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Coupling of N5 rotational states in an air laser from tunnel-ionized nitrogen molecules
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We report on experimental and theoretical investigations of dynamic evolution of individual R-branch laser
lines from tunnel-ionized nitrogen molecules based on a pump-probe scheme. Our observation shows that the
intensities of the R-branch laser lines exhibit rapid oscillations which can be decomposed into periodic oscillations
at different frequencies. The oscillations can be attributed to the coupling between the rotational quantum states
mediated either by the probe pulses or by the P-branch laser emission from the molecular ions.
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I. INTRODUCTION

Recently, free-space lasers generated during femtosecond
laser filamentation in nitrogen gas have attracted considerable
attention [1-5]. The nitrogen lasers not only provide new
opportunities for remote sensing in ambient air, but also extend
the territory of strong field molecular physics [6—8]. In general,
the nitrogen lasers can be categorized into two groups, i.e., one
operated at 337-nm wavelength (corresponding to C3T1, —
Bl ¢ transition) in neutral molecules and the other operated
at wavelengths such as 391 nm, 428 nm, etc. (corresponding
to B*%; — X?>X transitions) in nitrogen molecular ions.
So far, the pumping mechanism of the molecular nitrogen
lasers at 337 nm has been identified, which is attributed to
the collisional excitation between electrons and molecules
[9,10], whereas the mechanism behind the molecular ion laser
of nitrogen is still under hot debate. Several models have
been proposed to interpret the physics of such air lasers,
including stimulated emission based on seed amplification
in a population-inverted system, four-wave mixing, and seed-
triggered super-radiance, etc. [11-15]. In particular, Kartashov
et al. recently proposed that the different rotational periods of
aligned molecular ions on the ground and excited electronic
states can lead to transient laser gain and thus the creation of
bright narrow-bandwidth coherent UV emissions in suitable
time windows [15]. Nevertheless, these models have been
neither deterministically confirmed nor widely accepted.

Recently, Zhang et al. observed that the rotational coher-
ence of the molecular ions can encode its characteristics into
the air laser [16]. The coherent rotational wave packet of
the molecular ions was achieved either by ionization-induced
alignment [17] or by Raman-type interaction of the pump
laser with the molecules [18], or a combination of the two.
Motivated by this finding, Zeng et al. further investigated
the ultrafast dynamics of the rotational coupling in the
lasing action by carrying out frequency-resolved pump-probe
measurements of the laser lines corresponding to R-branch
transitions (AJ = —1) and discovered that the laser lines show
a fast oscillation [19] which can be ascribed to the quantum
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beat between two adjacent rotational states |J) and |J + 2)
in the rotational wave packet. In the current work, we carry
out a more systematic investigation of the unusual behavior in
the pump-probe measurement of the individual laser lines cor-
responding to R-branch transitions (AJ = —1) and analyze
the result by theoretical simulations. Specifically, we show
that at high pump laser intensities, the evolution of the laser
signal from an individual rotational state J can show complex
behaviors due to the contribution from the coupling of the
rotational states which are far away from the rotational states
of J, J-2, and J+2. Our analysis reveals that the probe pulses
act as not only a seed that triggers the stimulated amplification,
but also a redistributor of rotational sates of the molecular wave
packet initially aligned by the intense pump pulses.

II. EXPERIMENTAL SETUP

The pump-probe experimental setup is shown in Fig. 1.
The femtosecond laser pulses (1 kHz, 800 nm, ~40 fs) from
a commercial Ti:sapphire laser system (Legend Elite-Duo,
Coherent, Inc.) were split into two paths with a 50% beam
splitter. The first beam serving as the pump was focused by
a 30-cm focal-length lens into a vacuum chamber filled with
nitrogen gas at a pressure of 3 mbar to align and ionize the
nitrogen molecules. The other beam, after being frequency
doubled by a 0.2-mm-thick B-barium borate crystal, was used
as the probe to stimulate the coherent laser emissions. A
Glan-Taylor prism was put in the probe-beam path to ensure
that the probe pulse was linearly polarized. Besides, a half
wave plate was inserted in the pump-beam path to control the
polarization direction of the pump pulse, which was set to
be parallel to that of the probe pulse in our experiment. The
time delay between the pump and probe pulse was controlled
by a motorized linear transitional stage with a temporal
resolution of 16.7 fs. The generated coherent emissions were
collimated by a 30-cm focal-length lens and then recorded by
a 1200-grooves/mm grating spectrometer (Andor Shamrock
303i) with a spectral resolution of 0.06 nm.

