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Abstract In this chapter, we introduce our recent studies on the mechanisms respon-
sible for the optical amplification in N,* induced by irradiating nitrogen molecules
N, with intense laser fields. We demonstrate that the lasing intensities of N,* at
391.4 nm, corresponding to the B>%,* (v = 0)-X22g+ (V" = 0) transition, can be
strongly modulated by manipulating the polarization state of the driven laser field,
which is ascribed to the post-ionization coupling between the ground X*X,* state
and the first excited A’TI, state of N,*. By using pump-probe methods, we show
direct evidences for the optical transition between the X*X,* and AT, states of
N,* in intense laser field, based on which we show the optimization of N,* lasing
by designing intense laser fields.

2.1 Introduction

When a powerful femtosecond (fs) laser pulse is externally- or self-focused in pure
nitrogen or air, it can induce a variety of dynamical processes of atmospheric
constituents [1-4], resulting in electronically and rovibrationally excited atoms,
molecules or ions, which are in some cases population-inverted and lead to amplifi-
cation of the light covering the transitions [5—18]. This type of lasing phenomena in
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air are popularly called “air lasing”, and have been extensively investigated in recent
years because of their high potential in atmospheric applications [16—18]. Recently,
lasing in N,* has been paid much attention because it was theoretically predicted
that the ionization of N,, whose ground-state electronic orbital configuration is KK
(0428)*(0,28)*(11,2p)*(042p)?, by intense fs laser pulses [19] gives more population
on the ground X?% ¢ state of No* [20, 21]. As a result, the stimulated amplification
of light in the population-inverted N,* could not occur only through the strong-
field ionization of N,. Therefore, considerable effort has been made to interpret the
physical origin of the strong-field-induced N,* lasing [22-29].

In 2015, we proposed, as shown in Fig. 2.1, a physical mechanism called
“post-ionization optical coupling” to explain the strong-field-induced N,* lasing
phenomenon. In this scenario, it was suggested that the ionization of N occurs in
the strongest (central) part of the fs laser pulse, and most of N, * cations are prepared in
their ground X*> X, * state as predicted theoretically. After the ionization, the resultant
N,* cations are still within the light field, and thus interact with the rear part of the fs
laser pulse, which would induce an optical coupling among the lowest three states of
Ny*, ie, X22,*, A’I1, and B2Z,*, leading to population redistribution in N,*, and
consequently, the population inversion between the B>%,* and X>% ¢ states. With
this pumping mechanism, it was demonstrated that the population-inverted N,* can
be built up very rapidly within a time scale of a few femtoseconds, which agrees well
with the experimental observation that N,* lasing can be produced by the excitation
of few-cycle 800 nm laser pulses [25].

In this chapter, we present further experimental evidences for the post-ionization
coupling mechanism in N,* lasing. We first demonstrate that the intensity (which
represents the peak value of the measured signal) of the N,* lasing at 391.4 nm can
be significantly enhanced by designing a time-dependent polarized laser field using
either the polarization gating (PG) technique [26] or a birefringent crystal [27], which
can be convincingly explained by the post-ionization coupling where the modulated
driven pulse efficiently transfers the population in the ground X% o' state to the first

—— BZS ionization
. A, f
coupling " m“"“"“ 391.4 nm
+ \ f 2 2
N2 F 3 X Eg+
ionization ::;. coupling
—_— / '1 + o
Nz X EE Laser propagation

Fig. 2.1 Schematic diagram of post-ionization optical coupling that redistributes the populations
among the X>¥ Pa B2x,* and A?II,, states and establishes the population inversion between the
X2 g and B2y,* states in Np*
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excited AT, state of N,*. This is an “indirect” evidence for the coupling, where
the transition between the X> % ¢ and AT, states is not directly observed. We then
show, using pump-probe methods, the “direct” observations of the optical coupling
by introducing an independent coupling pulse to induce the X? ¥ ,*-AT],, transition,
and find that the 391.4 nm lasing intensity can be controlled by modulating the
strength, polarization and time delay of the coupling pulse [28, 29]. Based on the
deeper understanding of the post-ionization coupling, we achieve the optimization
of N,* lasing in an elliptically modulated intense laser field.

