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Nitrogen molecules are promoted to excited neutral states during femtosecond laser pulse filamentary
propagation in atmosphere, leading to a characteristic UV fluorescence. Using a laser-induced fluorescence
depletion technique, we measure the formation dynamics of these excited neutral nitrogen molecules with
femtosecond time resolution. We find that the excited neutral molecules are formed in an unexpected
ultrafast timescale of ~4 ps at 1 bar and ~120 ps at 30 mbar pressure. From this observation we deduce that
the excitation of neutral N, occurs via multiple collisions with hot free electrons. Numerical simulations
based on rate equations reproduce well this ultrafast formation time and its dependence on gas pressure, and

thus support this interpretation.
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A high power femtosecond laser pulse propagating in air
undergoes filamentation. During this process, nitrogen
molecules become ionized, resulting in a bright long
plasma channel left in the wake of the filamentary laser
pulse [1-3]. The density of this air plasma is in the range
10'°-10'7 cm™ and its length varies from a few centi-
meters to tens of meters or more, depending on the initial
femtosecond pulse energy and beam convergence [1,2,4].
Several applications rely on the presence of this plasma
channel. It can act as a terahertz or radio frequency
radiation antenna [5-7], trigger and guide electric dis-
charges [8], assist in the formation of raindrops and snow
[9—11]. It emits characteristic fluorescence lines in the UV
range, the predominant line of which at 337.1 nm is due to a
transition between excited states C°II; and B’II of the
triplet manifold of neutral nitrogen molecules [12].
This fluorescence line has been commonly used to deter-
mine the length and width of filaments [12,13], to estimate
the filamentation laser intensity [14], or to remotely detect a
dc or THz field [15,16]. Under pumping with powerful
(>7.5 mJ) circularly polarized femtosecond pulses, the
337.1 nm line exhibits cavity-free lasing, both in the
forward and backward direction with respect to the laser
pulse [17,18]. The lasing in this case is interpreted in
the following way. The free electrons generated with
the circularly polarized pulse are initially distributed
with a peak in their energy around E =2 U,, where

U,=e*/cegm, x1/2w} is the ponderomotive energy [19].
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If the pump pulse intensity exceeds I ~ 10'* W/cm?, the
peak in the electron energy distribution is above the
threshold (~11 eV) for impact excitation of ground state
nitrogen molecules to the C3Hu+ level [17,18,20]. This leads
to a fast transient population inversion between C3IT; and
B3Hg+. On the other hand, the origin of excitation of level
C3II} with linearly polarized pump light or circular
pump with lower energy is still controversial. In the early
literature, the following dissociative recombination sce-
nario, Ny + N, + N, = N + Ny, followed by N} + ¢ —
N,(C3II) + N, was proposed for the formation of
nitrogen molecules in the C3Hj state [12,21,22]. This
interpretation has been disputed by Arnold et al. who
studied the line in a mixture gas of N, and He. Instead, they
concluded that in their case the main mechanism was a
collision-assisted intersystem crossing [23].

To distinguish between the various possible excitation
transfer mechanisms from the plasma to the excited
neutrals, it is useful to resort to time-resolved methods
since different possible transfers occur with different rates
[23]. Attempts have been made to measure the formation
dynamics of N,(C3II}) by time-resolved fluorescence
with a time-gated photon multiplier tube or a streak camera
[23-25]. However, the time resolution was limited to more
than tens of picosecond or nanoseconds [23-25], which
proved insufficient for this purpose.

