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Numerical “stereo ATI” spectra

H(1s), E(t) = Ê sin2(ωt/(2N)) cos(ωt + ϕ), N = 4, λ = 800 nm, I = 2.4 · 1014 W/cm2
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lin. Compton-Streuung: E ′ ∈ [25.6, 46.6] GeV, kleinere Energien entweder
wegen Mehrfach- oder Multiphotonen-Compton-Streuung
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Der Doppelspalt in der Zeit

F. Lindner, M.G. Schätzel, H. Walther, A. Baltuška, E. Goulielmakis, F. Krausz, D.B. Milošević, D. Bauer, W. Becker,
and G.G. Paulus,

Phys. Rev. Lett. 95, 040401 (2005)



Lange Pulse: ein Gitter in der Zeit
Viele Zeitfenster→ scharfe Peaks im Abstand von ~ω

J. Mauritsson et al., Phys. Rev. Lett. 100, 073003 (2008)



“Einzyklenpulse”: Doppelspalt in der Zeit

Presseerklärung, Max-Planck-Institut für Kernphysik (http://idw-online.de/pages/en/news?id=327477)



“Einzyklenpulse”: Doppelspalt in der Zeit
Zwei Zeitfenster→ “keine Zeit” für scharfe Peaks

TDSE-Rechnung:

Diego G. Arbó, Emil Persson, and Joachim Burgdörfer et al., Phys. Rev. A 74, 063407 (2006)



Quantenbahnen
— Beispiel I

4-Zyklen-sin2-Puls, ω = 0.056,
Ê = −ωÂ = 0.1, ϕcep = 0.
A(t) (durchgezogen), E(t)
(gestrichelt).

(a) Sattelpunktzeiten ts in der
komplexen Ebene;
+/- bzgl.

A(ts) = −p‖ ± i
q

2I + p2
⊥,

schwarz: positiver Endimpuls p‖,
rot: negativer Endimpuls p‖.

(b) Endimpuls p‖ vs Ionisationszeit
< ts.

(c) Imaginärteil der
Sattelpunktwirkung =Sps vs
Ionisationszeit < ts.
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Quantenbahnen
— Beispiel I
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Gepunktet: nur dominierende Quantenbahn
Gestrichelt: eine weitere Bahnn
Durchgezogen: zwei weitere Bahnen
Grau: “volles” Matrixelement
G.G. Paulus and D. Bauer, in: “Time in Quantum Mechanics Vol. 2” (Springer, Heidelberg, 2009)



Quantenbahnen
— Beispiel II

4-Zyklen-sin2-Puls, ω = 0.056,
Ê = −ωÂ = 0.1, ϕcep = π/2.
A(t) (durchgezogen), E(t)
(gestrichelt).

(a) Sattelpunktzeiten ts in der
komplexen Ebene;
+/- bzgl.

A(ts) = −p‖ ± i
q

2I + p2
⊥,

schwarz: positiver Endimpuls p‖,
rot: negativer Endimpuls p‖.

(b) Endimpuls p‖ vs Ionisationszeit
< ts.

(c) Imaginärteil der
Sattelpunktwirkung =Sps vs
Ionisationszeit < ts.

p ||
(a

.u
.)

Im
(a

.u
.)

S
s

p

tRe s (laser cycles)

(la
se

r 
cy

cl
es

)
t

Im
s

(a)

(b)

(c)

+
− +

−

+ − + −

sl
it 

1a

sl
it 

2a

sl
it 

2b

sl
it 

1b



Quantenbahnen
— Beispiel II
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Gepunktet: nur dominierende
Quantenbahn
Gestrichelt: eine weitere Bahnn
Durchgezogen: zwei weitere Bahnen
Grau: “volles” Matrixelement
G.G. Paulus and D. Bauer, in: “Time in Quantum

Mechanics Vol. 2” (Springer, Heidelberg, 2009)



Bestimmung der maximalen Energie nach
Rückstreuung



Energie vs Ionisationszeit



Wie gut ist die SFA?



Rückkehrenergien bei HOHG



“Attosekundenkamera”

Goulielmakis et al., Science 305, 1267 (2004).



“Attosekundenkamera” ...
... “fotografiert” das elektrische Feld des Lasers mit sub-fs Auflösung

Goulielmakis et al., Science 305, 1267 (2004).



HOHG-Spektrum aus dem Lewenstein-Modell



Nichtsequentielle Doppelionisation

Experimental ion yields for He+ and
He2+ after the interaction with a 160 fs
780 nm laser pulse. The solid lines are
the theoretically expected yields when
a sequential, single active electron
ionization scenario is assumed [the
ADK-rate was used]. It is seen that
below 1015 Wcm−2 the measured
He2+ yield is many orders of
magnitude greater before it merges
with the theoretical prediction. The
deviation from the sequential rate
(solid curve) is the so-called
nonsequential ionization (NSDI)
“knee.”

B. Walker et al., Phys. Rev. Lett. 73, 1227 (1994).



Reaktionsmikroskop (COLTRIMS)

Stern-Gerlach-Medaille 2010 für Horst Schmidt-Böcking, Uni Frankfurt

Philip Morris Forschungspreis 2006 für J. Ullrich & R. Moshammer, MPI-K



Nichtsequentielle Doppelionisation

Momentum distributions of Nen+ ions
at 1.3 PWcm−2 (Ne+, Ne2+) and
1.5 PWcm−2 (Ne3+) after a 30 fs
795 nm laser pulse obtained with the
COLTRIMS method. p‖ is the
momentum parallel to the laser
polarization, p⊥ perpendicular to it.
The distribution for Ne2+ and Ne3+

shows a minimum at p‖, indicating that
NSDI is not a (pure) shake-off effect
but relies on Coulomb interaction of
the electrons.