2.2 Indirect Observation of X>X g+-A21'[u Coupling

When the ionization of N, occurs at the most intense part of a linearly polarized laser
field, the N, molecules whose axes are parallel to the polarization direction of the
linearly polarized laser field are preferentially ionized [30], and consequently, most
of N,* ions are aligned along the polarization direction of the laser field. However, in
the post-ionization optical coupling model, the subsequent X>% g+-A2Hu coupling
induced by the rear laser field has the maximum efficiency when the polarization
direction of the coupling laser field is perpendicular to the direction of Np* axis
because of the perpendicular X2y g+—A21'I,, transition nature of N,* [31]. Therefore,
it is expected that the intensity of N,* lasing can be enhanced or reduced if one could
control the polarization state of the rear part of the laser pulse. In the following, we
will present experimental results of N, lasing in two types of designed laser fields,
whose polarization states in the rear part of the laser pulse change in time, by using
the PG technique [26] and birefringent crystal [27].

2.2.1 N,* Lasing Pumped with the Laser Pulse Modulated
by the PG Technique

To explore the effect of the laser polarization of the rear part of the pumping laser
pulse on N,* lasing, we employ a technique called polarization grating (PG) [32],
which is often used in attosecond pulse generation, to modulate the polarization state
of the pump laser pulse in time. As shown in Fig. 2.2a, the PG setup used in this
study is composed of a 7-order quarter-wave plate (7-QWP) and a 0-order quarter
wave plate (0-QWP). The angle between the optical axis of the 7-QWP and the
polarization of the input laser pulse is set at 45°, so that the electric field of the laser
field modulated by the 7-QWP can be expressed as [26],

EO Td T—QWP E() Td T—OWP
E7_owp(t) = $g<t - %)ﬁfgwp,o + Wik 1+ % e7_owp_ (2.1)
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Fig. 2.2 a Schematic (@)

diagram of the PG, where . .

7-QWP and 0-QWP 145°,0pticAxis  gptic Axis
represent the 7-order and I A -~

0-order quarter wave plates. '~ \ /

The angle 6 represents the
angle between the optical 7-QWP
axes of the two quarter wave
plates, b Amplitudes at 6 =
0° and 45°, respectively

(b) 0=0° 6=45°

where E| is the amplitude of the input laser pulse, and T, 7_owp is the time delay
between the o light and the e light induced by the 7-QWP with T 7_owp = 27 (7 +
1/4)/w and g(t) = e~ 22/ sin(wt + @) is the Gaussian function of the laser pulse,
and e;_gwp , and e7_gwp . are the unit vectors perpendicular (the o light) and
parallel (the e light) to the optics axis of the 7-QWP, respectively. Then the laser
pulse is further modulated by the 0-QWP, with the final electric field expressed as,

E Ty 7- +Ty o_ Ty 7_ — Ty o—
EPG(I)=*O[8(I* d_7-owpP +Ta 0-owp )*0059+g<[+ d 7-owp —Td 0 QWP)*Sin0:|

V2 2 2
E Ty 7 —T; o— )
eonWPfavLj%[g(tf d_1-QWP 5 d0-ow# )*sm&

Ty 7— Tg 0—
7g(t+ 7 QWP: .0 QWP)*COSF)}eO,QWP_e (22)

where Ty o—owp is the time delay between the o light and the e light induced by the
0-QWP with T; g_gwp = 2n * (1/4))/w and eg_gwp_, and ep_pwp . are the unit
vector perpendicular and parallel to the optical axis of the 0-QWP, respectively. It
can be seen from (2.2) and Fig. 2.2b that when the angle, 0, between the optical axes
of the two wave plates is changed, the polarization state of a linearly polarized pump
laser field in the front and rear parts of the laser pulse can be changed from linear to
circular or circular to linear, but the polarization state at the peak of the laser pulse
(the central part) is kept as linear.

In this study, we carry out the experiments using the linearly polarized output of
a Ti:sapphire amplifier (800 nm, 40 fs). After the laser beam passes through the PG,
it is focused by a fused silica lens (f = 40 cm) into a vacuum chamber filled with
pure nitrogen at 10 mbar. N,* lasing is generated by both self- and external-seeding
schemes, where self-seeding means that the seed pulse is directly produced by the
pump pulse in N, gas during propagation, but the external seeding means that the
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seed pulse is produced by frequency doubling of the pump pulse in a BBO crystal.
The forward lasing is collimated by a fused silica lens (f = 30 cm), and recorded
by a spectrometer (Andor, Shamrock) equipped with with an ICCD camera (Andor
iStar).