III. EXPERIMENTAL RESULTS

We first examine the laser emission at 391 nm [i.e.,
BT =0) - X’T}(v=0)] generated by collinearly
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FIG. 1. (Color online) Schematic diagram of the experimental
setup. BS: beam splitter; GT: Glan-Taylor prism; DM: dichroic mirror
with high reflectivity at ~400 nm and high transmission at ~800 nm;

HWP: broadband half wave plate at ~800 nm; filter: neutral density
filter.

focusing a 2-mJ, 800-nm pump pulse and a time-delayed
400-nm probe pulse into the gas chamber containing 3 mbar
nitrogen gas. The results are shown in Fig. 2, which is
consistent with our previous observation [19]. Figure 2(a) is
a typical forward lasing spectrum and the inset is a close-up
view of R-branch lasing lines (indicated in the box) from the
individual rotational quantum number J labeled on each peak.
The R-branch lasing intensities from the individual rotational
state J as a function of the time delay between the pump and the
probe pulses are plotted in Fig. 2(b), in which a fast oscillation
and a slow oscillation are clearly observed. Figure 2(c) shows
the Fourier transforms of the curves in Fig. 2(b). We can see
that the frequencies of the fast oscillations increase with the
increasing rotational quantum number J, as indicated by the
red dashed line, which can be well reproduced by the equation
Qp = (4J — 2)Bgc, where Bgp is the rotational constant of the
electronic states B> X" of Not. There are also other frequencies
Qx = (4J + 2)Byxc, as indicated by the black dash-dotted
line in Fig. 2(c), where By is the rotational constant of the
electronic states X 22; of N5+.

When the pump energy was increased to 2.4 ml], the
R-branch lines of the nitrogen ion laser originating from
multiple J states can be observed with the highest rotational
quantum number J = 29, as shown in Fig. 3(a). From
Fig. 3(b), we can see that besides the frequency (4J — 2)Bgc,
more frequency components such as (4J — 10)Bgc and
(4J 4+ 6)Bpgc appear in the time-dependent lasing lines of
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FIG. 3. (Color online) (a) The forward lasing spectrum of R-
branch transitions at a pump energy of 2.4 mJ. (b) The Fourier trans-
forms of time-dependent lasing intensities of R-branch transitions.

the individual rotational state J. Surprisingly, Fig. 3(b) also
shows an unexpected difference compared with the result in
Fig. 2(c). For each individual rotational state J, the lasing
emission intensities are modulated not only at the frequency
(4J — 2)Bgc which increases linearly with increasing J as
indicated by the red dashed line, but also at a new frequency
which decreases linearly with the increasing J value, as
indicated by the black dash-dotted line. The red dashed and
black dash-dotted lines form an “X” structure in the Fourier
transform spectrum. We find that the two arms of the “X”
structure can be well fitted with the expressions (4J — 2)Bgc
and [4 x (26 — J) — 2] Bgc. In the following, we discuss the
physics behind the “X” structure.

IV. THEORETICAL ANALYSIS AND DISCUSSION

For a diatomic molecule, an eigenstate of the molecule
in a field-free condition can be denoted as |J;,M;), where J
is the rotational angular momentum and M is its projection
onto the z axis. When the pump 800-nm pulse interacts with
the molecule, the initial state |J;,M;) will evolve into the
superposition of a series of coherent states|J’, M;), which can
be expressed with a general form as follows:

WD) =) Ape'®re 1T M),
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FIG. 2. (Color online) (a) A typical forward lasing spectrum based on the pump-probe configuration. The inset is a close-up view of the
R-branch transition, and the numbers label the rotational levels of molecular ions on the excited state. (b) The lasing intensities of each
individual rotational state J of the R branch as a function of time delay between the pump and probe pulses. (c) The Fourier transforms of the

corresponding curves in (b).
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where A, and ¢, are the amplitude and the phase of the
transition from |J;, M;) to |J',M;), E; is the eigenenergy of
the state |J',M;), and ¢ denotes the time after the interaction
of the molecules with the 800-nm pump pulse.

Later on, upon the arrival of the probe pulse, the state
|J’,M;) will experience a transition to the final state |J, M;)
after interacting with the 400-nm probe pulse, and the
modulated rotational wave packet can be expressed as [20-22]

(WD) =D Py (e B0 M;), )
J

PJ,J[(‘[) — Z BJ,ei(ﬂ.//eiiE_//TAJ,eifﬁ_l/’ (3)
-

where 7 denotes the time delay between the 400-nm probe
pulse and the 800-nm pump pulse, B, and ¢, are the
amplitude and the phase of the transition from |J/,M;)
to |J,M;) induced by the 400-nm pulse. The population
of the rotational eigenstate for |J,M;) after the interaction
corresponds to |P‘],]i(l')|2:

|Pj,]i(t)|2 = Z A]’A]”B]/B]H
J,J"

x cos[(Ey — Ep)T + @y g0 + @y gr]. (4)

