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Multiphoton Resonance Meets Tunneling Ionization: High-Efficient Photoexcitation
in Strong-Field-Dressed Ions
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Tunneling ionization, a fascinating quantum phenomenon, has played the key role in the development of
attosecond physics. Upon absorption of a few tens of photons, tunneling ionization creates ions in different
excited states and even enables the formation of population inversion between ionic states. However, the
underlying physics is still being debated. Here, we demonstrate a significant enhancement in the efficiency
of multiphoton excitation when ionization of neutral molecules and resonant excitation of ions coexist in
strong laser fields. It facilitates the dramatic increase in population inversion and lasing radiation in N
around 1000 nm pump wavelength. Utilizing the ionization-coupling theory, we discover that the
synergistic interplay between tunneling ionization and multiphoton excitation enables the ionic coherence
to be maximized by phase locking of the periodically created ionic dipoles and consistently maintain an
optimal phase for the follow-up photoexcitation. This Letter provides new insights into the photoexcitation
mechanism of ions in strong laser fields and opens up a route for optimizing ionic lasing radiations.
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Photoexcitation and photoionization are the well-
known fundamental processes of laser-matter interaction.
Photoexcitation mainly involves transitions of electrons
from ground states to excited states, while photoionization
leads to the breakdown of atoms with electrons ejected. In
most cases, they are regarded as two independent processes
and manipulated separately by adjusting laser parameters.
However, in the strong-field regime, the outermost elec-
trons readily escape from the distorted potential barrier at
the instant of light field oscillation [1], leading to the
creation of extreme nonstationary ionic states that trigger
attosecond correlated electron-hole dynamics [2—4]. Along
with tunnel ionization, photoexcitation of ions also prob-
ably takes place and plays an important role. The relevant
investigations on the quantum many-body systems have
aroused extensive interest in the past few decades [5-11].

Recently, some studies have demonstrated the interplay
of strong-field ionization and excitation. Sabbar et al.
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revealed the influence of polarization on the attosecond
dynamics of tunneling ionization with a few-cycle laser
pulse [12]. Zhang et al. demonstrated that the instantaneous
ionization injection enhances the ionic excited-state popu-
lation [13]. The combination of strong-field ionization and
multiphoton processes can even change the optical radia-
tion properties of bound-bound transitions [14]. Moreover,
recent studies on N3 lasing mechanisms indicate the ionic
photoexcitation is indispensable for inducing a net optical
gain [13,15-18], since the ionization alone hardly induces
population inversion in the ionic system [19,20]. Very
recently, Yuen et al. studied the contribution of tunneling
ionization coherence to single ionization and sequential
double ionization [21]. All these studies confirm that
tunneling ionization and photoexcitation cannot be con-
sidered independently.

In this Letter, we study the joint contribution of tunneling
ionization and multiphoton resonant excitation to the
ionic population redistribution by measuring N3 lasing
as a function of pump wavelengths. The experimental and
theoretical results substantialize that the population in the
ionic excited state reaches maximum around the 1000 nm

© 2024 American Physical Society
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(a) Schematic of the experiment setup. (b) The typical emission spectra measured at different pump wavelengths. (c) Energy-

level diagram used to describe ionization and photoexcitation in a strong laser field. (d) Schematic illustration of physical mechanism of
high-efficient photoexcitation in the strong-field-dressed ions when tunnel ionization and TPR coexist.

wavelength. We reveal that the high-efficient excitation at
the optimal wavelength is the result of synergistic interplay
between tunneling ionization and photoexcitation. The
periodic ionization injection at the peaks of the oscillating
electric field induces ionic dipoles periodically and endows
them with the optimal phase for photoexcitation. The
resonance of the pump laser with field-dressed ionic states
enables the optimal buildup of ionic coherence due to phase
locking and constructive interference of dipoles born at
different moments. Therefore, compared with the individ-
ual contribution of ionization or multiphoton excitation, the
ionic excited-state population is enhanced by nearly 1 order
of magnitude when the two effects coexist.

Compared with previous studies [12—18,21], this Letter
emphasizes the crucial role of ionic coherence and phase
matching between the ionic dipole and the driver laser in
the photoexcitation, and further reveals the interplay of
tunneling ionization and multiphoton resonance by the
subcycle dipole phase analysis. Moreover, the tunnel
ionization restricts the ionic photoexcitation starting near
the pump pulse peak. Such an ionization gate further
promotes excitation efficiency, and manifests uniqueness
of the strong-field-dressed ionic system. Three-photon Rabi
oscillation takes places in such a quantum system, which
has been rarely reported. This Letter sheds new light on
multiphoton excitation in strong laser fields, and provides
critical guidance for optimizing ionic lasing and extending
its applications.