With the laser field modulated by the PG with the angle of 8 = 0°, where the
polarization of the rear part of the laser pulse is linear but its direction changes in
time, it can be seen from Fig. 2.3a that the intensity of self-seeding N,* lasing at
391.4 nm (solid line), corresponding to the B2x, H(v= O)—X22g+ (v” = 0) transition,
can be significantly enhanced when compared with that (dot line) obtained with the
pump of the linear polarized light without the PG modulation. For both the cases, the
pump laser energies are set at 1.0 mJ. In order to avoid the effect of self-generated
seed on the lasing enhancement, we compare the lasing intensities measured in the
external seed scheme. In this case, the energies of the pump laser pulses are reduced
to 0.6 mJ, so that self-generated seed is negligible. As shown in Fig. 2.3b, the forward
N,* lasing produced by the PG-modulated laser pulse (solid line) in the presence of
the external seed (dash line) is about one order of magnitude larger than that (dot line)
by the linearly polarized laser pulse, which indicates that the population inversion
between the BX,* and X?>X g* states is dramatically changed by the PG-modulated
fields.

On the other hand, we also measure the 391.4 nm fluorescence of N,* on
the B*X,*-X?,* transition by collecting it at a right angle of the laser propagation
direction. It is found that the intensity of fluorescence pumped by the PG-modulated
laser pulse is slightly weaker than (comparable with) that pumped by the linearly
polarized laser pulse (not shown). Since the fluorescence intensity is determined by
the population in B>X,* (v = 0) state of N,*, the enhancement of N,* lasing at
391.4 nm can be thus ascribed to the efficient depletion of the population in the
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Fig. 2.3 The forward spectra of a self-seeding and b external seeding N, " lasing obtained by the
linearly polarized (dot lines) and PG-modulated (solid lines) laser pulses. The external seed (dash
line) is also presented in (b). The angle 0 is set at 6 = 0°
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X2E,*(v” = 0) by the optical coupling through the vertical X*>%,*-A’T1, transition,
in which the polarization of the coupling field in the rear part of the laser pulse is
modulated by the PG.

In particular, it is known from the PG scheme that when we change the angle
between the 0-QWP and 7-QWP from 6 = 0° to 45°, the polarization state changes
from linear to circular in both the front and rear parts, but the polarization state
of the central part of the pulse keeps linear. Because the population in the BX,*
state is only dependent on the ionization of N, by the central part (strongest) of
the laser pulse, it is expected that when the angle 6 changes from 0° to 45° the
fluorescence at 391.4 nm measured from the side direction keeps constant, but the
lasing at 391.4 nm, which is dependent on both the populations in the B2X,* (v
= 0) and X’Z,* (v” = 0) states, changes. This is really what we have observed.
As shown in Fig. 2.4, when 6 changes from 0° to 45°, the intensity of the 391.4 nm
fluorescence (triangle) keeps constant in the entire range of 6, but the 391.4 nm lasing
(square) decreases monotonously, which can be ascribed to the amplitude of the laser
component perpendicular to the N,* axis in the rear laser field decreases from linear
polarization to circular polarization, leading to the less X?E,*-ATl, perpendicular
coupling.

2.2.2 N,* Lasing Pumped with the Laser Pulse Modulated
by Multi-order Quarter-Wave Plate

It can be seen from (2.2) that the laser field can be modulated by the PG. In fact,
when the laser pulse only passes through the 7-QWP, the amplitude and polarization
of the laser pulse can also be modulated as a function of the angle, «, between the
polarization direction of the linear laser pulse and the fast axis of the 7-QWP, as
shown in (2.3), but in this case the polarization state of the central part of the laser
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pulse changes as well. In this section, we investigate how the lasing behaves in the
laser field modulated only by the 7-QWP [27].

E(x,t) = Ey cos(a)g(t — %)eo + Ey sin(oe)g(t + %)ee. (2.3)

As shown in Fig. 2.5a, the laser field can be separated into two electric field
components, the ordinary light (Ey) and the extraordinary (E) light, with E, being
parallel to the fast axis of 7-QWP and thus having a larger amplitude at —45° <
o < 45° (o represents the angle between the polarization direction of the linearly
polarized laser pulse and the fast axis of 7-QWP). Due to the birefringence of the
7-QWP, the two components of the linearly polarized laser pulse will have a time
delay of about 20 fs after passing through the 7-QWP, where E lags behind E,.
Therefore, in the coupling model [25], the stronger Ey, component would induce
the ionization of N, and the delayed and weaker Ex component would subsequently
induce the post-ionization state coupling of N,* through the perpendicular X*> % ,*-
A’I1, transition. In Fig. 2.5b, we show the integrated intensity of the Ey component
(—o0< t < 00) and that of the Ex component (0 < ¢ < 00) as a function of the angle «
between the polarization direction of the linearly polarized laser pulse and the fast
axis of 7-QWP.

