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Abstract: Light is used to modify and control properties of quantum systems in many areas of physics, with textbook examples such as 

electromagnetically induced transparency and recent advances in photonics such as the generation of slow light or bright coherent XUV 

and X-ray radiation. Particularly unusual quantum states can be created by light fields with strengths comparable to the Coulomb field 

which binds valence electrons in atoms: the states describe a nearly free electron oscillating in the laser field yet still loosely bound to the 

core [1,2]. We demonstrate that such states can arise not only in isolated atoms, but also in gases, at and above atmospheric pressure, 

guiding intense laser pulses, where they can act as a gain medium. The gain is created within just a few cycles of the guided field. The 

corresponding emission yields signatures of these unusual states, demonstrating a general, new, ultrafast gain mechanism during laser 

filamentation. 
  

Since the late 1980s, it has been speculated that when an 

atom or molecule interacts with an intense light field, 

whose strength substantially exceeds the ionic Coulomb 

attraction, new and surprisingly stable states of a hybrid 

quantum system “atom + intense light field” can be 

formed [1]. Yet it took three decades before the exis-

tence of such states was indirectly inferred from experi-

ments [2], showing the ability of isolated neutral atoms 

to survive laser intensities as high as I~10
15-16 

W/cm
2
. 

 

But are such unusual stable states really exotic? Can 

they also form in gases at ambient conditions, at 

intensities well below 10
15-16 

W/cm
2
? After all, for 

excited electronic states bound by a few eV, the laser 

field overpowers the Coulomb attraction to the core 

already at I~10
13-14

 W/cm
2
. If this is the case, would 

these states, also known as the “Kramers-Henneberger 

(KH) states” [3], manifest inside laser filaments [4]? 
 

The formation of the KH states should modify both real 

[5] and imaginary parts [6] of the refractive index of a 

laser-driven system. While their response is almost free 

electron-like, they do form discrete states and lead to 

new resonances. Qualitatively, these resonances can be 

understood as Stark-shifted field-free states, with 

stability against ionization being their key distinguishing 

feature. Crucially, at sufficiently high intensities theory 

predicts the emergence of population inversion in the 

higher Rydberg states relative to the lowest excited 

states [7]. This inversion reflects the increased stability 

of the KH states and is the signature of the transition 

into the stabilization regime. If the inversion were 

created inside a laser filament, it would lead to 

amplification of the filament spectrum at the transition 

frequencies between the stabilized states, both during 

and after the pulse. 
 

Currently, lasing during laser filamentation in air is an 

active research field. However, neither lasing in atomic 

gases, nor observation of the KH-type states in 

filaments, nor an evidence of lasing among them were 

reported.  
 

Here we show that such amplification can indeed be 

directly observed, with characteristic spectral features 

revealing gain both during and after the pulse. Lasing is 

achieved and controlled in a laser filament initiated by 

shaped laser pulses tailored with few-cycle resolution.  
 

 
 

Figure: Simulated absorption spectra of Ar atom dressed by a 

strong IR pulse. Negative absorption signifies gain, positive  loss. 

(a) Frequency-resolved absorption during the IR pulse for a peak 

intensity of the dressing IR field of 0.5∙1014 W/cm2  (blue), 

I=0.9∙1014 W/cm2 (red), 1.4∙1014 W/cm2 (orange), 1.9∙1014 W/cm2 

(green), 2.2∙1014 W/cm2 (cyan). Panels (b)-(d): Time and frequen-

cy resolved absorption profiles for a Gabor window of T=500 a.u. 

and intensities of (b) 1.4∙1014 W/cm2, (c) 1.9∙1014 W/cm2, and (d) 

for a Gabor window of T=1000 a.u. and I=1.9∙1014 W/cm2.  
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