In this Letter, we propose and demonstrate an all-optical
method to monitor the formation of N, (C?IT;;), with a time

© 2019 American Physical Society
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(a) Energy levels of the nitrogen molecules and the principle of probe pulse (396 nm) induced fluorescence (337.1 nm)

depletion. (b) The femtosecond pump and probe pulses are focused by a convex lens (f = 500 mm) into a gas chamber filled with
nitrogen gas or air at different pressures. The fluorescence from the air plasma filament is detected in the side with a spectrometer as a

function of the pump-probe time delay 7.

resolution of a few tens of femtoseconds (duration of the
probe pulse). The principle of the experiment is the
following: by injecting a short UV probe pulse inside
the plasma filament, one observes a partial suppression of
the emission at 337.1 nm. This reduction of the fluores-
cence line is due to a transition from C°II} state to the
ionization continuum, as shown schematically in Fig. 1(a).
By measuring the buildup of this fluorescence depletion as
a function of pump-probe delay (following plasma for-
mation at time f,), one extracts directly the dynamics of
formation of excited neutral nitrogen molecules, since the
magnitude of the depression at time #, 4 7 is directly
proportional to the density of molecules in state C3IT;
at time ¢ + 7. We found that the formation time of excited
neutral nitrogen molecules varies between ~4 ps at 1 bar
gas pressure and ~120 ps at 30 mbar. This result leads us to
the conclusion that electron impact excitation is the main
channel for the formation of the excited neutral nitrogen
molecules, while the dissociative recombination mecha-
nism plays a negligible role. Our observations are well
reproduced by rate equations.

The setup to implement the experiment is shown in
Fig. 1(b). A commercial femtosecond laser system
(Coherent Legend DUO) delivers 35 fs pulses at central
wavelength of 796 nm with maximum pulse energy of
12 m] at a repetition rate of 1 kHz. The output pulses are
divided in two parts with a dielectric beam splitter. One

pulse of 2 mJ serves as the main pump pulse to create the
plasma filament. The second pulse passes through a type I
BBO crystal to generate its second harmonics pulse around
396 nm. The energy of the second harmonic pulses was
measured to be 115 uJ. The second harmonic photon
energy, hv = 3 eV, is close to the energy difference AE =
4.3 eV between N,(C>IT}) and the ionization continuum,
and can therefore act as a probe pulse for fluorescence
depletion via a two-photon transition. The two pulses are
combined with a dichromatic mirror and focused by a
convex lens (f = 500 mm) into a gas chamber filled with
pure nitrogen or air at different pressures. The time delay =
between the pump and probe pulses is varied with a
motorized optical delay line. A bright plasma filament
with length of ~7 mm is formed in the middle of the gas
chamber. The side fluorescence emitted by the plasma
filament is first collimated by an f = 35 mm lens and then
collected by another f = 100 mm lens into the fiber tip of a
spectrometer.

In Fig. 2, we present the fluorescence spectrum of the
filament plasma recorded with and without the probe pulse
(red dotted and black lines) in pure nitrogen at 1 bar
pressure. Lines at 337.1, 357.8, 380.5 nm all originate from
the excited molecular level N,(C3II}). The quantum
vibrational numbers of the upper and lower levels of each
optical transition are denoted by the numbers in parenthe-
sis. It is seen that upon injection of a delayed probe pulse

signal intensity (a.u.)
[ ]

4] (0;0) probe at 50 ps

3 (0-1) no probe
(0-2)

334 336 338 354 356 358 360 374 376 378 380 382
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FIG. 2. Side fluorescence of the nitrogen gas plasma without (black line) and in the presence of (red line) of the probe pulse. The

nitrogen pressure was 1 bar.
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(r = 50 ps), a significant reduction of the emission inten-
sity occurs for all lines (337.1, 357.8, 380.5 nm), corre-
sponding to a decrease of the population of N,(C>II}).

We then scanned the pump-probe delay 7 and recorded the
corresponding fluorescence signal of line at 337.1 nm, in
order to monitor the formation dynamics of the N, (C>I1;))
molecules. The results are presented in Fig. 3 for different
gas pressures. At atmospheric pressure, a rapid decrease of
the fluorescence signal within a temporal range of 4 + 1 ps
is observed, corresponding to a formation time of N, (C°TT})
in 4 £ 1 ps, as presented in Fig. 3(a). A scan with better
temporal resolution is presented in Fig. 4(a). Upon further
reduction of gas pressure, the N, (C*IT;) population build-
up time becomes longer, as presented in Figs. 3(b)-3(d). For
30 mbar, it takes around 120 ps for the population to reach a
maximum.

