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Laser-driven fluorescence emission in a nitrogen gas jet at 100 MHz repetition rate
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We report the fluorescence emission which is driven by femtosecond laser pulses with a repetition rate
of 100 MHz and a center wavelength of 1040 nm in a nitrogen gas jet. The experiment is performed in a
femtosecond enhancement cavity coupled with high repetition rate laser. In contrast to previous observation
at low repetition rate with a nitrogen gas jet, where the 391-nm radiation was observed but the 337-nm emission
was missing, the 337-nm emission is three times stronger than the 391-nm emission in our experiment. By
examining the dependence of the radiation intensity on the flow rate of the nitrogen gas and the polarization
of the pump pulse, the formation mechanism of the N,(C 3I1,) triplet excited state, i.e., the upper state of the
337-nm emission, is investigated. We attribute the main excitation process to the inelastic collision excitation
process and exclude the possibility of the dissociative recombination as the dominate pathway. The role of the
steady-state plasma that is generated under our experimental conditions is also discussed.
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I. INTRODUCTION

Recent advances in the study on the interaction of ultra-
short intense laser pulses with gaseous media have revealed
that atmospheric molecules such as N, and O, can act as
nonlinear gain media in air lasing [1-12]. These air lasers
are found to have a variety of promising applications such
as remote sensing and standoff spectroscopy [13—16]. Thus,
how the air lasing is generated and how to increase its in-
tensity have attracted the attention of many researchers. For
N,, the emission at 337 nm, which is due to the transition
between the third and the second excited triplet states of neu-
tral nitrogen molecules (second positive system of N»), i.e.,
C3m,— B 31’Ig, and the emission at 391 nm, which is due to
the transition between the second excited state and the ground
state of the nitrogen molecular ions (first negative system of
N>),ie,B2sf — X 22);,", are the two prototype emissions
of interest [17,18]. These two emissions are both assigned to
v = 0 — v’ = O transitions. They are generally observed with
different pump wavelengths and different pump polarization
states, as well as with seed or not [4-9].

Because the direct photonic excitation of the triplet state
N»(C 311,) is a spin forbidden process, three different mecha-
nisms have been proposed to be responsible for the population
of the C *T1, state, i.e., the upper state of the 337-nm emis-
sion. However, a conclusive agreement has not yet been
reached. The first scheme was proposed by Xu et al. in 2009
[19]. They suggested that the population of the C 3TI, state
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is a dissociative recombination process through the follow-
ing two steps: No™ + Ny — Ny followed by Ny © + ¢~ —
N»(C311,) + N,. The second scheme proposed an intersys-
tem crossing (ISC) scenario from its singlet excited states,
ie., No+hv — Ny * (singlet excited states), N, * + M —
N»(C311,) + M [20-23]. The third scheme is a direct inelastic
collision excitation process by electrons: No(X 'Z,) + e~ —
N, (C 3T1,) + e~ [6-9]. It was suggested that a large number
of electrons with kinetic energies over 14 eV can be pro-
duced with a circularly polarized laser field. Such an energy is
sufficient for the excitation of nitrogen molecules from their
ground states to the excited triplet states through inelastic
collision excitations [24].

Note that in the aforementioned three mechanisms, the
production of the photoelectrons were given a pivotal role in
the population of the C *T1, states. Therefore, studying the
337-nm emission under various electronic environments, such
as different electron densities, different kinetic energies (tem-
peratures), etc., provides valuable clues to identify the role of
each mechanism. On the other hand, control over the density
and temperature of the electrons are beneficial to increase the
efficiency of the population of the C 3I1, states and thus the
emission intensity of the air lasing [25,26].

In the past two decades, femtosecond enhancement cav-
ity (fsEC) coupled with high repetition rate lasers (typically
>10 MHz) not only helps us to realize the frequency comb
in the extreme ultraviolet (XUV) region [27-32] but also
provides a platform to study strong field atomic and molec-
ular dynamics with an unprecedented high repetition rate,
and accordingly, with a high signal-to-noise ratio and statis-
tics [32-37]. Inside the fSEC, which is coupled with high
repetition rate laser, the plasma generated in the focal volume
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FIG. 1. Schematic view of our experimental setup. QWP, N

quarter-wave plate; PZT, piezo transducer; IC, input coupler; MA—
MEF, mirrors A-F; L1, f =750 mm CaF, lens; L2, f = 100 mm
fused silica lens; and PD, photodiode.

by the first pulse does not have time to be cleared before the
successive laser pulses arrive and generate even more plasma
[38,39]. Consequently, a higher density of steady-state plasma
is formed at the focus of the fSEC compared to the con-
ventional experiment with 1-kHz laser under the same laser
intensity, thus providing a different electronic environment for
the interaction dynamics between laser and matter in the focus
region [38,39].

