380, 391 and 428 nm spectral lines from the spectra and present their
integral intensity in the x-z plane, and thus obtain the spatial dis-
tribution of side fluorescence emission induced by the femtosecond fi-
lament, as shown in Fig. 3(a-d). It can be seen from the figure that along
the propagation direction, N, fluorescence appears firstly, and after
several millimeters of propagation, N," fluorescence appears. Fur-
thermore, the peak value of N, fluorescence also appears before that of
N, fluorescence. From Fig. 3(a-d), we can see that the area where the
fluorescence signal can be measured in the X direction is about
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Fig. 3. Spatial distribution of (a) 337, (b) 380, (c) 391 and (d) 428 nm spectral lines, (c) photo of the head of optical fiber taken by a digital camera, (f) schematic

diagram of optical fiber motion and filament.

1.35mm, and this width is not the actual diameter of filament. The
optical fiber that we use in the experiment consists of 19 cores (see
Fig. 3(e)), and its diameter is 0.6 mm which is much larger than that of
filament (around 100 pym). When it moves in the X direction, the cov-
erage of the area when the fluorescence signal can be detected is about
1.35mm, as shown in Fig. 3(f). The actual width of fluorescence
emission is about 1.35mm — 2*0.6mm = 0.15mm, which is con-
sistent with the typical diameter of femtosecond filament (100 pm). In
effect, to obtain the actual spatial distribution of fluorescence emission
in filament, deconvolution of the data shown in Fig. 3(a—d) should be
done, which is too complicated for our cases. What is more, we mainly
focus on the spatial distribution of fluorescence signal along the pro-
pagation direction. For these reasons, we do not conduct the decon-
volution in this paper. In the following part, we use the fluorescence
signal measured when the centers of optical fiber and femtosecond fi-
lament are at the same height to study its spatial distribution along the
propagation direction, which corresponds to the fluorescence spectrum
measured at x = 0 mm shown in Fig. 3(a—d).

Fig. 4(a) presents the variation of the intensity of 337, 357, 380, 391
and 428 nm fluorescence signal with z. It can be clearly seen from the
figure that the fluorescence signals from N, at 337, 357 and 380 nm
appear at about z = 2.4 mm, then become stronger with increasing
propagation distance and reach their maximal values at about
z = 10 mm. In contrast, the fluorescence signals from N," at 391 and
428 nm appear at about z = 6.6 mm, and reach their maximal values at
about z = 13.0 mm. After normalizing each spectral line in Fig. 4(a), we
find that along the propagation direction, the variation of all the
fluorescence from N, with z is identical to each other, and the variation
tendency of all the fluorescence from N, is also identical to each other,
as shown in Fig. 4(b). Due to distinct formation mechanisms of N," and
N, fluorescence, their signals increase with the laser intensity at dif-
ferent orders of nonlinearity. We can estimate the axial laser intensity
by the method proposed by Xu et al., which is based on the signal ratio
of two nitrogen fluorescence lines, i.e., 391 nm and 337 nm [25]:

2.6

—0.34
I=79%X|— -1 X 1012W/cm? (R = L T
( R ) Jem? (R = Lorom/Ts) o

Since the 391 nm line appears at z = 6.6 mm and disappears at
z = 23.1 mm, we can only calculate the axial intensity from z = 6.6 to
z = 23.1 mm according to Eq. (1), as shown in Fig. 4(c). It can be seen
from Fig. 4(c) that the laser intensity firstly increases and then de-
creases along the propagation direction, and the maximum value of
intensity is about 1 x 10'* W/cm?. It should be noted that this method
can only roughly estimate the axial laser intensity.

Many previous papers have studied the axial filament fluorescence
[23,26,29,30-32], and observed the difference between the spatial
distribution of N, and N," fluorescence along the propagation axis. For
example, Sun et al. measured the 391 nm and 337 nm fluorescence
along the propagation axis, and found that the 391 nm lines increase
greatly at the trail of femtosecond filament, and they attributed the
phenomenon to the generation of a short pulse at trailing stage of the
filamentation with reduced diameter [26]. However, in our experiment,
the difference between N, and N," fluorescence mainly occurs at the
beginning stage of femtosecond filamentation, while in the work of Sun
et al., the 391 nm and 337 nm fluorescence shows identical change
tendency.