As a result, we show in Fig. 2.6a the intensity of the N,* lasing at 391.4 nm
measured in the external seed scheme as a function of the angle «. The pressure is

Fig. 2.5 a The amplitude of
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10 mbar and the laser energy is 0.7 mJ. It can be seen from Fig. 2.6a that as ||
changes from 0° to 45°, the intensity of the 391.4 nm lasing first increases and then
decreases, taking the maximums at the absolute value of & ~ 18°, which may indicate
that as the ellipticity of the laser pulse changes there exists a balance between the
ionization rate and the coupling efficiency for the population inversion between the
X2Zg+(v” =0)and B>%,*(v=0). That is, as |«| varies from 0° to 45°, E, decreases,
leading to a decreasing ionization probability, and thus less N»* ions. On the other
hand, as |e| changes from 0° to 45°, E increases, leading to a stronger coupling field
for depleting the population in the X?>E,*( 1/'= 0) level through the X>X,*-ATl,
vertical transition after the ionization. Finally, a balance between the ionization and
coupling for the population inversion is achieved.

Interestingly, it is found that as || changes from 0° to 45°, the intensity of the
lasing at 427.8 nm, corresponding to the BX,* (v = 0)-X*%,* (v = 1) transition,
shows different behavior, i.e., monotonically decreasing with the maximum value at
a ~ 0° (see Fig. 2.6b). Since the 391.4 and 427.8 nm lasing emissions result from
the same upper level BZX,* (v = 0), the difference in the ellipticity dependences of
these two lasing lines may be ascribed to the different variations of the population
in the two vibrational levels v/ = 0 and v/ = 1 of the X22g+ state. In fact, it was
previously demonstrated that the population in the X*Z,*(v/ = 1) level is very
small after ionization [33]. Therefore, the population in the X>X (W = 1) level
could not be depleted further by the Ex(t) component after the ionization, so that the
427.8 nm lasing is not sensitive to the X*%,*-A’I1, coupling, leading to the result
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that the 427.8 nm lasing decreases monotonically due to the decreasing ionization
probability as |e| changes from 0° to 45°.

To verify the above conjecture on the ellipticity dependences of N,* lasing, we
perform numerical simulation of the population distribution of N,* in a multi-order
QWP modulated laser field based on the post-ionization optical coupling model [27].
We examine the final difference of the population between the B2%,* (v = 0) and
X22g+ (V" = 0) levels and that between B2X,* (v = 0) and X22g+ (V" =1) levels,
as a function of the angle «, and find that for the 427.8 nm transition, the population
difference exhibits a maximum at « = 0° and it decreases monotonically as |o|
increases, while for the 391.4 nm transition, the maximum values are located at the
two symmetric positions of 0° < || < 45° with a dip at o« = 0°. These results are in
good agreement with the experimental data shown in Fig. 2.6.

2.3 Direct Observation of X>% g+-A2Hu Coupling

We have demonstrated in Sect. 2.2 that the lasing intensities of N,* can be signifi-
cantly enhanced or reduced by modulating the polarization of the pump laser pulse,
and that the ellipticity dependences of two lasing lines at 391.4 and 427.8 nm can be
well explained by the post-ionization coupling among the X*X,*, A’I1,, and B>, *
states of No*. However, in the above-mentioned polarization modulation methods,
both the stronger electric field component used for the ionization of N, and the
weaker one used as the post-ionization coupling are from the same pump laser pulse,
so that the ionization and coupling are entangled within the laser pulse and cannot
be well separated and manipulated. Therefore, it would be helpful to provide deeper
insight into the coupling mechanism if one could directly show the coupling effect by
pump-probe methods, in which the coupling process can be independently operated
without disturbing the ionization process. In the following, we will present experi-
mental results for direct observation and manipulation of the coupling in N,* lasing
using pump-probe methods [28, 29].

2.3.1 Pump-Coupling-Probe Scheme

Here we design a pump-coupling-probe scheme (see Fig. 2.7), in which we employ
an intense 800 nm pump laser pulse (40 fs, 700 J) to induce the ionization of N, a
weak 800 nm laser pulse (40 fs, 20200 J) to manipulate the X>X S (W= 0)-A%I1,
(V' = 2) coupling of N,*, and then a much weaker 400 nm broadband pulse (40 ~
60 fs, 50 nJ) to externally seed the N,* gain medium [28]. Since the perpendicular
X2 ,*-AIl, transition is sensitive to the polarization direction of the coupling field,
it is expected that when we change the polarization direction of the coupling field
with respect to that of the pump laser pulse, the population in the X*E,* (v = 0)
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Spectrometer
ICCD L3 Attenuator HR2

 Chamber

Fig. 2.7 Schematic diagram of the pump-coupling-probe experimental setup. HWP: half-wave
plate (1, 2: for 800 nm; 3: for 400 nm); P: polarizer; DM: dichromic mirror; BS: beam splitter; L:
fused silicalens (1: f =40 cm; 2: f =30 cm; 3: f = 6 cm; 4: f = 6 cm); F: filter; HR1 and HR2:
400 nm high reflection mirror

can be depleted to some extent accordingly, and thus the 391.4 nm lasing intensity
can be modulated.