In this paper, we employ the fSEC to study the fluorescence
emission in a nitrogen gas jet which is driven by femtosecond
laser pulses with a repetition rate of 100 MHz and a center
wavelength of 1040 nm. At such a high repetition rate, the
high density of electrons that is generated by the steady-state
plasma leads to a high collision rate between electrons and
nitrogen molecules and other particles. Thus, an increase of
the 337-nm emission due to a stronger collision is expected.
In addition, we discuss the formation mechanism of the C 31,
excited triplet state by examining the dependence of the inten-
sity of 337-nm emission on the flow rate of the nitrogen gas
and the polarization of the pump laser. Our results reveal that
the generated steady-state plasma plays an important role in
the population of the C T1,, states.

II. EXPERIMENTAL SETUP

In our experiment, an Yb-doped fiber laser system (Ac-
tive Fiber Systems GmbH) is utilized as the driving laser. It
delivers pulses with a repetition rate of 100 MHz, a center
wavelength of 1040 nm, and a maximum output pulse energy
of 1 uJ. This pulse energy is rather low, so it is very hard to
generate plasma in nitrogen molecules under a normal focal
configuration. Thus, we use a passive optical cavity to enhance
the pulse energy of the pump laser, as shown in Fig. 1. The
details of our femtosecond enhancement cavity have been de-
scribed in Refs. [32,40]. Here, only a brief summary is given.
The fsEC is a six-mirror bow-tie cavity, which is composed of
an input coupler (IC) with R ~ 99.2% and five high reflection
mirrors with R & 99.95%. With this design, the finesse of the
cavity is expected to be about 600 and the theoretical buildup
is 290. With the aid of the Pound-Drever-Hall (PDH) tech-
nique, the cavity length is locked to maintain the maximum
intracavity power. A quarter-wave plate is inserted before the
input coupler of the enhancement cavity to change the laser
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FIG. 2. Spectra of the forward-propagating UV optical signal. In
the (v-v') transitions, v and v" denote the vibrational levels of upper
and lower electronic states, respectively.

polarization between linear and circular. With a pump power
of 34 W, we have achieved an intracavity power of 6.38 kW
and the corresponding buildup is 187. The pulse duration
is measured to be 2250 fs by a frequency-resolved optical
gating (FROG). The focus radius is estimated to be 8 um (ver-
tical) x 16 um (horizontal) from an ABCD matrix analysis of
the cavity. The peak intensity in the focus region is evaluated
to be 6.4x10'* W/cm?. The ponderomotive potential U, of
the electron in a linearly polarized laser field is about 6.4 eV.
We inject nitrogen gas at the intracavity focus using a glass
nozzle with an aperture of 150 um and a backing pressure
of 2 bar. The background pressure for the vacuum chamber
is ~0.74 Pa. Because of the tight focus of the cavity, the
forward emission is collimated by an f = 750 mm CaF; lens
0.5 m after MA. After passing through a color glass filter
(KG3) which blocks the strong 1040-nm signal, the forward
emission is focused by an f = 100 mm fused silica lens and
measured by a spectrometer (Ocean Optics Maya 2000 Pro).
The integration time of the spectrometer is ~500 ms.

III. RESULTS

Figure 2 shows a typical forward emission spectrum under
linear polarization pump laser in our experiment. The emis-
sion peaks centered at 315.8, 337.0, 380.3 nm, and so on have
been well identified as the transitions between the triplet states
C 31, and B 31'[g of neutral nitrogen molecules, while the
391.3-nm line (named the 391-nm line in this paper) is identi-
fied as the transitions between the second excited state B 2
and ground state X 22; of nitrogen molecular ions [17,18].
The different initial and final vibrational quantum numbers
are denoted in Fig. 2. A saturated peak around 346 nm is the
third-order harmonic of the fundamental laser. The emission
intensity at 337 nm is about three times stronger than the
391-nm emission. The bandwidth of the 337-nm emission was
measured to be 0.2 nm, which corresponds to the spectral
resolution of our spectrometer. This bandwidth is very close
to the theoretical value of the transition between the C 1,
and B 31‘[g state, which was determined to be ~0.1 nm [41].
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FIG. 3. The intensity of the forward emission signal at 337 nm
as a function of the rotation angle of the HWP.