The experiments were performed with a wavelength-
tunable pump pulse and an external seed pulse, as shown in
Fig. 1(a). The pump pulse with a tunable wavelength from
850 to 1070 nm was generated by frequency doubling
of the idler beam from an optical parametric amplifier.

The seed pulse was provided by frequency doubling of the
800 nm laser. The pump and seed beams with the
perpendicular polarization were combined by a dichroic
mirror and then were collinearly focused into the nitrogen
gas chamber using an f = 10 cm lens. The pump energy
was measured before the dichroic mirror with nearly the
same transmission at different pump wavelengths. The
pump intensity was calculated with the assumption of linear
propagation, which is overestimated due to the neglected
plasma defocusing and transmission loss. The pump-seed
delay was individually optimized in different pumping
conditions, ensuring generation of the strongest NJ  lasing
at each pump wavelength. After filtering, the signal was
fully collected into a spectrometer, and a polarizer was used
to suppress the signal produced by the pump alone.
Experimentally, the focused intensities of pump lasers at
various wavelengths were kept nearly the same by con-
trolling the incident energy, according to the measured
pulse durations and focused radii. As illustrated in
Fig. 1(b), the spectral lineshapes of seed pulses vary from
absorption to strong emission while tuning the pump
wavelength. The seed pulse is significantly amplified at
the 990 nm pump wavelength, giving rise to strong N
lasing radiation at 391.4 nm, which is ascribed to the
transition between B2L; (v” = 0) and X% (v = 0) of N3 .
Figure 1(c) shows the corresponding tunnel ionization and
photoexcitation processes in the optimal pumping condi-
tion. Along with the tunnel ionization, one-photon reso-
nance (OPR) and three-photon resonance (TPR) occur
among the strong-field-dressed ionic states, resulting in
high-efficient photoexcitation. The physical mechanism is
shown in Fig. 1(d) and will be discussed later. As seen in
Fig. 1(b), remarkable Fano lineshapes appear at some
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FIG. 2. (a) The amplification factor of seed pulses in the 40-
mbar nitrogen gas as a function of the pump wavelength at
different intensities. (b) The dependence of N3 lasing pumped by
the 800 nm and 990 nm lasers on the pump energy. Solid curves
are numerical fits of experimental data to guide the eyes.

wavelengths, which arise from the interference between the
seed pulse and seed-stimulated N lasing radiation. Since
the pump pulse does not introduce an additional phase to
the lasing radiation, only the relative strength between N3
lasing and the seed changes with the pump wavelength.
Thus, the Fano lineshape becomes asymmetric with the
enhanced N; lasing. These results indicate that the pop-
ulation distribution in the two ionic states strongly depends
on the pump wavelength.

To characterize the amplification capability of N5
prepared by different pump lasers, we investigated the
amplification factor, defined as the ratio of the spectral
intensity of N lasing to that of the seed at the 391.4 nm
wavelength, as a function of pump wavelength. As shown
in Fig. 2(a), amplification was observed over a broad range,
and the amplification factor gradually increases with the
pump intensity. For all measured intensities, the maximum
gain appears near 1000 nm. When the intensity increases
from 6 x 10 W/cm? to 8 x 10'* W/cm?, the optimal
wavelength shifts from 1003 nm to 990 nm. However, it
remains constant with further increasing intensity. The
amplification factor exceeding 300 is experimentally
achieved in the 990 nm, 1.2 x 10'> W/cm? pumping case.

In previous studies, the 800 nm laser was commonly
utilized to study Nj lasing [15-17,22-25]. Figure 2(b)
shows the dependence of N lasing intensity on the pump
energy in the 990 nm and 800 nm pumping cases when the
gas pressures were 40, 70, and 120 mbar. Considering the

spatial difference of incident 800 nm and 990 nm lasers,
the 800 nm laser was focused by an f = 15 cm lens to
ensure nearly the same focal spot with that of the 990 nm
laser. We can clearly see that Nj lasing begins to grow
rapidly around the energy of 120 pJ for the 990 nm
pumping, while the significant increase occurs near
600 pJ for the 800 nm pumping, as indicated by red
arrows. Thus, the lasing threshold with the 990 nm pump
laser is merely 1/5 of that with the 800 nm laser. At the
gas pressure of 70 mbar, the seed is amplified by nearly
400 times in the 990 nm, 280 pJ pumping case, whereas the
gain has not been established by the 800 nm laser with the
comparable energy. These results demonstrate obvious
advantages of the 990 nm pumping.

