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SPECIAL TOPIC — Strong-field atomic and molecular physics
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We propose a simple pump-coupling-seed scheme to examine the optical XZZE'—Azl'Iu coupling in N;r lasing. We
produce the N; lasing at 391 nm, corresponding to the BZEar = 0)—X22g+ (v =0) transition, by externally seeding the N;'
gain medium prepared by irradiation of Ny with an intense pump pulse. We then adopt a weak coupling pulse in between
the pump and seed pulses, and show that the intensity of the 391-nm lasing can be efficiently modulated by varying the
polarization direction of the coupling pulse with respect to that of the pump pulse. It is found that when the polarization
directions of the pump and coupling pulses are perpendicular, the 391-nm lasing intensity is more sensitive to the coupling
laser energy, which reflects the inherent nature of the perpendicular XZZQ'—A2 I1, transition.
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1. Introduction

Nonlinear propagation of the powerful femtosecond
laser pulses in the atmosphere induces many fascinating
phenomena,['~%1 among which the so-called air lasing has at-
tracted a lot of interests in recent years.>! Air lasing is re-
ferred to remote mirrorless optical amplification in air with
atmospheric constituents as the gain media,!”l and regarded
as a promising tool in atmospheric applications for detection
of, e.g., molecular rotational coherence® and stimulated Ra-
man scattering.[>!1% So far, a variety of air lasing schemes
with Np, N2+ , Ar, N, and O as the gain media have been
developed,!!'18] in which the NJ lasing on the B>Z —Xng
transition has been intensively studied because of the mystery

[19-221 Since it was theoretically

of its operation mechanism.
predicted that strong-field ionization of N could not directly
produce the population inversion between the B*X;" and X2zg
states in N, 2324 several post-ionization scenarios have been
proposed for interpretation of the N5 lasing. (2>~

Recently, it was reported that the intermediate state A’T1,,
may play a key role in establishing the population inversion
between the BE; and X?E] states.[***"] Through a post-
ionization optical coupling process, the transfer of the popula-
tion from X?Z} to A’II, takes place, which depletes the pop-
ulation in the Xng+ state, resulting in the population inversion

DOI: 10.1088/1674-1056/ab54b1

between the B’E and X?Z states.**) It was further demon-
strated with pump—probe methods that periodic oscillations of
the intensity of the N2+ lasing at 391 nm can be achieved by
finely scanning the time delay between the pump and probe
pulses. 393! The Fourier transformation revealed that the os-
cillation periods correspond to the X2Zl;r (v = 0)-A2I1, transi-
tion, which clearly showed the existence of the XZZQ'—A2Hu
coupling in the N 2+ lasing process.

More recently, it was demonstrated that the intensity of
N;r lasing at 391 nm can be significantly enhanced with the
pump of a polarization-modulated laser pulse, which was as-
cribed to more efficient population transfer from Xng to
AT, by the perpendicular component of the electronic field
of the rear part of the laser pulse,*?! since the perpendicular
A? Hu—Xng transition would strongly depend on the polariza-
tion direction of the coupling field. However, because of the
complex polarization state modulation within the single pulse
where the polarization state of the rear part of the laser pulse
varies in time, it is not clear how the polarization state of the
laser pulse contributes to the XZZg—Aeru coupling.

In the present study, we investigate the Xng(v = 0)-
A1, (v = 2) coupling effect in N lasing by introducing a
pump-coupling-probe scheme, in which an intense 800-nm
pump light induces the ionization of nitrogen molecules, a
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weak 800-nm laser pulse injected into the N system about
70 fs after the pump laser functions with the coupling pulse
to modulate the X?£J (v = 0) and AIT,(v = 2) coupling, and
then a 400-nm broadband pulse is used to externally seed the
NJ gain medium. We observe that the intensity of the N5 las-
ing at 391 nm first increases and then decreases as the angle
6 between the polarization directions of the pump and cou-
pling pulses increases from 0° to 180°. The intensity reaches
the maximum at around 6 = 90°. In addition, it is found that
when 6 = 90°, the lasing intensity increases linearly as the
coupling laser energy increases, while when 6 = 0°, it keeps
almost constant as the coupling laser energy increases. Our
results suggest the resonant coupling between the XZEg+ and
AZTI, states plays a key role in establishing the population in-
version of N3