R. Moshammer et al., Phys. Rev. Lett. 84, 447 (2000).



Ion momentum spectra: the “double hump”

Recollision-induced
excitation followed
by subsequent field
ionization (RESI)
Nonsequential
multiple ionization
(NSMI) [“direct
impact ionization”
(e,ne)]

A. Rudenko et al., Phys. Rev. Lett. 93, 253001 (2004)
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Ion momentum spectra: the “double hump”

Recollision-induced
excitation followed
by subsequent field
ionization (RESI)
Nonsequential
multiple ionization
(NSMI) [“direct
impact ionization”
(e,ne)]
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Differential electron momentum distributions computed for neon (E01 = −0.79 and E02 = −1.51 a.u.) subject to a

fourcycle pulse of frequency ω = 0.057 (Ti:Sapphire, λ ' 800 nm) and various intensities and absolute phases.

The upper, middle and lower panels correspond to I = 4 · 1014 Wcm−2 (Up = 0.879), I = 5.5 · 1014 Wcm−2

(Up = 1.2), and I = 8 · 1014 Wcm−2 (Up = 1.758), respectively. The absolute phases are given as follows:

Panels (a), (e), and (i): φ = 0.8π; panels (b), (f), and (j): φ = 0.9π; panels (c), (g), and (k): φ = π; and panels (d),

(h), and (l): φ = 1.1π. C. Figueira de Morisson Faria et al., Phys. Rev. A 70, 043406 (2004).



von P.-G. Reinhard, Uni Erlangen-Nürnberg



TDDFT: Lineare Antwort von C60



Interpretation von ωMie und ωp als
Einteilchenübergänge

ωMie

ωp

σ`→ π(` + 1), π`→ σ(`− 1)

σ`→ π(`− 1), π`→ σ(` + 1)

σ → δ



Topological aspects of a fluid description
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Topological aspects of a fluid description

Gay-Lussac



PIC-Study of Harmonic Generation

Normal incidence, moderate intensity

R. Lichters, J. Meyer-ter-Vehn, and A. Pukhov, Phys. Plasmas 3, 3425 (1996)



PIC-Study of Harmonic Generation

Normal incidence, moderate intensity, lower density

R. Lichters, J. Meyer-ter-Vehn, and A. Pukhov, Phys. Plasmas 3, 3425 (1996)



PIC-Study of Harmonic Generation

Normal incidence, higher intensity, lower density

R. Lichters, J. Meyer-ter-Vehn, and A. Pukhov, Phys. Plasmas 3, 3425 (1996)



PIC-Study of Harmonic Generation

Oblique incidence, s-pol.

R. Lichters, J. Meyer-ter-Vehn, and A. Pukhov, Phys. Plasmas 3, 3425 (1996)



PIC-Study of Harmonic Generation

Oblique incidence, p-pol.

R. Lichters, J. Meyer-ter-Vehn, and A. Pukhov, Phys. Plasmas 3, 3425 (1996)



PIC-Study of Radiation Pressure Acceleration

T.V. Liseikina et al., IEEE Transactions on Plasma Science 36, 1866 (2008)



PIC-Study of Radiation Pressure Acceleration

T.V. Liseikina et al., IEEE Transactions on Plasma Science 36, 1866 (2008)



Elektronenbeschleunigung ...
... im Unterdichten:

“wake field acceleration”

Nature 431, (2004)

109 Elektronen, 10 fs
von 0 auf ' 100 MeV über 1 mm,
kleine Strahldivergenz, 10%
Energiebreite PIC-Rechnung von A. Pukhov



3D, relativistic particle-in-cell simulations

He-droplet, R = 0.25λ
λ = 800 nm, 16 Zyklen sin2

a = 1 (I ' 2× 1018 Wcm−2)
ne0 = 22 nc ,
nc = 1.8× 1021 cm−3

t = 8 Zyklen
1% ne0-isocontour
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3D, relativistic particle-in-cell simulations
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3D, relativistic particle-in-cell simulations

He-droplet, R = 0.25λ
λ = 800 nm, 16 Zyklen sin2

a = 1 (I ' 2× 1018 Wcm−2)
ne0 = 22 nc ,
nc = 1.8× 1021 cm−3

t = 10 Zyklen
1% ne0-isocontour



Elektronenenergien und -dichten

He-droplet, R = 0.25λ
λ = 800 nm, 16 Zyklen sin2

a = 2 (I ' 8× 1018 Wcm−2)
ne0 = 22 nc ,
nc = 1.8× 1021 cm−3

t = 8 Zyklen

6 MeV
Attosekunden-Elektronenpulse

Up = mc2

[√
1 +

a2

2
− 1

]

nur ' 0.4 MeV
T.V. Liseykina, S. Pirner, and D. Bauer, Phys. Rev. Lett. (accepted)



3D, relativistic particle-in-cell simulations

Felder E ‖ k, E ‖ Einc und Dichte

He-droplet, R = 0.5λ
λ = 800 nm, 16 Zyklen sin2

a = 1.0 (I ' 2× 1018 Wcm−2)
ne0 = 22 nc , nc = 1.8× 1021 cm−3

t = 4.0 Zyklen
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3D, relativistic particle-in-cell simulations
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He-droplet, R = 0.5λ
λ = 800 nm, 16 Zyklen sin2
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