To interpret the experimental results, we simulate N5
population with the ionization-coupling model [13,14],

der . dP:,ry dp:try n'v
=i+ (B) ()
dt dt ionize dt decay

(1)

Here, p* denotes the density matrix of N, and H(¢) is the
Hamiltonian, n(n’) represents X°Z;, A41, and B*% states
(abbreviated as X, A, and B), and v(v/) represents vibra-
tional states (v,2/ = 0 ~4). The terms on the right side of
Eq. (1) sequentially represent the laser-ion coupling,
transient ionization injection, and decay process, respec-
tively. To mimic experimental conditions, we set the pulse
duration to 60 fs and the dephasing time to 1 ps for all
transitions in the simulations, and assume the angle
between the molecular axis and the laser field as 45°.

The intensity of seed-amplified lasing at 391.4 nm is
mainly determined by the population difference between
B(t/=0) and X(v=0), ie, An=pl; s —P,oxo-
Figure 3(a) shows the calculated An as functions of the
pump wavelength and intensity. The maximum gain
appears near 1000 nm. In the strong-gain region, An is
strongly modulated with the change of pump laser param-
eters, and its value depends on the end phase ¢ of the three-
photon Rabi oscillation. Thus, three gain channels basically
match with the results of three-photon Rabi oscillation,
as indicated by red, magenta, and blue lines [26]. It actu-
ally arises from TPR of the pump laser with the field-
dressed B(v =0) —X(v=0) transition, i.e., @pg xo = 3wy,
where @p(xo is the cycle-averaged maximum transition
energy and @ is the pump laser frequency. Multiphoton
Rabi oscillation is rarely explored as it is much weaker than
one-photon Rabi oscillation [29,30]. Ions can withstand
stronger lasers than neutral molecules, thereby enabling the
study of multiphoton Rabi oscillations.

Figure 3(b) represents the quantitative relation between
An and the pump wavelength. It can be seen that the
population inversion begins to appear near 1050 nm at the
intensity of 1.5 x 10'* W/cm?, and then gradually extends
to shorter wavelengths as the pump intensity increases.
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(a) The calculated population difference between B(v” = 0) and X(v = 0) states as functions of the pump wavelength and

intensity. The red, magenta, and blue lines indicate the three-photon Rabi oscillation ending at ¢ = 7, 37, and 57z, respectively. Black
dash-dot line indicates the gain channel of TPR given by @gg xo = 3w. (b) The population difference versus the pump wavelength at
three typical pump intensities. (c) The dependence of population difference on the intensity for the 800 nm and 1000 nm pumping cases.

When the intensity reaches 2.5 x 10'* W /cm?, population
inversion can be established in a broad range, with a gain
peak appearing near 1000 nm. Numerical calculations
are in reasonable agreement with experimental results,
although there are quantitative differences. Figure 3(c)
compares the pump-intensity dependences of An for the
800 nm and 1000 nm pumping cases. The pump intensity
required for population inversion is much lower for the
1000 nm pumping, which well explains the experimental
observations in Fig. 2(b). It is noteworthy that although the
simulation results shown in Fig. 3 do not include the ionic
rotation, they still reproduce the main features of exper-
imental results. We also performed simulations with the
model including rotation, and obtained similar results [26],
suggesting that the ionic rotation is not important here
compared with previous studies [31,32]. In addition, propa-
gation effects are not considered theoretically, which could
be the main reason for the quantitative differences between
theoretical and experimental results. Experimentally, the
influence has been minimized by ensuring similar focal
volumes of various wavelengths and choosing relatively low
pressures.

To uncover the physical mechanism of enhanced pop-
ulation inversion near 1000 nm, we further calculated the
state-resolved population as a function of the pump wave-
length at the intensity of 2.5 x 10'* W/cm?. As shown in
Fig. 4(a), the population in X(v =0) state decreases
significantly over a broad pump wavelength range, which
can be attributed to OPR excitation from X(v =0) to

multiple vibrational levels of A state [26]. In addition, the
population in B(¢ = 0) state shows a pronounced peak
around 1000 nm, which approximately matches with the
three-photon Rabi oscillation. Surprisingly, TPR excitation
is very efficient and even prevails over OPR excitation from
X(v=0) to A(t = 0) around the TPR wavelength.

To gain a deeper understanding for high-efficient TPR
excitation, we compared the population evolution of the
B(v” =0) state in four cases, i.e., considering only
ionization, only TPR, and ionization-coupling (IC) with
or without TPR. The 800 nm laser is used for the case of IC
without TPR, whereas the 983 nm laser is used for other
cases. As illustrated in Fig. 4(b), when merely considering
ionization or TPR, only 3.2% and 0.7% ions are excited to
B(v" = 0) state, respectively. The simultaneous involve-
ment of ionization and coupling substantially improves the
population of B(¢” = 0) (blue line) due to ionic instanta-
neous polarization [13]. The TPR and ionization injection
coexist at the 983 nm wavelength. In this case, the
population of B(¢” = 0) continually grows within the laser
field and finally reaches 32.2% (red line), which is nearly 1
order of magnitude higher compared with the case con-
sidering only TPR or only ionization. These results indicate
that high-efficient excitation originates from the interplay
of ionization injection and TPR.