In this experiment [28], the delay time between the pump and the coupling pulses,
and that between the pump and the seed pulses are set at 70 fs and 200 fs, respec-
tively. With the delay time of 70 fs, the molecular axis of N,* ions prepared along the
polarization direction of the pump pulse will not change much after the ionization,
and the interference effect between the pump and coupling fields can be negligible
because these two pulses (40 fs) are almost separated completely. Figure 2.8 shows
the intensity of the 391.4 nm lasing as a function of the angle B between the polar-
ization directions of the pump and the coupling pulses. 8 = 0° and 90° mean that

Fig. 2.8 The intensity of the 2.0
391.4 nm lasing as a function = s:n‘:""p"“n
of B. Inset: The forward ' —B=90°
lasing spectra obtaine.d in the 15k
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(p1r_1k dash) and 8 = 90° .(red -E 10l .- s
solid), and that obtained in & = l. '.. Wavelength (nm)
the absence of the coupling £ .'l~ -
field (blue dash) £ ail " . ..-.
n "
m®n = ...l.' ", .
" m
0.0 —_—
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B (degree)
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the polarization directions of these two pulses are parallel and perpendicular, respec-
tively. In this measurement, the pressure of N, gas in the chamber is 10 mbar, and
the coupling laser energy is 180 wJ. As an example, the lasing spectra measured at
B = 0°and B = 90° are shown in the inset of Fig. 2.8, where the lasing spectrum in
the absence of the coupling pulse is also presented. It can be seen from Fig. 2.8 that
the 391.4 nm lasing intensity increases from g = 0° to 90°, and the decreases from
B =90° to 180°, with the maximum value taking at § ~ 90°.

This indicates that as the polarization directions of these two pulses are perpen-
dicular, the population in the X* ¥ ,* (v = 0) can be depleted more efficiently, which
is in good agreement with our conjecture that the perpendicular transition between
the X*Z,* (v = 0) and A’I], states is sensitive to the polarization direction of
the coupling laser, so that the optimized population inversion between the B>X,* (v
=0) and X*’XT ¢ (V" = 0) states takes place when the polarization direction of the
coupling field is set to be perpendicular to that the pump laser pulse, with which the
N, molecules having the molecular axis parallel to the pump laser polarization are
preferentially ionized [30].

Furthermore, since the coupling laser wavelength is resonant with the X>% o
(V' = 0)-A’TI, (v = 2) transition, it is also expected that the efficiency of the
post-ionization optical coupling shall be strongly dependent on the intensity of the
coupling field. Therefore, we measure in Fig. 2.9 the intensity of the 391.4 nm lasing
as a function of the energy of the coupling laser pulse for the two cases of § = 0° (red
dot) and B = 90° (blue rectangle), respectively. It can be clearly seen from Fig. 2.9
that in the case of 8 = 90° the 391.4 nm lasing signal becomes stronger as the energy
of the coupling pulse increases, but in the case of 8 = 0° the 391.4 nm lasing signal
does not change much as the energy of the coupling pulse varies. That is, as 8 =
90° the 391.4 nm lasing is sensitive to the coupling laser energy, but as g = 0° it is
reverse. Based on the above results, we conclude that as the polarization directions
of the pump and coupling pulses are parallel (8 = 0°) there is almost no coupling

Fig. 2.9 Energy effect of the
coupling field on the =90°
391.4 nm lasing intensity for 6f ™ B_Q?
the cases of 8 = 0° (red dot) e p=0 -
and B = 90° (blue rectangle) - 5]
-]
< 4 .
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E -
o ]
E2} ]
]
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Energy (pJ)
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between the A%I1, (v = 2) and XX ¢" (V" =0) states, but as they are perpendicular,
there exists the optical coupling that induce the depletion of the population in the
X2E,* (V' = 0) state, and thus the variation in the 391.4 nm lasing intensity.