2. Experimental setup

Figure 1 shows the schematic diagram of the experimen-
tal setup for the pump-coupling-probe measurement. The ex-
periments were conducted using a Ti: sapphire femtosecond
laser system (Spectra Physics, Spitfire ACE), launching the
laser pulses with a pulse duration of 40 fs, a central wavelength
of 800 nm, an energy of up to 5 mJ, and a repetition frequency
of 1 kHz. The laser beam was first divided by a 9 : 1 beam
splitter into two arms. The weaker arm was used to generate a
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400-nm second-harmonic laser by a 100-pum-thick barium bo-
rate (BBO) crystal as the external seed. The stronger one was
further divided by a 6 : 4 beam splitter into two, which served
as the pump and coupling, respectively. The coupling pulse
energy was controlled by an 800-nm half-wave plate (HWP1)
and a polarizer, and the polarization direction was varied by
another half-wave plate (HWP2). The pump and coupling
pulses were combined by a 5 : 5 beam splitter. After reflected
by a dichroic mirror with high transmission at ~ 400 nm and
high reflectivity at ~ 800 nm, the pump and coupling pulses
were combined with the seed pulse by another dichroic mirror.
The polarization direction of the seed pulse was adjusted by a
400-nm half-wave plate (HWP3) so that it was parallel to the
horizontally polarized pump pulse. The time delay between
the pump and coupling pulses and that of the pump and seed
pulses were set to be 70 fs and 200 fs respectively by two de-
lay lines with the resolution of 10 fs. When the polarization
directions of the pump and the coupling pulses are parallel, the
delay time of 70 fs can guarantee that the interference between
the two 40-fs pulses is negligible. In addition, within this pe-
riod of 70 fs, the molecular alignment of N; would not change
so much.33! The three sequential laser pulses were focused by
a 40-cm fused silica lens into a N chamber with a pressure of
10 mbar. The laser energies of the pump and seed pulses were
set to be 700 wJ and 50 nJ, respectively.

nitrogen gas

Fig. 1. Schematic of experimental setup based on the pump-coupling-probe scheme. HWP1 and HWP2: half-wave plate of 800-nm laser,
HWP3: half-wave plate of 400-nm laser, P: polarizer, BS: beam splitter, DM: dichromic mirror, L1: fused silica lens with f =40 cm, L2: fused
silica lens with f = 30 cm, F: filter, HR1 and HR2: high reflection mirror of 400-nm laser, L3 and L4: fused silica lens with f = 6 cm.

After passing through the chamber, the laser pulses were
collimated by a 30-cm fused silica lens. The 800-nm laser
was removed by a filter with a high transmission at the UV
range and the seed and the generated pulses were focused
by a 6-cm fused silica lens onto the entrance slit of a 1200-
grooves/mm grating spectrometer (Andor, Shamrock) coupled
with an ICCD camera (Andor iStar). The slit width of the
spectrometer was adjusted to be 150 um. The gate delay and
width of the ICCD were set at —5 ns (note the arrival time
of the pump laser at the interaction zone is 0 ns) and 30 ns,
respectively. The fluorescence emissions of NJ were also
collected by a 6-cm fused silica lens with a 2f-2f imaging

scheme from the direction perpendicular to the laser propaga-
tion. The gate delay and width were set to O ns and 100 ns,
respectively.