To elucidate the interplay of the two effects, we analyzed
the phase matching between the ionic dipole Dy x( and the
laser field E(¢) in Fig. 5. Since the excitation rate is
proportional to Im(Dgg xo)E(?) [33], the phase matching
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FIG. 4. (a)The populationin X(v=0), A(/ =0),and B(z" =0)
states as a function of the pump wavelength. The red dashed line
and magenta dash-dot line indicate the three-photon Rabi oscil-
lation ending at ¢ = x and 3z, respectively. (b) The population
evolution of the B(¢” = 0) state in different cases. The dashed line
denotes the electric field envelope. The shaded region indicates the
time window of phase analysis in Fig. 5.

between them determines the photoexcitation efficiency
and direction of population transfer. When the phase
difference A¢ falls in the region of [0,7/2], N5 will be
pumped to the excited state. For the case of A¢ € [7/2, ],
the opposite transition occurs.

We first compare the evolution of ionic dipoles in the
983 nm and 800 nm pumping cases to clarify the con-
tribution of TPR, as shown in Figs. 5(b) and (c). Along with
the periodic injection of ions, the ionic dipoles are
periodically created, as shown by the blue, green, and
purple curves. When TPR coexists with ionization injec-
tion, the dipoles born at different instants possess the same
phase. The phase locking not only facilitates the optimal
buildup of ionic coherence, but also provides it the optimal
phase for the photoexcitation from X(v = 0) to B(v” = 0),
which can be understood by the phase analysis in Fig. 5(b).
In region I, A¢ mainly varies in the 0 ~ /2 range, enabling
the increase of excited-state population. In region II, the
contrary process occurs. Since in-phase oscillation of
Im(Dggxo) and E(¢) lasts for longer time, the excitation
is always more efficient than the de-excitation, enabling the
net increase of excited-state population within each half
period. At the 983 nm wavelength, the phase locking can
remain nearly ten cycles. The large ionic dipole carrying the
optimal phase leads to continuous growth of population in
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FIG.5. (a) The calculated population dynamics of the B(v” = 0)
state. The evolution of ionic dipoles created at different moments at
the pump wavelength of (b) 983 nm and (c) 800 nm when the
ionization injection is included. For comparison, the result in the
only TPR case is shown in (d).

B(v" = 0) state, as illustrated by the red curve in Fig. 5(a).
At the 800 nm wavelength, the ionic dipoles created at
different moments exhibit random phases due to the absence
of TPR, as illustrated in Fig. 5(c). In this case, the ionic
coherence cannot be efficiently established and maintain the
optimal phase with the driving laser, thereby rendering the
photoexcitation less efficient.

The ionization injection is also crucial for promoting
ionic excitation. If only TPR is considered, as illustrated in
Fig. 5(d), the induced ionic dipole has accumulated a
certain phase when the TPR takes place, making it difficult
to own an optimal phase for photoexcitation. The com-
parative analysis indicates that the cooperation of tunneling
ionization and multiphoton resonance greatly enhances the
ionic excited-state population. It can be attributed to
optimal buildup of ionic coherence and phase matching
of the ionic dipole and the driver laser. The physical
mechanism 1is briefly illustrated in Fig. 1(d). Moreover,
the highly nonlinear dependence of tunneling ionization
on the laser field strength helps the photoexcitation truncate
the strong and slowly varying laser field, which is benefi-
cial to improve the efficiency of TPR. These effects rarely
take place in neutral atoms or molecules, thus showing
advantages of ionic system prepared by strong laser fields.
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In summary, we experimentally demonstrated that the
optical gain can be achieved in N3 across a broad range of
pump wavelengths, while the maximum gain is located
near 1000 nm rather than 800 nm. The theoretical simu-
lation reproduces experimental results, and reveals that the
enhanced population inversion is attributed to the syner-
gistic interplay of ionization injection and three-photon
resonance. Their simultaneous involvement makes the
ionic excited-state population be nearly 1 order of magni-
tude higher compared to their individual contribution. The
subcycle analysis on ionic dipoles shows that when multi-
photon resonance meets tunneling ionization, ionic coher-
ence is maximized by phase locking of the periodically
created ionic dipoles, and carries an optimal phase for
follow-up photoexcitation. The optimal buildup of ionic
coherence facilitates continuous, high-efficient population
transfer from the ionic ground state to the excited state. This
work uncovers a new photoexcitation mechanism, which is
universal for ionic systems prepared by strong laser fields.
The high-efficient excitation scheme opens up great oppor-
tunities for generating air lasing by using compact fiber
lasers due to the dramatic decrease of lasing threshold.
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