Here, we attempt to analyze the discrepancy between the spatial
distribution of N, and N,* fluorescence according to the mechanism of
the formation of N,* (B2Z}) and N,(C>IL,). As for N," (B2Z}), it can be
generated through two possible schemes: (1) photo-ionization (multi-
photon or tunneling ionization) of the inner electron of N, in the strong
laser field, and (2) ionization of N, via the collision with electron with
high kinetic energy, ie., Ny(X'Z}) + e — N," (BZ)) + 2[29,33].
However, for N(C*I1,), since the transition from the ground state X'=}
to the excited state CI1, is forbidden, N,(C3I1,) can not be generated
directly. Three possible schemes have been proposed to explain its
formation: (1) dissociative recombination through the processes:
N, + N, = N, N/ + e = Np(C3I0L,) + N, [34], (2) collision-assisted
intersystem crossing, i.e., N, + mhwy, — N3, N, = N,(C3I1,)[35], and
(3) impact excitation of N, by electron with high kinetic energy, i.e.,
N, (X'Z9) + e = N(CPIL,) + e [29,33]. The impact excitation scheme
for the formation of N,(C3I1,) can be firstly excluded: The premise of
generating N,(C3I1,) via impact excitation (i.e.,
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Fig. 4. (a) Variation of the intensity of 337, 357, 380, 391 and 428 nm fluorescence signal with z, (b) variation of the normalized intensity of 337, 357, 380, 391 and
428 nm fluorescence signal with z, (¢) axial intensity distribution calculated through the signal ratio of 391 nm and 337 nm fluorescence lines [25]. Insert: amplified
normalized intensity of 337, 357, 380, 391 and 428 nm fluorescence signal from 20 to 25 mm.

Ny(X'ZP) + e = Ny(C?TL,) + e) is the existence of electrons with high
kinetic energy which comes from the ionization of Ny. N,* is generated
during the ionization of N,, which emits characteristic N,* fluores-
cence. Therefore, if the impact excitation mechanism dominates the
formation of N,(C3II,), N, fluorescence can not appear in front of N,"
fluorescence along the laser propagation direction, which is obviously
different from our experimental observation. Consequently, the impact
ionization/excitation mechanism fails to explain the discrepancy be-
tween the spatial distribution of N, and N," fluorescence along the
laser propagation direction.

As for the experiments in this paper, under the combined action of
focusing lens and optical Kerr effect, the femtosecond filament is
formed in front of the geometric focus of the focusing lens (F,), as
shown in Fig. 5(a). Here, we name the pulse collapse position as the
realistic focus (F,). For clarity, we divide the filamentation process
along the propagation direction into five regions, as shown by I, II, III,
IV and V in Fig. 5 (a). The solid black curve in Fig. 5(b) shows the

evolution of laser intensity along propagation direction. After passing
through the focusing lens, the intensity of laser beam becomes higher,
and when it reaches a certain value, it is able to ionize the molecules in
air, generating plenty of plasmas which defocus the laser beam. When
the focusing and plasma defocusing effects reach a dynamical balance,
filament is formed, and the intensity in filament is clamped to 10*3-10
14 W/em? (region III). Fig. 5(b) shows the evolution of laser intensity
with the propagation distance. Since the laser intensity has a great in-
fluence on the dynamical processes like excitation and ionization, the
spatial distribution of laser intensity along the propagation direction
will result in different dynamical processes.

Ran et al. explained the different distributions of N, and N,*
fluorescence along the propagation direction through the dissociative
recombination scheme [23]. The binding energies for the HOMO,
HOMO-1, HOMO-2 are 15.58, 17.07 and 18.75 eV, respectively. Since
the ionization rate decays exponentially with the electron binding en-
ergy, electron in the HOMO is firstly removed. When the laser pulse is a
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Fig. 5. Schematic diagram of (a) femtosecond filamentation with the aid of external focusing lens, (b) evolution of laser intensity with propagation distance and the
main components existing in different regions, and (c) excitation and ionization of N, and accompanying fluorescence emission.

little far from F, (i.e., in Region II), the laser intensity is not that high,
most of the N,* ions generated are in the X%} state, and then they
experience the dissociative recombination process:
NI(X?Z)) + N; = NI, Ni+e— Ny(C°L,) [24,34], generating nu-
merous N,(C>IT,) molecules. As a result, in this region, only the N,
fluorescence (337, 357 and 380 nm etc.) can be observed; in contrast,
N,* (B2Z}) is only formed in the case of strong laser field, and therefore
there is no N,* fluorescence emission. Only when the laser pulse pro-
pagates to F; (entering Region III), its intensity becomes high enough to
generate N, (B?Z)) directly, emitting the N,* fluorescence at 391 and
428 nm etc..