2.3.2 Broadband Few-Cycle Laser Ionization-Coupling
Scheme

It is well known that the energy separation information of two levels in an optical
transition can be obtained by Fourier transform of its temporal oscillation waveform.
Therefore, if when the coupling field is temporally scanned in a pump-probe scheme,
one can observe temporal oscillations of N,* lasing with the oscillation frequencies
correspond to the X>X g W= 0)-A’IT, (V) transitions, it would provide a direct
evidence for the modulation of the population in the X?E,* (v = 0) state through
the optical coupling. To verify this idea, we design a broadband ionization-coupling
scheme, in which we employ an intense few-cycle pulse (~7 fs) to induce the ioniza-
tion of N, and generate the self-seed, and a weak few-cycle pulse, whose bandwidth
can cover the X22g+ (" = 0)-A2, (V = 1, 2, 3) transitions, serves as a coupling
field to modulate the population in the X>,* (v = 0) state [29]. By measuring the
intensity of the B2%,* (v = 0)-X228’r (V" = 0) lasing at 391.4 nm as a function
of the pump-probe time delay, we can investigate how the A>%,-X*,* coupling
modulate the lasing temporally.

In Fig. 2.10, we show the dependences of the 391.4 nm lasing intensity on the
delay time between the ionization (pump) and the coupling (probe) pulses. Both the
ionization and coupling laser pulses are close to linear polarization with the ellipticity
of ~0.1. The red and black curves in Fig. 2.10 represent that the time-dependent N,*
lasing is measured respectively under the conditions that the polarization directions
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Fig. 2.10 The intensity of 391.4 nm lasing as a function of the time delay between the ionization
(pump) and the coupling (probe) pulses measured as the polarization directions of the pump and
probe are parallel (red curve) and perpendicular (black curve) to each other. The lasing intensity is
normalized by the lasing intensity obtained by the pump laser pulse only
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of the ionization and coupling pulses are parallel (red curve) and perpendicular (black
curve) with each other. It can be seen from Fig. 2.10 that for both cases the laser
intensities oscillate strongly. In the parallel condition, the lasing intensity takes the
minimum value at ~20-45 fs and the maximum value at ~200 fs. In the perpendicular
case, the lasing intensity takes the maximum value at ~5—45 fs and the minimum value
at ~200 fs. At around 15~45 fs, the lasing intensity in the perpendicular condition
is ~30 times stronger than that obtained by the pump pulse only, which is consistent
with our previous study [26], where we observed ~100 times enhancement of the
lasing intensity when we used the polarization modulated pulse whose polarization
direction changes by 90° within 20 fs.

In addition, it can be seen from Fig. 2.10 that there is a slow modulation (~300 fs
period) of the lasing intensity for both the conditions, which are anti-phased. The
slow modulations can be attributed to the field-free rotation motion of N,*. The
discussion on the contribution of the molecular alignment to the generation of the
N,* lasing can be found in [34]. Since the N-N molecular axis of N,* will rotate after
ionization, the probability of the perpendicular X*%,*-A’Tl, transition induced by
the coupling pulse with the fixed polarization direction will vary as a function of the
delay time between the pump and the coupling pulses. As a result, the perpendicular
transition of the X*> % ,*-A’T1, state effectively enhances the X*>,*-B?X,* lasing at
~20-45 fs (see black curve) and 200 fs (see red curve). At the delay time of 16 fs,
the lasing intensity obtained in the perpendicular case is 300 times larger than that
obtained in the parallel case.

It can also be seen in Fig. 2.10 that the lasing intensities for both the parallel
and perpendicular conditions exhibit the frequency oscillations with the periods of
2-3 fs, and of 13-20 fs. After the Fourier transform of the lasing oscillations, we
obtain the frequency spectra of time-dependent N,* lasing intensity under the (a)
parallel and (b) perpendicular conditions, as shown in Fig. 2.11. From the frequency
spectra, it can be observed that there are three peaks appearing in the range of 0.3-0.5
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PHz at 0.33, 0.38, and 0.44 PHz in the parallel condition, and two peaks appearing at
0.33 and 0.38 PHz in the perpendicular condition with relatively weak amplitudes.
These peaks in the range 0.3-0.5 PHz can be assigned to the energy separations of
the ro-vibrational levels between the A’T1, (v = 1, 2, 3) and X*>,* (v = 0) states.
In addition, it can also be seen in Fig. 2.11 that there are peaks at the low frequency
range of 0.05-0.08 PHz, which are assigned to the vibrational level separations of
the three respective electronic states of X2 Pa A’T1,, and B®%,*. These results
clearly show that the lowest three electronic states in N,* are coupled coherently by
the ionization pulse, resulting in the final modulations in the B’E,*-X?X,* lasing
by the coupling pulse.

