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Outline of the talk:

•  Introduction. ‘Pedestals’ of amplified light pulses. Amplified 
Spontaneous Emission (ASE).

•  Bridges between strong field physics and quantum optics.

•  The ‘n-factorial increase’ of multiphoton excitation probabilities. 
Asymmetry of absorption and emission for Bose distribution.

• Note on the RABBITT [reconstruction of attosecond beating by 
interference of two-photon transitions]

• Summary.
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Introduction. ‘Pedestals’ of amplified light pulses. Amplified 
Spontaneous Emission (ASE).
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Right Figure taken from Gérard Mourou’s presentation at ‘IZEST’ [ International Zeta-Exawatt Science and Technology. ]
Launching Workshop, Ecole Polytechnique, 28-29 November, 2011. Paris, France.

Development of very large intensity lasers based on the ‘CPA 
technique’. [ D. Strickland and G. Mourou. The Nobel Prize in Physics 2018. ] 

Laser osc.

Amplifier

Stretcher

Compressor

CPA: Chirped Pulse 
Amplification [ 1985 ]



The contrast of ultrashrt light pulses. The question of the photon statistics of the 
amplified, very-high-intensity, ultrashort light pulses. The ‘pedestal’.

Figure  2. copied from Casperson L W, Threshold 
charatcteristics of mirrorless lasers. Journal of Applied 
Physics, Vol. 48, No.1, January 1977, pp 256-262.

Remark. Amplified spontaneous emission.                               
[  Intereseting: ‘Random light jets, cosmic lasers’. ]
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Theory by Mollow and Glauber (1967) on parametric amplifiers. Or, 
see the book: Saleh B E A and Teich M C, Fundamentals of 
Photonics. (John Wiley & Sons, Inc., New York, 1991). p. 493.

Photon statistics of an amplified coherent signal: approximately 
‘thermo-coherent’

‘mirrorless laser’
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The contrast of ultrashrt light pulses. The problem of the ‘ASE pedestal’. Pulse cleaning. 
Plasma mirror (1990).
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The problem of ASE pedestal. Pulse 
cleaning with plasma mirror.

Figure  2.1 copied from Wittmann Tibor, Complete 
characterization of plasma mirrors and development 
of single-shot carrier-envelope phase meter. PhD 
dissertation (University of Szeged, Szeged, 2009).

Figure 27 copied from: Kühn S, Dumerge M, 
Kahaly S, et al 2017 ELI-ALPS facility: The next 
generation of attosecond sources. J. Phys. B. 
At. Mol. Opt. Phys. 50, 132002 (2017).
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[ Attosecond pulse generation 
with plasma mirror. ]

Contrast.



Two examples for the amplification by ‘parametric process’. 
[a two-stage OPCPA, and the ELI HR laser system, first phase. 2017.]

Upper figure: Figure 1 copied from: Schultze M, Binhammer Th, Palmer G, et al, Multi-μJ, CEP-stabilized, two-cycle pulses from 
an OPCPA system with up to 500 kHz repetition rate. 20 December 2010 / Vol. 18, No. 26 / OPTICS EXPRESS 27291.
Lower figure: Table 1 and Figure 1 copied from: Kühn S, Dumerge M, Kahaly S, et al 2017 ELI-ALPS facility: The next generation 
of attosecond sources. J. Phys. B. At. Mol. Opt. Phys. 50, 132002 (2017).

Parametric 
Amplifier



Early and some recent bridges between strong-field physics and 
quantum optics. The appearance of ‘non-classical states’; squeezing etc.
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René Magritte, The lost jockey (1926).
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Volkov states. I. Classical radiation field.
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Wolkow D M, Über eine Klasse von Lösungen der Diracschen Gleichung. Zeitschrift für Physik 
94, 250-260 (1935). [Application to strong-field and multiphoton processes: from ~1960..]

Jacobi–Anger formula;

Multiphoton side-bands
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Classical radiation field. Mathieu–type solutions. )/( cyntxk m  
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Disposable parameter; 
band structure

Fundamental 
parameter.