It is worth noting that our observed spectra are very different
from the ones obtained by Plenge et al., where no C 311, state
emission was observed with a gas jet [42].

We then measured the polarization of the forward emission
at 337 nm under linear polarization pump laser. Before the
measurement, an achromatic half-wave plate (HWP) and a
Glan-Taylor prism are inserted before the spectrometer, and
they are not shown in Fig. 1. In the experiment, we record the
intensity of the transmitted 337-nm radiation as a function of
the rotation angle of the HWP. The result is displayed in Fig. 3.
No obvious intensity dependence is observed, indicating that
the emission at 337 nm is not polarized.

We also measured the intensity dependence of the 337-nm
forward emission on the gas flow rate, as shown in Fig. 4.
The result shows that with an increase of the gas flow rate,
the forward emission signals at 337 nm increase with a linear
trend.

Finally, we test the influence of the polarization of the
pump laser on the intensity of the 337-nm radiation. The
337-nm emission is measured for different polarization of the
incident laser with the same intracavity power, as shown in
Fig. 5. Our result shows that linearly polarized pulses generate
radiation at 337 nm with an intensity of about three times
stronger than that obtained with circular polarization.
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FIG. 4. The forward emission intensity at 337 nm as a function
of the gas flow rate.
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FIG. 5. Forward emission spectra when pumped with linearly
(red thin) and circularly (black thick) polarized pulses.

IV. DISCUSSION

Figure 2 shows that the emission from the C °[1, state
has been clearly observed, which is very different from the
results obtained by Plenge et al., where no C I, state emis-
sion was observed with a gas jet [42]. In their experimental
work performed with a 1-kHz laser, it was concluded that
the disappeared fluorescence was due to the collision free
environment in a gas jet, leading to no population of the
C 311, state [42]. However, under our experimental condition
of high repetition rate (i.e., 100 MHz), the collision between
electrons and nitrogen molecules cannot be neglected even
though a gas jet is adopted. In our case, the molecular density
at the focus is ~10'® cm~3 [30]. The speed is calculated to be
about 2x 10° m/s for the electrons with an energy of 12.8 eV
(corresponding to 2U,, for our experimental laser intensity).
Thus, the mean collision time between electrons and nitrogen
molecules can be estimated to be around 4 ps in our gas jet.
Note that the peak intensity in our experiment is much lower
than the experiment of Ref. [42]. In their experiment, the peak
intensity is about 3 x 104 W/cmz, and thus it is reasonable to
consider that nearly all of the nitrogen molecules are ionized
[43], resulting in a very low density of neutral molecules.
Ultimately, no C 1, state emission can be observed in their
experiment.

Furthermore, in our experiment with a high repetition
rate laser, the collision probability between electrons and N,
molecules becomes higher than that with a 1-kHz system.
The main difference induced by the high repetition rate laser
is that the plasma formed by the previous laser pulse does
not have enough time to decay before the next pulse arrives,
and thus a steady-state plasma is formed [38,39]. To gain
a deeper understanding on this effect, an estimation is used
to qualitatively understand the formation of the steady-state
plasma. Suppose the speed of the nitrogen molecular beam
is v = 658 m/s [44] and the time interval between two suc-
cessive laser pulses is £ = 10 ns, the plasma generated by the
previous pulse moves only s = 6.58 um when the next pulse
arrives and thus cannot dissipate out of the laser focus region
(with a diameter of d = 16 um in our fSEC according to the
design). Consequently, the intracavity pulse will interact with
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the gas medium several times and generate a higher density
of steady-state plasma, which would enhance the collision
between nitrogen molecules and electrons. Two different con-
tributions to the plasma density are taken into consideration:
Npulse Created by a single laser pulse and 7geaqy Which persists
from pulse to pulse. To unravel their relative contributions,
we have developed a numerical model to decouple their re-
spective role. The empirical formula of Tong and Lin [45] is
used to construct the cycle-averaged and peak ionization rates
w(e) and w(e), respectively. The ionization fraction during
the pulse, npyise, 1 then calculated via