From Eq. (4), we can learn that the final state |J,M;)
originated from different intermediate states |J’,M;) and
|J”,M;) and has a phase difference Ay j» = (E; — Ejn)T +
¢y .j» + @y yr; thus these two channels will interfere with
each other. In our experiments, the intensity of the 400-nm
pulse is very low; hence the high-order rotational couplings
such as |J) < |J + 4) can be ignored and only the rotational
couplings of |J) < |J +2) and |J) < |J — 2) need to be
taken into consideration. Thus we have

|PJ,J,»(T)’2 = ZAJAJ+2nBJBJ+2n
n

X COS(Awy, 7420 T + Gy 420 + ©1,7420),
n=0,=+1, 5

where Awy jion = Ej — Ejion, §5,0420 = ¢ — $j100, and
@7 J+2n = @5 — @ 12,. The physical meaning of |P‘]"][(T)|2 is
the probability or the population of molecules at the eigenstate
|J,M;).

For an ensemble of molecules, the probability with which
molecules stay at the eigenstate |J) should be addressed by
taking into account the thermal distribution,

Ji

Piy=>"ps Y. |Pri@},. (©)

Ji Mi=—J;

where p;, accounts for the Boltzmann weights.

The above interference can also be understood through
the rotational couplings in the rotational wave packet. As
illustrated in Fig. 4(a), the BZE;r |J) state will experience a
transition to the B>ZF|J + 2) state by emitting a P-branch
photon and then absorbing an R-branch photon through a
resonant Raman process after interacting with the 400-nm
pulse. The transition probability from | J) state to | J + 2) state
can thus be written as

Psz o COS (AwﬁHzr). @)
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FIG. 4. (Color online) The mechanisms of the modulations in the
populations (a) in the rotational level J of the excited state B>%," and
(b) in the rotational level J — 1 of the ground state X 22;.

From Eq. (7), we can see that by changing the time delay
between the two pulses, the transition probability, and thus
the probability of the molecule staying at |J) state, will vary
with the time delay at a frequency of Aa)ﬁ J4o = (4J +6)Bpc.
On the other hand, since the |J) state can also experience a
transition to the |J — 2) state by emitting an R-branch photon
and absorbing a P-branch photon, the transition probability
from the |J) state to the |J — 2) state will vary with the time
delay between the two pulses at a frequency of Awfy Jo2 =
(4J — 2)Bpc. Therefore the population of nitrogen ions on
the excited state can be expressed as

NP Zan cos (Awﬁj+2nr). ()

Since the lasing action relies not only on the population of
nitrogen ions on the excited state but also on that of nitrogen
ions on the ground state, a modulation in the population of
nitrogen ions on the ground state as a function of pump-probe
delay will also be reflected in the measured R-branch lasing
lines. Likewise, the modulation of the population of nitrogen
ions on the ground state can be expressed as

PF an cos (Aw} ;5,T). )

The population of X22;|J — 1) state will show a modu-
lation at the frequency of Aw}_, , | = (4J 4 2)Bxc due to
the coupling of |J — 1) < |J 4+ 1) and at the frequency of
Aw¥ |, 3 = (4J — 6)Bxc due to the coupling of [J — 3) <
|J — 15, as depicted in Fig. 4(b).

Since the R-branch lasing lines are produced via the
transitions corresponding to B*EF|J) — X*E}F|J — 1), the
intensity of an individual R-branch lasing line is determined by
the population difference between the excited state B2X"|J)
and the ground state X 22;|J — 1) (i.e., the population
inversion), which can be written as

AN = Np — Nx

x Zan cos (Aa)f’ﬂ_z,lr)

n

— Z b, cos (ij(—l,J—l+2n’r)' (10)

n

Hence the intensity of the R-branch laser lines will vary
not only at the frequencies of (4J — 2)Bgc and (4J + 6)Bgc
because of the population modulation of the excited state
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BZELﬂJ}, but also at the frequencies of (4J + 2)Bxc and
(4J — 6)Byxc due to the population modulation of the ground
state X*%F|J — 1). It is noteworthy that in Fig. 2 the lasing
intensity of each rotational state is primarily modulated at
the frequency components (4J — 2)Bgc and (4J + 2)Bxc.
Indeed, weak modulations at the frequency components
(4J +6)Bgc and (4J — 6)Bxc can also be observed in
Fig. 3(b) when the pump energy is set at 2.4 mJ. For nitrogen
ions, the rotational constants of the B2X | state and X 22;

state are Bg = 2.073 cm™' and By = 1.92 cm~! [23]. Since
the upper state B2X " and the lower state X 2; are coherently
populated, slow oscillations at the beating frequency of
|(4J —2)Bgc — (4J + 2)Bxc| can be observed in the time
domain, as shown in Fig. 2(b).