2.4 Optimization of N,* Lasing by Modulating
the Polarization State of the Pump Laser Pulse

So far, we have revealed, based on the above results, that the strong-field-induced N,*
lasing can be convincingly explained by the post-ionization B*X,*-X?E,*-AT],
three-state coupling model. This interpretation will be very helpful for developing
a variety of techniques to manipulate and optimize N,* lasing. In particular, it is
known from Sect. 2.2 that within the pump pulse two processes essentially take
place to achieve the lasing emission: (i) the preparation of population in the lowest
three X*X,*, A’I1, and B>Z,* states through the ionization of N, by the central
(strongest) part of the pulse, and (ii) the modulation of the population in the X2y o
state by the later part of the pulse. Therefore, in the following we will present two
examples of optimizing N, lasing at 391.4 nm by modifying the relative amplitudes
and the temporal separation of the two polarization components in an elliptically
modulated ultrashort pulsed laser field.

2.4.1 Optimization of N,* Lasing Using Different Orders
of QWPs

As presented in Sect. 2.2.2, it is found that the 391.4 nm lasing intensity can be signif-
icantly enhanced by changing the angle o between the polarization direction of the
pump laser pulse and the optical axis of the 7-QWP, which is ascribed to the balance
between the ionization rate of N, and the coupling efficiency of N,* induced respec-
tively by the the two polarization components in the elliptically modulated ultrashort
pulsed laser field by the 7-QWP. Here we further investigate the optimization of N,*
lasing using different orders of QWPs.

In Fig. 2.12, we present the lasing intensity at 391.4 nm measured with n-QWP
in an external seed scheme as a function of the angle o, where n = 0, 3, 7, 10,
respectively [27]. It can be seen from Fig. 2.12 that as « changes from 0° to 45°



2 Observation of the Post-Ionization Optical Coupling ... 35

Fig. 2.12 The lasing 1.2
intensity at 391.4 nm as a
function of & withn =0
(purple downward triangle),
3 (violet upward triangle), 7
(orange dot), 10 (blue
rectangle)

-=-10-QWP

Intensity (a. u.)

a (degree)

the 391.4 nm lasing intensity first increases and then decreases for all the four QWP
cases. It can also be noted that the maximum intensity of the 391.4 nm lasing increases
monotonically as the order of the QWP increases from n = 0 to 10, and that the angle
a, at which the lasing intensity becomes maximum, moves from o ~ 12° to o ~ 18°.

The optimization of N,* lasing using n-order QWPs can be well understood based
on the coupling model due to the balance between the ionization and the coupling
induced respectively by the the two polarization components in the elliptically pulsed
laser field. As shown in Fig. 2.13, it can be seen that when 7 increases from 0 to
10, for a certain angle of «, although the relative amplitudes of the two polarization
components, Ey and Ey, keep constant, their temporal separation in the pump pulse
increases, which means that after the ionization of N by the strongest part of the Ey
component, the effective coupling part in the Ex component becomes more due to
the more delayed E,(¢) component. This gives rise to the more efficient depletion in
the X°E,* (v = 0) state through the X? ¥ ,*-AI1,, vertical transition, leading to the
enhanced lasing intensity with increasing »n from 0 to 10.

Therefore, the key factor for the optimization of the BE,* (v=0)-X*Z,* (v"=
0) lasing is the E () component of the laser field interacting with N, in the latter part
of the laser field. However, it should be emphasized that although the experimental
results shown in Fig. 2.12 demonstrate that the lasing intensity increases as the QWP
order increases (up to n = 10), there should be an upper limit for the order n when
the lasing intensity starts to decrease. Actually, it is estimated that when the order n
increases up to about n = 15, the two components, Ex and Ey, of the pump laser pulse
are separated in time almost completely, and therefore, the lasing signal intensity
could not increase more even when the order increases more. Furthermore, if the

Fig. 2.13 Schematic
diagram of the variation in
the temporal separation
between the two polarization
components for the cases of
n =20, 3, 7, 10, respectively
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order increases further, the intensity of these two components decreases because of
the frequency chirp, and consequently, the lasing intensity will start dropping.

2.4.2 Asymmetric Enhancement of N,* Lasing
in an Elliptically Modulated Laser Field.

In Sect. 2.4.1, we demonstrate the optimization of N,* lasing at 391.4 nm in an
elliptical laser field modulated by n-QWPs for the angle « in a small range of «
= 0°—45°. Here we demonstrate that when we extend the angle « to a larger angle
range of o ~ 0°-90°, an asymmetric enhancement feature of the 391.4 nm lasing is
observed, which further shows the effect of the relative amplitudes of the two polar-
ization components on the ionization and coupling in the birefringence-modulated
elliptically laser fields [35].