1
Nputse (1) =1 — eXp[—/ dtﬂ)(é)], (1)
where € is the electric field envelope. The steady-state ioniza-
tion 7geady 1S calculated from a balance between the plasma
creation and the decay per round trip:

nsteady|n+1 = UMpulse + (I-a)n+0- n)npulse]v )

where 7geady |nt-1 18 the fraction of the steady-state plasma after
the n + 1 pulse, @ = s/d is the new gas ratio, n = —Kkp0seady|n
is the decay, and k, is a constant. In Eq. (2), the first term
OTpulse 1 the plasma fraction of the new gas filled in the focus
region ionized by the n 4 1 pulse. The second term (1 — a)n
is the residual plasma fraction after decay. The third term (1 —
a)(1 — m)npuise s the plasma fraction ionized by the n + 1
pulse of the old gas, i.e., the gas which has not dissipated out
of the focus region before the n 4 1 pulse arrives. Using the
parameters described in the previous section, the 7puse and
Nsteady are calculated to be 0.17 and 0.30, respectively. The
steady-state plasma density in a high-repetition rate system is
about twice of the 1-kHz system. The higher plasma density
further suggests that the collision cannot be eliminated under
our experimental condition even though a gas jet is adopted.

Besides the strong emission of the 337-nm line, we also
noticed the disappearance of the 357-nm line, correspond-
ing to the transition between the C 31, (v =0) and B 31 ¢
(v = 1) states, as shown in Fig. 2. This observation seems
abnormal since this transition shares the same upper state, i.e.,
C°>I1, (v' = 0) state, with the 337-nm transition. Comparing
our results with other experiments under similar conditions
suggests that the 357-nm emission is wavelength dependent;
i.e., the 357-nm emission disappears with ~1 um pump [5],
while it appears when 800-nm laser is used as a pump [6-9].
It is probable that the vibrational populations of the C *11,
and B 311 ¢ states of the nitrogen molecules are wavelength de-
pendent and further investigation on the vibrational resolved
dynamics is expected.

Figure 3 shows that the emission at 337 nm is not polarized.
This is not surprising since the polarization of the unseeded
amplified spontaneous emission (ASE) depends strongly on
the experimental condition. In an experiment which employed
a strong 1053-nm picosecond laser as the pump [5], the
337-nm emission was observed to be linearly polarized (paral-
lel to the polarization direction of the pump light), suggesting
that the emission was seeded by the short-wavelength spectral
tail of the third harmonic of the pump. It is noteworthy that
the gain builtup time is ~4 ps for 1 bar nitrogen gas [7,8].
Thus, the third harmonic produced by a 10-ps pump laser is

still present when the population inversion becomes positive
and it is available to seed the 337-nm emission [5]. In our
experiment, because the pulse duration of the pump laser is
hundreds of femtoseconds, which is much shorter than the
gain builtup time. Thus, the third harmonic is not available
to seed the 337-nm emission. Our observation is similar to the
case in Ref. [8], where the unseeded ASE is also not polarized.

Figure 4 shows that the intensity of the 337-nm emission
depends linearly on the gas flow rate. Suppose the dissocia-
tive recombination mechanism is the dominant pathway, i.e.,
N>t + N, — Nyt followed by Nyt +e — NL(G5I1,) +
N, the 337-nm emission should increase at least quadrat-
ically with the gas flow rate, since N,™, N, and e~ all
increase linearly with gas flow rate. Thus, we eliminate the
possibility that the dissociative recombination mechanism as
the dominant pathway under our experimental condition. On
the other hand, the intersystem crossing mechanism requires
the presence of a high concentration of heavy atoms such as
He for collision excitation [20], which is not the case in a pure
nitrogen sample. For inelastic collision excitation mechanism,
ie, No(X 'S,) + e~ — Nao(C °I1,) + e, the concentration
of N, in ground state and the ionized electron both de-
pend linearly on pressure. Therefore, in consideration of the
quenching of the triplet excited N,, the 337-nm emission may
increase linearly with the gas flow rate.