We have tested the influence of pump laser polarization,
with the experimental results presented in Fig. 4(a). In pure
nitrogen at 1 bar pressure, it was found that the signal
obtained with the linearly polarized pump laser is slightly
larger than that with circular polarization, in agreement
with a previous report in the lower intensity regime [20].
The decreasing behavior of the 337.1 nm signal is almost
identical for both laser polarization states. Furthermore,
we compared the results in pure nitrogen and air at different
pressures, as shown in Fig. 4(b) and Fig. S1 of the
Supplemental Material [26]. It is found that the signal
presents a similar decreasing tendency, indicating that in air
and pure nitrogen gas the N, (C°IT;}) molecules formation
dynamics are almost identical. Relying on the above
systematic observations, we present in Fig. 5(a) the for-
mation time of the N,(C?IT;}) molecules as a function of
gas pressure obtained in pure nitrogen gas with a linearly

signal intensity (a.u.)

signal intensity (a.u.)

Side fluorescence at 337.1 nm as a function of the

—— 300mbar

(b)
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pump-probe delay for different nitrogen gas pressures.
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2
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FIG. 4. Side 337.1 nm fluorescence as a function of the pump-
probe delay for different pump laser polarization (a), and
comparison of air and pure nitrogen gas (b). In (a), the pressure
of nitrogen was 1 bar.
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FIG. 5. (a) Experimentally measured (square dot) and calcu-

lated (solid circle) formation time of the C3IT; state molecules as
a function of the nitrogen gas pressure. For 1 bar (b) and 30 mbar
(c) nitrogen, calculated formation dynamic of the C3II; state
molecules based on the electron impact mechanism (blue line)
and the dissociative recombination mechanism (red line).

polarized pump pulse, and compare it with our numerical
calculation described below.

How can we understand the fact that the excited N,
molecules are formed in less than 4 ps at atmospheric
pressure? First, let us consider the dissociative recombi-
nation model. According to this model, the excited N,
molecules are the product of cascaded impact reactions
between ionic and neutral nitrogen molecules. At 1 bar
pressure, the mean collision time between nitrogen mole-
cules can be estimated as 7, = [/ v, Where [ is the free
mean path and v, is the average molecule speed at room
temperature. With a mean free path [ = 6.84 x 10~® m and
average molecule speed v, = 284 m/s at standard tem-
perature and pressure (STP) conditions, the mean collision
time is estimated to be 241 ps, significantly longer than the
4 ps characteristic time observed in Fig. 3(a). Therefore, we
conclude that the dissociative recombination mechanism
does not play a main role for N,(C3II;) formation. An
intersystem crossing scenario requires the presence of a

high concentration of heavy atoms such as He with a
resonant level for energy exchange, which is not the case in
pure nitrogen or air. Now, we examine the mechanism of
electron impact excitation of N,. In the STP condition, the
mean collision time between electrons and nitrogen mol-
ecules can be estimated to be around 0.35 ps for electrons
with energy of 11.1 eV, the threshold energy for electron
collision excitation for the C°IT; state [27]. Therefore, in a
temporal window of 4 ps, tens of inelastic collision events
can occur, which can gradually populate level N, (CTI})
and qualitatively explain our observation [28,29]. For a
more quantitative analysis, we simulate the formation
dynamics of excited neutral molecules using a rate equation
for the different neutral nitrogen excitation processes.