In Fig. 2.14, we plot the intensity of 391.4 nm lasing measured in an external
seed scheme as a function of ¢, in the range of 0°-90° [35]. The N, gas pressure
is 8 mbar, and the energies of the pump and probe laser pulses are 0.7 mJ and 100
nJ, respectively. It can be seen from Fig. 2.14 that the optimized intensities of the
391.4 nm lasing appear at o ~ 14° and 73° with the ellipticity of ¢ ~ 0.3, but the
lasing enhancement at o ~ 14° is about 3 times larger than that at o« ~ 73°, even
though the laser pulse at these two positions have almost the same ellipticity value
ofe ~ 0.3.

The above asymmetric enhancements of the 391.4-lasing intensity in the o range
of 10°-20° and 70°-80° for the 7-QWP case can be ascribed to the different popu-
lation depletion in the X?E,* (v = 0) due to the different X*>,*-A’T1, coupling
contribution provided by the rear laser field after ionization. Based on (2.3), after
passing through 7-QWP, the laser pulse is divided into the two polarization compo-
nents, where when 0° < a < 45° (Fig. 2.15a), the amplitude of Ey is larger than that
of Ex, while when 45° < a < 90° (Fig. 2.15b), the situation is reversed. It can be
seen from Fig. 2.15 that when 0° < o < 45° the ionization of N is induced by the
yellow part in the stronger component (yellow part) of the pulse, and subsequently,
the vertical X*%,*-A’I1, coupling proceeds by the weaker component in the violet

Fig. 2.14 The intensity of
the 391.4 nm lasing
measured in the 7-QWP
modulated laser field as a
function of the angle o
between the polarization
direction of the linearly
polarized laser pulse and the
fast axis of 7-QWP
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Fig. 2.15 Schematic (a) 0°<a<45° (b) 45°<a<90°

diagram of the variation in

the amplitudes of the two E,
orthogonally-polarized laser

components in the 7-QWP

modulated laser field with .
a0°<a<45°andbdsc<a  \LASE' |
<90°

region. On the other hand, when 45° < o < 90°, if the ionization process occurs within
the stronger component, only a small portion (violet region) of the weaker compo-
nent of the pulse can contribute to the coupling process. Therefore, even though the
laser fields in the two o ranges shown in Fig. 2.15a and b have the same ellipticity,
the relative amplitudes of Ex and Ey is opposite in the two cases, leading to the
different strengths of the X>% g+-A2Hu coupling after the ionization of N, and thus
the different 391.4 nm lasing intensities.

2.5 Summary

In summary, we have investigated the N,* lasing actions induced by intense
laser fields, and presented indirect and direct experimental evidences for the post-
ionization optical coupling in N,* in intense laser fields by modulating the polariza-
tion state of the pump pulse, as well as by using pump-probe methods. We demon-
strated that the N, * lasing at 391.4 nm, corresponding to the BZ,* (v = 0)-X?Z,*
(V" = 0) transition, is strongly sensitive to the polarization state of the rear part of
the pump laser pulse, and contributed it to the efficient population transfer from the
ground X?Z,* (v = 0) state to the first excited A’ state of N,*.

By using pump-probe methods, we further showed that the vertical transition
between the X, X,* and A2T1, states of N,* are sensitive to the polarization direc-
tion and the energy of the resonant coupling pulse. In addition, by introducing the
broadband coupling pulse, we were able to show the optical transitions between
different vibrational levels of the X*X,* and A’I1, states by Fourier transforms of
the lasing intensity oscillations observed in the temporal domain.

With the knowledge of the balance between the ionization of N, and the coupling
of N,* in the elliptically polarized pulse, we showed the optimization of N,* lasing
at 391.4 nm by changing the temporal separation between the two perpendicular
polarization components and their relative amplitudes by using multi-order QWPs.
We also revealed that the N,* lasing at 427.8 nm, corresponding to the B2X,* (v
= 0)-X22g+ (V" = 0) transition, cannot be well manipulated by modulating the
polarization state of the rear part of the laser pulse. We have convincingly explained
the different ellipticity dependence on the two N, lasing lines at 391.4 and 427.8 nm
by the post-ionization coupling model.
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The results presented in this chapter provide reliable evidences for understanding

the N,* lasing mechanism, based which the optimization of intense N,* lasing can
be realized, which will benefit for the promising application of air lasing in a variety
of fields such as remote sensing and standoff spectroscopy.
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