3. Results and discussion

Figure 2 shows the forward lasing spectra of N;’ in the
spectral range of 388-393 nm, without (blue short dash) and
with the coupling pulse whose polarization is arranged to be
perpendicular (red solid) or parallel (pink dash) to that of the
pump pulse, respectively. The signs || and L represent the
laser polarization direction parallel and perpendicular to the
horizontal direction, respectively. The energy of the coupling
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pulse was measured to be 180 pJ. The data were accumulated
over 6000 laser shots. It can be seen that two strong lasing
spectral bands around 389.5 nm and 391.4 nm appear, which
are assigned to the R and P branches of the transition between
the BZZ(v/ = 0) and X?E] (v = 0) states of N;". It should
be emphasized that only with the pump pulse employed no
lasing peaks appear in the forward spectrum in the spectral
range of 388-393 nm. This is because the white-light spec-
trum resulting from the self-phase modulation effect cannot
cover the 391 nm transition of N;r due to the low laser en-
ergy of the pump pulse. It can be clearly observed from Fig. 2
that the coupling pulse triggers very different behaviors of the
lasing emissions for the B2L} (v = 0) and XzEg*(v = 0) tran-
sition. That is, as the polarization direction of the coupling
laser pulse is parallel to that of the pump pulse, the lasing in-
tensity is comparable to that without the coupling, while as it
is perpendicular to that of the pump, the lasing emission in-
tensity is significantly enhanced by a factor of 5. It should
be pointed out that when the polarization direction of the cou-
pling pulse changes from parallel to perpendicular with respect
to that of the pump pulse, an extra time delay (0.66 fs) between
the pump and coupling pulses will be introduced by the rota-
tion of HWP2. This extra delay may contribute to the modu-
lation of the lasing signal, but it would be much smaller than

what we have observed.%]
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Fig. 2. Forward probe (seed) spectra when the pump laser is turned on
without (blue short dash) and with the coupling laser whose polarization
direction is parallel (pink dash) and perpendicular (red solid) to that of
the pump. The signs || and L represent the laser polarization direction
parallel and perpendicular to the horizontal direction, respectively.

To further explore the influence of the polarization state
of the coupling pulse on the lasing action of NI, we measured
the intensity of the forward lasing emission of N; at 391 nm
as a function of the angle 6 between the polarization directions
of the pump and coupling pulses. The angle 6 was controlled
by rotating the 800-nm half-wave plate (HWP2 in Fig. 1) in
the coupling arm. The energy of the coupling pulse before the
lens was measured, and kept constant during the measurement
by controlling the half-wave plate (HWP1) and the polarizer.
The dependence of the 391-nm lasing intensity on the angle
0 is presented in Fig. 3, where 6 = 0° and 180° represent that

the polarization directions of the coupling and pump pulses are
parallel, and 8 = 90° corresponds to the case that the polariza-
tion direction of the coupling pulse is perpendicular to that of
the pump pulse. It can be seen from Fig. 3 that as 0 increases
from 0° to 180°, the lasing intensity first increases, and then
decreases. The maximum is reached at about 8 = 90°. These
results clearly demonstrate that the N;r lasing is strongly de-
pendent on the angle 0 between the polarization directions of
the pump and coupling pulses. It may be explained based on
the coupling model presented in the inset of Fig. 3.1 That is,
at 8 = 90°, the coupling between the A%IT, and Xng states
is more efficient, leading to efficient population transfer from
the Xng state to the population reservoir state A%I1,, and thus
depleting the population in the X2Zg+ state.
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Fig. 3. Dependence of the 391-nm N; lasing intensity on the angle 6
between the polarization directions of the coupling pulse and the pump
pulse. Inset: schematic of post-ionization light-induced N; multiple-
state coupling.
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Fig. 4. (a) Typical fluorescence spectrum in pure N, gas induced by the
laser field of the pump and coupling pulses obtained with 6 = 90°, (b)
the intensity of the 391-nm fluorescence versus the angle 6 between the
polarization directions of the coupling pulse and the pump pulse.