This explanation seems reasonable. However, the N," (B’Z}) state
can also be formed during the interaction of intense laser pulses with
molecules, and the X%} state can not be formed alone. In our experi-
ment, the focal length of lens used is f = 400 mm, which is in tightly
focusing condition, the intensity inside filament is much higher than
5 x 10'*W/cm?, the intensity of laser beam closer before the filament
core (Region II, about 3 mm long) is still very high. Irradiated by such
intense laser field, the ionized electron has large probability to re-col-
lide with parent molecular ion, in this case, N,* may be excited from
the X?%} state to the BT} state, resulting in the superradiance of ni-
trogen molecular ions [4]. In addition, spectrum broadening is obvious
due to the high intensity of laser pulses, and thus multiphoton re-
sonance effect is very easy to occur, which is also able to excite N,
from the Xng state to the Bzilgr state [5]. Through theoretical studies
based on the Floquet theory, Zhang et al. reported that N," is pre-
ferentially generated at the peak of the laser electric filed and it will

interact with the remaining part of the laser electric filed, which in-
duces a nonresonant population transfer from the X*%} state to the
B?3} state [6]. Furthermore, there exists a coupling among the X2%f,
AT, and B23; electronic states of NJ [7-9]. Therefore, in the case of
strong focusing condition, once the X%} state of N,* is formed, the
Bz} state is formed almost at the same time. If the dissociative re-
combination scheme dominates the formation of N,(C3IT,), N,(C3IT,)
and N,' (BZ}) should be formed at the same position along the pro-
pagation direction, thus the fluorescence from N, andN," should ap-
pear together which is obviously contrary to our observations. There-
fore, the dissociative recombination scheme can be excluded.

Here, we come to the intersystem crossing scheme. It requires the
existence of intermediate singlet excited state, whose energy is close to
that of the C°I1, state. When N, undergoes the multiphoton absorption,
it is possible to generate several kinds of singlet excited state whose
energy is 12 eV above the XlZér state [27]. Though it is difficult to make
out which one is the needed singlet excited state, the pulse shaping
study suggests that the intermediate (singlet excited) state is likely to
take part in the formation of N,(C?I1,) [36]. Here, we exhibit the main
components exist in the four regions shown in Fig. 5(a). In Region II,
the laser intensity is relatively low which fails to ionize the N, mole-
cules, but is able to excite N, molecules to the excited state, and thus
generating a great many N, in the excited singlet state. This is because
the lowest energy needed to generate N, (B?Z}) via the ionization of
No(X'Z}) is 18.75 eV, which is higher than the energy needed in the
formation of N, (about 12eV). Then the intersystem crossing process
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occurs when N, collides with N, generating a great many N, molecules
in the C3I, state, and subsequently the transition from C°II, state to
B3I, state occurs, emitting the characteristic N, fluorescence (337, 357
and 380 nm, etc.), as shown by the upper part in Fig. 5(c). As the laser
pulse propagates to F, (entering Region III), its intensity increases
which is high enough to ionize N,, generating N," (B2%}), and subse-
quently the B’Z} — X?T} transition occurs, emitting fluorescence from
N, at 391 and 428 nm, as shown by the lower part in Fig. 5(c). In
addition, with the increase of laser intensity, the ionization effect is
enhanced while the excitation process is suppressed to some extent. As
a result, when the N, fluorescence signals reach their maxima while the
N,* fluorescence signals keep on increasing, and consequently the
maximal values of the N, fluorescence signals appear before those of
the N,* ones, as shown in Fig. 4. As the laser pulse propagates further,
its intensity start to decrease (entering Region IV, i.e., the trail of the
filament), it fails to ionize the N, molecules, but is able to excite N,
molecules to the excited singlet state N. It can be seen from the insert
in Fig. 4(b), the N,* fluorescence disappears before N, fluorescence,
which is similar to the case in the Region II. The above analyses suggest
that the intersystem crossing scheme is not in contradiction with the
experimental observations.

In our experiment, the discrepancy between the spatial distribution
of N and N," fluorescence can be attributed to the spatial distribution
of laser intensity. Our analysis and discussion indicate that the inter-
system crossing scheme plays a main role in the generation of N,
fluorescence, at least in the case of shorter focal length, which is similar
to the conclusion that we reported in the previous work [37-39]. It
should be noted that we are not denying the dissociative recombination
and the ionization/excitation mechanisms, for a great many molecular
nitrogen ions and high energy electrons are generated in the filament
core, and thus the dissociative recombination and ionization/excitation
processes are also likely to occur.

4. Conclusion

In the process of femtosecond laser filamentation, the laser intensity
firstly increases and then decreases along the propagation direction.
Since laser intensity influence the excitation, ionization and other dy-
namical processes in the femtosecond filament, the spatial distribution
of it makes that of the products formed by excitation and ionization
processes different to each other. In this paper, it is found that spatial
distribution of the N, fluorescence is different from that of theN}
fluorescence. According to the experimental observations, we discuss
the mechanism for the generation of N,(C?I1,). Our analysis shows that
compared with the dissociative recombination scheme, the intersystem
crossing scheme can better explain the experimental observations. The
dissociative recombination and ionization/excitation processes may
also occur in the femtosecond filament, however, at least in the shorter
focal length cases, the intersystem crossing process plays a main role in
the formation of N,(C3IT,). This study is helpful to the understanding
for the mechanism of nitrogen fluorescence emission during the fem-
tosecond laser filamentation in air.
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