[ Figure taken from Arscott F M, Periodic differential equations (Pergamon Press, Oxford, 1964) p.123. ] . Nikishov & Ritus 
(1967), Nikishov (1970), Narozhny & Nikishov (1974), Dielectric. Becker (1977), Fedorov, McIver … FEL theories. PLASMA: 
[A] Varró S, New exact solutions of the Dirac equation of a charged particle interacting with an electromagnetic plane wave in a 
medium. Laser Physics Letters 10 (2013) 095301.  [B] Varró S, A new class of exact solutions of the Klein-Gordon equation of a 
charged particle ... LPL11  (2014) 016001 . [C] Varró S, New exact solutions of the Klein-Gordon and Dirac equations of a charged 
particle propagating in a strong laser field in an underdense plasma. Nucl. Instr. and Meth. in Phys.Res.A  740 (2014) 280-283.  
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[1] Popov V S and Perelomov A M, Parametric excitation of a quantum oscillator. Zhurnal Eksp. Teor. Fiz. 56, 1375–
1390 (1969). [2] Berson, I.Y. Electron in the quantized field of a monochromatic electromagnetic wave. Zhurnal Eksp. 
Teor. Fiz. 56, 1627–1633 (1969), (English Translation: Sov. Phys. JETP 1969, 29, 871.). [3] Fedorov M V and Kazakov 
A E 1973 An electron in a quantized plane wave and in a constant magnetic field Z. Phys. 261, 191-202 (1973).

Squeezed states in quantum optics and strong-field physics.

[4] Bergou, J.; Varró, S. Nonlinear scattering processes in the presence of a quantized radiation field: I. Nonrelativistic 
treatment. J. Phys. A Math. Gen. 14, 1469–1482. (1981). (Bremsstrahlung)  [5] Bergou, J.; Varró, S. Nonlinear scattering 
processes in the presence of a quantized radiation field: II. Relativistic treatment. J. Phys. A Math. Gen. 14, 2281–2303. (1981).
(Compton scattering).
[5] Varró, S. Theoretical Study of the Interaction of Free Electrons with Intense Light. Ph.D. Thesis, University of Szeged, 
Szeged, Hungary, 1981. Hung. Phys. J. 31, 399–454. (1983) (In Hungarian).
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Volkov states. II. Non-relativistic. Quantized radiation field.
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Squeezing always shows up in photon – free electron interactions due to the “A2” term in ‘Q -Volkov 
state’.

‘p.A-term’: Displacement transitions (Bloch and Nordsieck 1937).
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‘A2-term’: Squeezing transitions (see Refs. [1], [2], 2021, 2022). Bogoliubov transformation.
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[1] Varró S, Quantum optical aspects of high-harmonic generation. Photonics 8, 269 (2021) 
[https://doi.org/10.3390/photonics8070269 ].
[2] Varró S, Coherent and incoherent superposition of transition matrix elements of the squeezing operator.  New Journal of 
Phys., in press (2022).  https://doi.org/10.1088/1367-2630/ac6b4d. arXiv: 2112.08430 [quant-ph].
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The role of classical stochastic and photon noise in multiphoton 
processes. Induced Bremsstrahlung.



A ‘laser-assisted process’: Induced (direct and inverse) multiphoton
Bremsstrahlung.

Figures copied from: Varró S, Czirják A and Szabó L, Laser-assisted electron scattering on a nano-sphere. 
Nuclear Instruments and Methods in Physics Research B 369, 29-33 (2016). 
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Induced (direct and inverse) multiphoton Bremsstrahlung.

Energy 
conservation:

n-photon differential 
cross-sections: 
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Dimensionless intensity parameter („dimesionless vector potential”).

Argument of the Bessel function.
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Bessel distribution at I = 1010 W  cm2, Ñw = 0.5 eV



Incoherent sums of probabilities in black-body radiation or in ASE 
pedestal. [ Planck – Bose weights. ] Asymmetry in absorption and 
emission.
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Incoherent sums with Bose energy distribution of a component of black – body radiation.

Where I is a modified Bessel function of first kind.