Remarkably, at the higher pump laser energy of 2.4 mlJ,
an unexpected oscillation at the frequency component
[4 x (26 — J) —2]Bpc clearly appears in Fig. 3(b). The
phenomenon suggests existence of efficient coupling between
|J) and |26 — J) states. We explain the physical mechanism
of such coupling as follows. First of all, we notice that at
the high pump laser intensity of 2.4 mJ, the R-branch lasing
lines originating from the rotational states of large quantum
numbers J (J > 13) and small quantum numbers J (J <
13) are of comparable intensities, as evidenced in Fig. 3(a).
Secondly, the energy of the P-branch photon can be expressed
as [24]

Ep(J) = AEyq + J(J + 1)Bgc — (J + D(J + 2)Bxc, (11)

where AE,; is the electronic energy difference between the
B2Y (v = 0) state and X Z;(v = 0) state. The wavelengths
of the P-branch photons as a function of the rotational quantum
number J are plotted in Fig. 5(a). We can see that a band head
forms at J = 13 because of the relationship By < Bp. Since
the P-branch photons from J and 26-J states have almost the
same energy, these photons are essentially indistinguishable.
Recall that in the resonant Raman scattering | J) <> |J + 2)
induced by 400-nm pulses, an R-branch photon and a P-
branch photon must be involved in the couplings of |J) <>
|J +2)and |26 — J) < |28 — J), as schematically illustrated
in Fig. 5(b). Therefore the population of the BZZI |J) state
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Ny is affected by the coupling of |J) < |J + 2), which is
proportional to the total number of P-branch photons nf ;.
As stated above, the P-branch photons from J and 26-J
states are indistinguishable because of their same photon
energy. Therefore, the P-branch photon number n 57 g4 will
be affected by the coupling of |26 — J) <> |28 — J), which
is related to the population of the B>X}|26 — J) state. The
time-varying P-branch photon number will leave its signature
in the population of the B*% j |J) state, namely, the oscillation
at the frequency of [4 x (26 — J) — 2]Bpc, as indicated by the
black dash-dotted line in Fig. 3(b). Likewise, the population
of B>%.7|26 — J) will also be affected by B>X"|J) mediated
by the same P-branch photons. Thus the population of the
B2XF|26 — J) state will vary at a frequency of (4J — 2)Bpc.

The validity of the above discussion depends on the fact
that P-branch photons from J and 26-J states are spectrally
overlapping and indistinguishable. As the wavelength differ-
ence of the P-branch photons from J and 26-J states is less
than 0.006 nm for all the J numbers, it is impossible to directly
separate these photons from their spectra because of the limited
resolution of our spectrometer (~0.06 nm). In fact, there exist
several spectrum-broadening mechanisms in plasma, such as
the thermal Doppler broadening, collisional broadening, Stark
broadening, and so on [25,26]. Estimation of the broadened
linewidth based on these effects is extremely difficult due to
the lack of precise knowledge of many important parameters,
such as the plasma density, plasma temperature, strength of the
laser field, etc. Therefore we take a different approach to make
a qualitative estimation of the linewidth of each P-branch line.
In our previous work [19], we have measured the P-branch
intensity as a function of the time delay between the 800-nm
pump pulse and the 400-nm probe pulse. The linewidth of
the P-branch lines can be estimated by performing a Fourier
transform of the curve measured in the time domain. [See
Figs. 2(a) and 2(b) in Ref. [19].] The calculated linewidth is
on the order of 0.02 nm, which is much larger than the spacing
between the wavelengths of P-branch photons from J and
26-J states (i.e., 0.006 nm, as mentioned above). Thus we
can safely conclude that the P-branch photons from J and
26-J states are indeed spectrally overlapping and essentially
indistinguishable.
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FIG. 5. (Color online) (a) The formation of a bandhead centered at J = 13 of P-branch transitions of N;" [B>Z.} (v = 0) — X> E;(v =0)].
(b) Schematic illustrations of the resonant Raman coupling processes of |J) <> |J + 2) and |26 — J) <> |28 — J). The P-branch photon of
the same photon energy involved in both the processes is indicated with the arrows.
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V. CONCLUSION

In conclusion, the R-branch laser emissions originating
from B?Z (v =0) — XZE;(U = 0) of nitrogen ions are
investigated based on pump-probe measurements. Because of
the different pump-pulse intensities used, the rotational state
distributions have been found, leading to different rotational
state coupling behaviors. At the low pump laser intensity, cou-
pling of |J) < |J — 2) states dominates, whereas at the high
pump intensities, couplings between other rotational states,
such as |J —4) < |J —2),|J) < |J +2) and |26 — J) <
|28 — J), have been observed. Our findings indicate that the
air laser spectroscopy benefits the understanding of the rich
physics behind molecular alignment in intense laser fields and

PHYSICAL REVIEW A 90, 042504 (2014)

molecular rotational coupling mediated by resonant ultrafast
laser fields. Meanwhile, the findings also shed new light on the
free-space nitrogen ion lasers generated in strong laser fields.
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