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Overview

• Strong-field / attosecond physics in a (very tiny) nutshell.

• Bond-softening and Lochfraß:
coherent wave-packet formation in intense laser fields.

• An ultracold-atom based quantum simulator for attosecond science.

• Toward (interacting?) many-body systems . . .

Disclaimer:
This talk tries to invoke discussions (and leaves many questions unanswered . . . ).
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Qualitative strong-field ionization models
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Resonance-enhanced multiphoton ionization
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Qualitative strong-field ionization models

V V V

REMPI
Resonance-enhanced multiphoton ionization

Multiphoton Ionization
Non-resonant multiphoton ionization

ATI
Above-threshold ionization

V V
Multiphoton regime
(upper row)

vs.

Quasi-static regime
(lower row)

Tunnel ionization Over-the-barrier ionization
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Corkum’s 3-step model:PROGRESS ARTICLE
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of the optical pulse controls the kinetic energy2, amplitude17 and 
phase18 of the recollision electron and therefore the attosecond 
pulse19 that it produces.

In addition to producing attosecond electron and photon pulses, 
the recollision simultaneously encodes all information on the 
electron interference. Once the amplitude and phase of the electron 
interference is encoded in light, powerful optical methods become 
available to ‘electron interferometry’.

Classical trajectory calculations show that fi ltering a limited 
band of photon energies near their maximum (cut-off ) confi nes 
emission to a fraction of a femtosecond17. Such a burst emerges at 
each recollision of suffi  cient energy. Th e result is a train of attosecond 
bursts of extreme ultraviolet (XUV) light spaced by Tosc/2 (ref. 1).

For many applications, single attosecond pulses (one burst per 
laser pulse) are preferred. Th ey emerge naturally from atoms driven 
by a cosine-shaped laser fi eld comprising merely a few oscillation 
cycles (few-cycle pulse)3. Th en only the electron pulled back by 
the central half-wave to its parent ion possesses enough energy to 
contribute to the fi ltered high-energy emission (Fig. 3). Turning 
the cosine waveform of the driving laser fi eld into a sinusoidally 
shaped one (by simply shift ing the carrier wave with respect to the 
pulse peak8) changes attosecond photon emission markedly: instead 
of a single pulse, two identical bursts are transmitted through the 
XUV bandpass fi lter. Controlling the waveform of light8 has proved 
critical for controlling electronic motion and photon emission on an 
attosecond timescale and permitting the reproducible generation of 
single attosecond pulses19.

Th e shortest duration of a single attosecond pulse is limited by 
the bandwidth within which only the most energetic recollision 
contributes to the emission. In a 5-fs, 750-nm laser pulse this 
bandwidth relative the emitted energy is about 10%. At photon 
energies of ~100 eV this translates into a bandwidth of ~10 eV, 
allowing pulses of about 250 attoseconds in duration17. At a photon 
energy of 1 keV (ref. 20) a driver laser fi eld with the above properties 
will lead to single pulse emission over roughly a 100-eV band, which 

may push the frontiers of attosecond technology near the atomic unit 
of time, 24 attoseconds. Manipulating the polarization state of the 
driver pulse17 enables the relative bandwidth of single pulse emission 
to be broadened21,22 by ‘switching off ’ recollision before and aft er the 
main event. Together with dispersion control23, this technique has 
recently resulted in near-single-cycle 130-attosecond pulses at photon 
energies below 40 eV (ref. 24). Confi ning tunnel ionization to a single 
wave crest at the pulse peak constitutes yet another route to restricting 
the number of recollisions to one per laser pulse. Superposition of a 
strong few-cycle near-infrared laser pulse with its (weaker) second 
harmonic25,26 is a simple and eff ective way of achieving this goal.

Th is attosecond-pulsed XUV radiation emerges coherently from 
a large number of atomic dipole emitters. Th e coherence is the result 
of the atomic dipoles being driven by a (spatially) coherent laser fi eld 
and the coherent nature of the electronic response of the ionizing 
atoms discussed above. Th e pulses are highly collimated, laser-like 
beams, emitted collinearly with the driving laser pulse. Th e next 
section addresses the concepts that allowed full characterization of 
the attosecond pulses.

