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Fig. 1 Intersection of strong-field physics and quantum optics. Left panel: two-photon Rabi oscillation driven
by a femtosecond laser field; right panel: typical multiphoton resonant excitation in a strong field, where the
excitation energy increases linearly with the laser intensity
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Fig. 2 Multi-electron, multi-degree-of-freedom quantum evolution dynamics and the associated emission in a
strong field, illustrated with the nitrogen molecule
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Fig. 3 Novel coherent emission induced by strong-field-driven molecular ionization, dissociation and
excitation (adapted from Refs. [11,34,37,40])
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Fig. 4 Ion-photoelectron entanglement induced by strong-field tunneling ionization and its coherent evolution
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Fig. 5 Vibrational excitation caused by the internuclear-distance-dependent ionization depletion and by bond
softening (adapted from Ref. [65])
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Fig. 6 Temporal evolution of the hole density created by sub-cycle strong-field ionization [85]
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Fig. 10 Ionization-coupling model. (a) Nitrogen molecules are continuously ionized within the strong laser
pulse, and the resulting ions keep coupling to the subsequent laser field, which couples the vibrational-
rotational wave packets associated with the three electronic states of N2*; (b) attosecond pulses are used to
probe the K-edge absorption of nitrogen molecules, diagnosing the quantum coherence of the valence-electron
wave packet (adapted from Refs. [12,42])
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Abstract Intense ultrashort laser fields can prepare quantum coherence and multi-body
entanglement in atoms and molecules on a sub-cycle timescale by combining
broadband excitation with resonant coupling. Unlike conventional quantum optics,
where coherence is built through the resonant interaction of weak narrowband light
with atoms, here the coherence is created in an open, nonequilibrium system that
undergoes ionization and radiates while the driven process is still under way. This
review surveys the emerging field of strong-field quantum optics, covering the creation,
diagnosis and application of such coherence. Five elementary processes are analyzed as
sources of strong-field coherence: ionization and excitation that leave the ion in a
superposition of electronic states, vibrational and rotational wave-packet formation in
molecules, nonadiabatic coupling that redistributes coherence among electronic and
nuclear degrees of freedom, entanglement between the photoelectron and the parent ion,
and multi-electron coherence that initiates charge migration. These processes give rise

to novel coherent emissions, including N2+ air lasing, ultraviolet supercontinuum



radiation and free induction decay. The gain mechanism of N2+ air lasing remains
controversial, and competing scenarios including population inversion, lasing without
inversion, superradiance and post-pulse free induction decay are compared. We present
an ionization-coupling theoretical framework that treats strong-field ionization and
subsequent laser-ion coupling on the same footing, and discuss the challenges of
extending it to many-electron, multi-degree-of-freedom open systems and to collective
emission. On the experimental side, multidimensional spectroscopy, attosecond
transient-absorption spectroscopy and photoelectron momentum spectroscopy are
reviewed as state-resolved probes of coherence dynamics. Finally, the unique properties
of air lasing and its potential applications in remote sensing, trace-gas detection and
combustion diagnostics are discussed. Realizing air lasing as a practical radiation
source with controllable temporal, spectral and spatial properties requires improving
the output brightness and suppressing the supercontinuum background generated during

filamentation.

Keywords strong-field quantum optics, quantum coherence, air lasing, attosecond

pulses