Figure 5 shows that the emission at 337 nm is stronger with
linearly polarized laser than with circularly polarized laser.
This observation is in agreement with two previous reports
in the low-intensity regime [9,46], where a stronger 337-nm
emission is also observed with linearly polarized laser. On
the other hand, these results are different from those exper-
iments which are operated with high laser intensity, where
circularly polarized laser generates stronger 337-nm emission
[6-9]. The key difference induced by the polarization of the
laser is that with linearly polarized laser pulses, most free
electrons are left with low kinetic energy at the end of the
pump pulse because they are alternately accelerated and de-
celerated by the laser field during every optical cycle. While
with a circularly polarized laser field, electrons are always
accelerated away from their parent molecular ions and they
acquire an average energy of ~2U, (U, is the ponderomotive
potential) at the end of the laser pulse [47,48]. Thus, in the
high-intensity regime (typically >1x10'"*W/cm?), a large
number of electrons with kinetic energies over 14 eV can be
produced with a circularly polarized laser field and it is more
likely to excite the N, molecule to its C 311, state [6-9]. This
mechanism explains the result in the high-intensity regime
very well but leaves the result in the low-intensity regime as a
puzzle since electrons that are generated with linear polarized
laser do not have enough energy to excite N, to the C *11,
state. Recently, Liu et al. proposed the multiple collision as a
possible candidate mechanism [46]. However, it is worthy to
note that electrons generated due to recollisions have not been
taken into account in the above discussions [6-9,46]. Indeed,
the recollision between the electron and its parent ion greatly
increases the electron kinetic energy and electron yields in the
plateau region. This may lead to an increase of the intensity
of the 337-nm emission, especially in the case of a linearly
polarized laser field [49]. On the other hand, in the case of
the circularly polarized laser, the probability of recollision
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FIG. 6. Theoretically predicted electron energy distribution in
circularly polarized (blue triangle) and linearly polarized (red square)
laser fields with an intensity of 6.4x 10" W/cm?.

between the electron and its parent ion is low, and the high-
energy electrons due to rescattering may be neglected. We
have theoretically calculated the electron energy distribution
in circularly polarized and linearly polarized laser fields in the
context of strong field approximation [50]. Under our laser
intensity, the electron yield in the linearly polarized laser field
is higher than that in the circularly polarized laser field at
around 14 eV, as shown in Fig. 6. That is probably why the
337-nm radiation is stronger with a linearly polarized laser as
a pump under our experimental condition.

Before concluding, we would like to recall the observa-
tions among different groups and try to gain a deeper insight
into the underlying excitation mechanism of the C 311, state
molecules. So far, different groups have noticed the fast pop-
ulation (in a few picoseconds) of the C 311, state molecules
[5,7,19,46,51]. This fast population can only be achieved by
collision with electrons [46]. Under such circumstances, it is
reasonable to eliminate the ISC mechanism and the dissocia-
tive recombination mechanism as the predominant candidates.
For these mechanisms, at least one step takes much longer

than a few picoseconds [46,52,53]. Besides, as also demon-
strated in our experiment with polarization dependence and
flow rate dependence measurements, these mechanisms are
in contradiction to our observations as well. Thus, we would
like to attribute the inelastic collision excitation process with
electron as the most possible pathway to populate the C 31,
state and this process is enhanced by the steady-state plasma
with a higher rate of collision for a high repetition rate laser
system.

V. CONCLUSION

In conclusion, we report a fluorescence emission with a
record-high 100-MHz repetition rate by the aid of a dedicated
fsEC. This fluorescence is driven by femtosecond laser pulses
at 1040 nm in a nitrogen gas jet. At such high repetition
rate, plasma accumulates at the focus resulting in a higher
plasma density, which has the potential to be beneficial to
increase the intensity of 337-nm emission. We discuss the
formation mechanism of the excited triplet state by examining
the dependence of the intensity of the 337-nm emission on
the flow rate of the nitrogen gas and the polarization of the
pump laser. These results eliminate the possibility that the
dissociative recombination is the dominant pathway and sug-
gest that inelastic collision excitation mechanism is the major
route to populate the C 3T1,, state of nitrogen molecules under
our experimental condition. Our study shows that a versatile
fsEC, in addition to its popular employment in the XUV comb
production, can also be used as a unique tool to inspect the role
of each mechanism in the formation dynamics of air lasing.
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