It is also possible that the population in the BZ2X} (v/ = 0)
state is enhanced by the coupling field, leading to the increase
of the population inversion between the B2L} (v = 0) and
Xzzg(v = 0) states of N3". In order to examine the variation of
the population in the B2L} (v = 0) state, we measured the flu-
orescence spectrum induced by the pump and coupling fields
as a function of 6, from which we can analyze the population
variation in the upper BZZSr (V' = 0) level for the transition.
Figure 4(a) shows a typical fluorescence spectrum obtained
with & = 90°. In the measurements, the data were averaged
over 4000 laser shots, and the probe laser was blocked. The
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fluorescence spectral bands are assigned to the first negative
band system of N;’ and the second positive band system of
N,. In Fig. 4(b), the intensity of the 391-nm fluorescence as
a function of 0 is plotted. It can be seen that the fluorescence
emission intensity keeps almost constant as 6 varies from 0° to
180°, indicating that the population in the B>X] (v/ = 0) state
is not sensitive to the coupling laser polarization direction.
Therefore, it can be concluded that the significant increase in
the N2+ lasing by the coupling field at & = 90° mainly results
from the population decrease on the Xng(V = 0) state.

Next, we attempt to explain the polarization effect ob-
served in Fig. 3 based on the post-ionization light-induced
coupling model.?®?7 It is known that the N> molecules with
the molecular axis parallel to the pump laser polarization are
preferentially ionized.! Therefore, most of the NJ ions are
aligned along the pump laser polarization direction at the in-
stant after the ionization. Under our current conditions, the
temporal delay between the pump and the coupling pulses was
set at 70 fs, within which the alignment of N; ions would not
change so much.!33! Since the optical coupling between the
XzEg and A’TI, states is achieved with perpendicular transi-
tion, as the laser polarization direction of the coupling pulse
is perpendicular to that of the pump pulse, that is, the molecu-
lar axis of N2+, the coupling efficiency reaches the maximum,
resulting in the significant enhancement of the population in-
version between the B2L (v = 0) and Xng(V = 0) states.
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Fig. 5. Dependence of the 391-nm lasing intensity on the coupling laser
energy with the polarization direction parallel (red circular) and perpen-
dicular (blue square) to that of the pump.

On the other hand, the bandwidth of the pump pulse
covers the transition X*If (v = 0)— AL, (v = 2),% and
thus the Xng—AZHu coupling is a resonant process with the
pump of the 800 nm-wavelength laser. The coupling efficiency
would be very sensitive to the input energy of the coupling
pulse. To examine this, we measured the dependence of the
391 nm lasing intensity on the energy of the coupling laser
with the polarization direction perpendicular and parallel to
that of the pump, respectively. As shown in Fig. 5, it can be
seen that as the input energy of the coupling pulse changes
from 20 pJ to 180 pJ, the intensity of the 391-nm lasing shows

totally different behaviors for the cases of 8 = 0° and 6 = 90°.
At 6 = 90°, the intensity of the 391-nm lasing linearly in-
creases as the laser energy increases, while at 6 = 0°, the
391-nm lasing intensity keeps almost constant, both of which
can be fitted well by a linear function (solid lines). This ob-
servation clearly indicates the strong dependence of the per-
pendicular XZEg—AZHu transition on the polarization state of
the coupling field. It should be pointed out that the coupling
efficiency would also be affected by the pump laser energy
that determines the population distribution among the Xng,
Azl'[u, and B2Zj states of N2+, which is however beyond the
scope of this study.

4. Summary

We have investigated the resonant coupling effect on the
perpendicular transition between the X*XJ and ATI, states
in N;r lasing by varying the polarization direction of the cou-
pling pulse with respect to that of the pump pulse. We have
demonstrated that the population transfer process from the
state Xng(v = 0) to the state A2IT,(v/ = 2) is strongly influ-
enced by the angle 0 between the polarization directions of the
coupling and the pump pulses, leading to intense modulation
of the lasing intensity at 391 nm from the B2X} (v/ = 0)—X22g+
(v = 0) transition. We have further showed that the 391-nm
lasing intensity is more sensitive to the coupling laser energy
at 8 = 90°, indicating the intrinsic nature of the perpendicular
X?EJ—A’Tl, transition. Our results further confirm that the
light-induced resonant coupling between the Xng and ATI,
states plays a key role in establishing the population inversion
of NJ.
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