
Atoms in Intense Laser Light:
Classical Models & Two-Color Fields

University of Denver
3 February 2016

Jan L. Chaloupka
Department of Physics & Astronomy

University of Northern Colorado





atomic unit of intensity

proton

electron

5×1
01
1 V/m

3.5×1016 W/cm2



intense fields with sunlight
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atomic unit of time
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chirped-pulse amlification

Wikipedia!



original table-top terawatt (T3)



high-repetition-rate lasers

M. Saeed, D. Kim, L. F. DiMauro, Applied Optics 29 1752, 1990



lots of data!

JLC et al, PRL 90 033002, 2003



ultra-intense lasers

TW 300
fs 30
J 9
=

222 cmW 102´

at 1018 W/cm2

Equiver ≈ 60 keV
at 2×1022 W/cm2

Equiver ≈ 1 GeV
ultra-relativistic !!!

University of Michigan, 300TW at 0.1 Hz



petawatt laser systems

University of Texas, 200J at 150fs gives 1.1PW



national ignition facility



attosecond pulses



photoelectric effect

(Tippler, Modern Physics)

j

K = hn - j

hn
work

function

photon
energy

excess energy
to electron

No ionization for hn < j :



photoelectric effect

helium
24.6 eV

argon
15.8 eV

xenon
12.1 eV

800-nm visible photon
(Ti:sapphire laser)



ionization of air



ionization of air



multiphoton ionization

xenon
12.1 eV

eight 780-nm photons
= 8´1.6 eV = 12.8 eV

virtual
levels

Photon Density:

sunlight
2´107 photons/cm3

intense laser
4´1024 photons/cm3

Typical Laser Parameters:

energy/pulse:   10 µJ
spot diameter: 10 µm
pulse width:   100 fsec

1014 W/cm2



tunnel ionization

atomic Coulomb 
potential

laser E-field 
potential

+
total potential

=
atomic Coulomb 

potential
laser E-field 

potential

+
total potential

=



0.1 1 10
10-6

10-5
10-4

10-3
10-2

10-1
100

101

102
103

104
105

106
 io

n 
co

un
ts

  [
ar

b 
un

its
]

 laser intensity   [PW/cm2]

ionization yield curves

single double

B. Walker, B. Sheehy, L. F. DiMauro, P. Agostini, K. J. Schafer, and K. C. Kulander, PRL 73, 1227 (1994)



rescattering



classical model atom

Classical Atom → Autoionization Softened Potential → Stable Atom



rescattering with linear polarization



yield curves with linear polarization

JLC and J.P. Paquette, PRA 79 043410, 2009



yield curves with circular polarization



HHG with two-color, counter-rotating fields



single-color linear polarization
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single-color circular polarization
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two-color co-rotating fields
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two-color counter-rotating fields
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simple trajectories

circular polarization



simple trajectories

0.2:1    counter-rotating ω:2ω



simple trajectories

0.4:1    counter-rotating ω:2ω



simple trajectories

0.6:1    counter-rotating ω:2ω



simple trajectories

0.8:1    counter-rotating ω:2ω



simple trajectories

1.0:1    counter-rotating ω:2ω



simple trajectories

zooming in
1.0:1    counter-rotating ω:2ω



simple trajectories

1.5:1    counter-rotating ω:2ω



simple trajectories

2.0:1    counter-rotating ω:2ω



simple trajectories

3.0:1    counter-rotating ω:2ω



ionization yield curves

400 nm

800 nm

1:1

2:1

0.8:1

JLC and D.D. Hickstein, submitted to PRL, 2016



yield vs 400:800 ratio

1015 W/cm2

1016 W/cm2

(x10)



electron momenta & timing (linear 800nm)
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electron momenta & timing (circular 800nm)
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electron momenta & timing (400:800 1:1)
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electron momenta & timing (400:800 2:1)
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electron momenta & timing (400:800 3:1)
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sample trajectories (linear 800nm)

10 Å



sample trajectories (800:400 1:1)

2 Å



sample trajectories (800:400 2:1)

10 Å



conclusions

� Simulations with classical model atoms were used to 
perform the first analysis of strong-field ionization in 
two-color, counter-rotating fields

� Electrons exhibit complex trajectories leading to non-
sequential double ionization in novel ways

� The observed diversity of rescattering timing and 
impact angles should play a role in high-harmonic 
generation, photoelectron spectroscopy, and 
attosecond pulse generation



Questions?