If h << kT (Rayleigh – Jeans case), then b → 1, and we get back the semiclassical result 
with a ‘chaotic field” (Zoller, 1980). (e.g. CO2 ‘laser’ or ASE pedestal).
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Where exp(– )=exp(– E/kT) is the energy distribution of a ‘chaotic’ field. [ It is a Gaussian 
distribution with respect to the field amplitude. In the Wien limit (by using classical 
stochastic field amplitudes in the calculation) the semi-classical description fails.]
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Induced Multiphoton Bremsstrahlung in a „Pedestal” (Bose distribution from amplifier)           
[or a Black-Body Radiation Component]. ‘n-factorial increase’.
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Modified Bessel distr. at I = 1010 W  cm2, Ñw = 0.5 eV
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Modified Bessel distr. at I = 1010 W  cm2, Ñw = 0.5 eV
Shape of the distribution.Modified Bessel distribution from chaotic field.
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‘n-factorial increase’:

Coh.

Incoh.
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Induced Multiphoton Bremsstrahlung in a „Pedestal” (Bose distribution from amplifier)           
[or a Black-Body Radiation Component].
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Modified Bessel distr. at I = 1010 W  cm2, Ñw = 0.5 eV
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Modified Bessel distr. at I = 1010 W  cm2, Ñw = 0.5 eV
Shape of the distribution.Modified Bessel distribution from chaotic field.
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Induced (direct and inverse) multiphoton Bremsstrahlung.

Bessel; coherent  field.
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Modified Bessel distr. at I = 2.25μ109 W  cm2, Ñw = 0.5 eV
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Modified Bessel distr. at I = 2.25μ109 W  cm2, Ñw = 0.5 eV

Modified Bessel; chaotic field.

Exp*Modified Bessel; Planck-Bose field.
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The behaviour of the sidebands in a composite laser-assisting field. [In 
this case the assiting (original, IR) laser field is assumed to be a coherent 
superposition of the ‘signal’ and an (ASE) ‘noise’.

Semi-classical photoelectron counting.Intensity distribution (c-number, stochastic):
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The strengths of the sidebands in the composide field 
(coherent superposotion of signal plus noise).

x = 0: Coherent limit. x = 1: Chaotic limit. „n-factorial increase”
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The original coherent s-th sideband magnitudes go over into an interpolating expression, 
containing the (ASE) noise: 
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Incoherent sums of squeezing probabilities in black-body radiation.                   
[ Planck – Bose weights. ]
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Incoherent sums with Bose energy distribution of a component of black – body radiation.

Where Q is a Legendre function of second kind.

If h << kT (Rayleigh – Jeans case), then b → 1, and we get back the semiclassical result 
with a ‘chaotic field” (e.g. CO2 ‘laser’ or ASE pedestal).
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Where exp(– )=exp(– E/kT) is the energy distribution of a ‘chaotic’ field. [ It is a Gaussian 
distribution with respect to the field amplitude. In the Wien limit (by using classical 
stochastic field amplitudes in the calculation) the semi-classical description fails.]
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Note on the RABBITT [reconstruction of attosecond beating by 
interference of two-photon transitions]



ELI-ALPS. 20 June 2019. LTA4; HR1, 1030 nm. 



Paul P M, Toma E S, Breger P Mullot G, Augé F, Balcou Ph, Muller H G and Agostini P , Observation of a train of attosecond 
pulses from high harmonic generation. Science 292, 1689 (2001). Right figure taken from O’Keeffe P, López-Martens R, 
Mauritsson J, Johansson A, L’Huillier A, Véniard V, Taieb R, Maquet A and Meyer M, Polarization effects in two-photon 
nonresonant ionization of argon with extreme-ultraviolet and infrared femtosecond pulses. Phys. Rev. A 69, 051401(R) (2004).

Note on the RABBITT   [reconstruction of attosecond 
beating by interference of two-photon transitions] 
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Laser-assisted ionization. [A puzzling recent 
Rabbitt scan received at ELI-ALPS.]
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The behaviour of the RABBITT sidebands in a composite laser-assisting 
field. [In this case the assiting (original, IR) laser field is assumed to be a 
coherent superposition of the ‘signal’ and an (ASE) ‘noise’.