The rate equations that describe the dissociative recom-
bination mechanism are the following:

dN, (C3TT; N, (C31IT
MeCTL) T Lok ) (e
Tc
dN+
T; =k.Ny Ny —k,,n,Ny
dN+
th = aCII’le — ch;Nz — keneN;

In these equations k,, =2x107°[T,(K)/300]~"> cm?/s
is the rate of electron capture by N, k.= 6.8 x
10-2[300/T,(K)]"**N, cm?/s is the production rate of
Ny, k, =43 x 1078(T,[eV])~%* cm?/s is the rate of elec-
tron capture by N3, ac; = 7.6 x 101{[T,(eV)]/[15.6]}!°x
{[15.6]/[T,(eV)] + 2} e 156/TeleVI s=1 i the ionization rate
[30], 7c =41.9x 107 s is the radiative lifetime, and
kyn,c =3 % 1071 cm? /s is the quenching rate of the triplet
state through collisions with molecular nitrogen, as given in
Ref. [30]. T, is the vibrational temperature.

The second mechanism, electron impact excitation, is
described by the following equation:

dN, (CTTy)) N, (C1T)
— N —
dt <O-1)>ne 2 TC
— kN, NoNo (CIT).

The cross section ¢ is obtained in analytical form from
Ref. [31]. In our model, we assume a Maxwellian dis-
tribution for the velocity of the electrons to compute
(ov) [30,32].

The electron density and temperature of the plasma
electrons is computed using a OD model, described in
Refs. [30,32]:

d
% =acin, + kepNéJlrne - keN;ne NN,
3dn,T T
2Ze e _ 0N 1-=2),
2 dt QC 2ne< Te)
3.dT T
N, = 0N 1—=2).
oMoy = Q¢ 2’“( Te)
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In these equations the attachment rate is n = 2.75 x
107107;05¢75/TeN, + 1.5 x 107327, 1e70052/TeNZ s~ and
the cooling rate is Q¢ = 3.5 x 1078¢73/3Tc 4 6.2 x
10~"e=137T for 0.1 eV < T, < 2 eV [30,32]. For higher
temperatures, we interpolate linearly the logarithm of Q.
The plasma model is coupled with the molecular path or the
electronic path model to study the different mechanisms.

We now examine the formation dynamics of the C*IT;;
state population based on the above two mechanisms. For
1 bar and 30 mbar nitrogen gas, the calculation results are
shown in Figs. 5(b) and 5(c). In Fig. 5(b), the formation
time is determined to be ~4 ps according to the electron
impact mechanism, in good agreement with the experi-
mental observation. In contrast, when only the molecular
path is considered, it is around 125 ps (red line), much
longer than the experimental measurement. This also
agrees with our qualitative analysis. We have calculated
the formation time of the C°IT} state molecules for
different gas pressures. The results are presented in
Fig. 5(a). Reasonable agreement is found between calcu-
lation and experiment for all pressures ranging from
30 mbar to 1 bar. Numerical simulations also revealed that
the electron energy distribution function after photoioni-
zation is not crucial for the formation dynamic of the C3IT;
state molecules. This explains the almost identical temporal
dynamics observed for linearly and circularly polarized
pump pulses as presented in Fig. 4(a).

In conclusion, we have revealed the temporal formation
dynamics of the excited N, molecules inside air plasma
filaments generated by femtosecond laser pulses, based on
a laser induced fluorescence depletion method. It was
found that the excited N, molecules are formed in less
than 4 ps in 1 bar nitrogen gas. With reduced gas pressure,
this formation time increases up to 120 ps for air pressure of
30 mbar. This ultrafast formation process cannot be
explained by the previously proposed dissociative recom-
bination mechanism, or the intersystem crossing scenario.
Our numerical simulation based on the electron impact
excitation mechanism reproduce quantitatively this ultra-
fast formation dynamic and it dependence on air pressure.
We therefore conclude that the excited neutral nitrogen
molecules inside filamentary plasma occurs mainly via
electron impact excitation. This clarifies a long-standing
fundamental problem and can be important for the appli-
cations of filaments based on the excited neutral nitrogen
molecules such as remote detection of electric fields,
cavity-less air lasers, and filament characterization.
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