Semi-classical photoelectron counting.Intensity distribution (c-number, stochastic):
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The strengths of the sidebands in the composide field 
(coherent superposotion of signal plus noise).

x = 0: Coherent limit. x = 1: Chaotic limit.
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The original coherent s-th sideband magnitudes go over into an interpolating expression, 
containing the (ASE) noise: 
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Summary

•  Introduction. ‘Pedestals’ of amplified light pulses. Amplified 
Spontaneous Emission (ASE).

•  Bridges between strong field physics and quantum optics.

•  The ‘n-factorial increase’ of multiphoton excitation probabilities. 
Asymmetry of absorption and emission for Bose distribution.

• Note on the RABBITT [reconstruction of attosecond beating by 
interference of two-photon transitions]
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René Magritte, The lost jockey (1948).
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Multiphoton processes in the field of a ‘pedestal’.
Sándor Varró 1,2

1) Wigner Research Centre for Physics, Inst. Solid State Phys. and Optics, Eötvös Loránd 
Research Network, Budapest
2) ELI-ALPS (Attosecond Light Pulse Source) Research Institute, ELI-HU Non-profit Ltd., W. 
Sandner utca 3., Szeged 

Abstract. The high-intensity light pulses used in mutiphoton experiments come from 
amplifiers, and these pulses contain quite strong (unwanted) ‘pre-pulses’, or 
‘pedestals’. The main source of the pedestal is said to be the amplified spontaneous 
emission (ASE) of the amplifying medium. Since the photon statistics of the ASE is 
different from that of the main pulse, the study of multiphoton processes taking place in 
a pedestal may be interesting, both in theory and in experiments. Recently we have 
worked out a general quantum optical theory of multiphoton processes [1, 2], on the 
basis of which, we shall deal with the possible role of photon statistics in electron 
excitation, scattering and high-harmonic generation in the field of a ‘pedestal’. 
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Some recent references (mostly theory) on the quantum optical description of 
high-harmonic generation.



Ref.: Varró S, Quantum optical aspects of high-harmonic generation. Photonics 2021, 8 (7), 269 (2021).               
https://doi.org/10.3390/photonics8070269 . Special Issue “Quantum Optics in Strong Laser Fields”. 

Multifoton  Kramers–Heisenberg-formula;            
Quantum optical treatment.
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A nonrelativistic QED treatment of high-harmonic generation.
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By expanding the ‘kinetic energy’;
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menep /4 22   3/1 Lne  p is a ‘plasma frequency’

In dipole approximation:
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Varró S, Quantum optical aspects of high-harmonic generation. Photonics 2021, 8 (7), 269 
(2021). [https://doi.org/10.3390/photonics8070269]. Special Issue “Quantum Optics in Strong Laser Fields”. The 
elimination technique is the same as in Bergou J and Varró S, J. Phys. A 14, 1469 (1981), ibid. 14, 2281 (1981) 
used for free Schrödinger and Dirac electrons, resp.

Diagonalization: elimination of the p.A and A2 terms. The appearance of 
the „quantized space-translated potential”.

„quantized space-translated potential”
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plasmon dispersion, 
„blue-shift”, 
„attochirp”...
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New equation:
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„Multiphoton effective potential”; V(r+(t)) – V(r)
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Two main terms of the „Strong-field Kramers-Heisenberg formula” for high-
harmonic generation in quantized radiation modes.
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Energy conservation (optional Raman – process )

(optional Cooper – minimum)
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„quantized multiphoton potential”
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squeezing transitions in very-high-order multiphoton processes. [Wigner SZFI Seminar, 8 March 2022.]

Generalized semi-classical limit of transition amplitudes. “Imaginary satellite 
trajectory” can be connected to the depletion.
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Generalized coherent superposition of transition amplitudes:
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Illustration; Transitions between Neumann lattice coherent states. 
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New class of exact solutions of the Dirac and Klein-Gordon equation in a strong laser field [ 2013 ].  



Varro_ECLIM_2010

New class of exact solutions of the Dirac and Klein-Gordon equation in a strong laser field [ 2013 ].  



Varro_ECLIM_2010

New class of exact solutions of the Dirac and Klein-Gordon equation in a strong laser field [ 2013 ].  



RABBITT as a ‘laser-assisted (two-colour) ionization’. 
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The side-band amplitudes are proportional with the Bessel functions J+1, J-1:
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