MEASUREMENT TECHNOLOGY

Any pulse measurement method must directly or indirectly 
compare the phase of diff erent Fourier components of a pulse. 
Autocorrelation, SPIDER and FROG, three extensively used 
methods to characterize optical pulses27, use nonlinear optics 
to shift  the frequency of the Fourier components diff erentially 
so that neighbouring frequency components can be compared. 
Th e electron-optical streak camera — an older ultrafast pulse 
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Figure 1 Shorter and shorter. The minimum duration of laser pulses fell continually 
from the discovery of mode-locking in 1964 until 1986 when 6-fs pulses 
were generated. Each advance in technology opened new fi elds of science for 
measurement. Each advance in science strengthened the motivation for making even 
shorter laser pulses. However, at 6 fs (three periods of light), a radically different 
technology was needed. Its development took 15 years. Now attosecond technology 
is providing radically new tools for science and is yet again opening new fi elds for 
real-time measurement. Reprinted in part, with permission from ref. 65.
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Figure 2 Creating an attosecond pulse. a–d, An intense femtosecond near-infrared or 
visible (henceforth: optical) pulse (shown in yellow) extracts an electron wavepacket 
from an atom or molecule. For ionization in such a strong fi eld (a), Newton’s 
equations of motion give a relatively good description of the response of the electron. 
Initially, the electron is pulled away from the atom (a, b), but after the fi eld reverses, 
the electron is driven back (c) where it can ‘recollide’ during a small fraction of the 
laser oscillation cycle (d). The parent ion sees an attosecond electron pulse. This 
electron can be used directly, or its kinetic energy, amplitude and phase can be 
converted to an optical pulse on recollision12. e, The quantum mechanical perspective. 
Ionization splits the wavefunction: one portion remains in the original orbital, the other 
portion becomes a wave packet moving in the continuum. The laser fi eld moves the 
wavepacket much as described in a–d, but when it returns the two portions of the 
wavefunction overlap. The resulting dynamic interference pattern transfers the kinetic 
energy, amplitude and phase from the recollision electron to the photon.
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review: P. B. Corkum and F. Krausz, Nature Phys.3, 381 (2007)

1. Electron escapes through or over the electric-field lowered Coulomb potential (a).

2. Electronic wavepacket moves away until the field direction reverses (b)
and is (partly) driven back to its parent ion (c).

3. The returning electron may (d)
• scatter elastically (electron diffraction)
• scatter inelastically (excitation, dissociation, double ionisation, . . . )
• recombine radiatively (high-harmonic radiation).

−→ time-resolved imaging, attosecond pulses, . . .
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Example electronic wavepacket (H+
2 )

Electronic wavepacket at two different times within a 2-cycle laser pulse.
(Only the continuum part is shown.)

−→ strongly driven dissipative quantum system.
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Example electron spectrum (ATI)
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Hydrogen atom (laser parameters: 1300 nm; 6 cycles; cos2; Imax = 1014W/cm2).

Direct electrons: 0 to about 2 times the ponderomotive energy Up = I/(4ω2).
Rescattered electrons: dominate spectrum beyond 2 Up.

−→ extremely highly non-linear process.
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From atoms to molecules:

Atoms in ultrashort intense laser fields:

• Numerical solution of Schrödinger equation extremely demanding, even for very few
particles.
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Atoms in ultrashort intense laser fields:

• Numerical solution of Schrödinger equation extremely demanding, even for very few
particles.

• Strongly driven open (dissipative) system: great!

• However: very “boring” (structureless) environment: bad!

• What about molecules (adding the nuclear degree of freedom)?

Tunneling ionization rate: (see, e. g., Landau-Lifshitz)

Γ(F ) ∝ exp

[
−2 (2Eb)

3/2

3F

]
with field electric strength F and electron’s binding energy Eb.
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From atoms to molecules:

Atoms in ultrashort intense laser fields:

• Numerical solution of Schrödinger equation extremely demanding, even for very few
particles.

• Strongly driven open (dissipative) system: great!

• However: very “boring” (structureless) environment: bad!

• What about molecules (adding the nuclear degree of freedom)?

Tunneling ionization rate: (see, e. g., Landau-Lifshitz)

Γ(F ) ∝ exp

[
−2 (2Eb)

3/2

3F

]
with field electric strength F and electron’s binding energy Eb.

Molecules: Nuclear-geometry dependence of tunnel ionization?
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Molecular effects: R-dependence (extnd. ADK model)
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ADK model:

ΓADK

∝ exp
(
−2 (2 IP )3/2

3F

)
with
ΓADK: ionization rate
F : field strength
IP : ionization potential

Extended ADK model:

Replace ionization
potential IP with

EA+
2 (R)− EA2(R)

No Franck-Condon distribution for, e. g., H2 or O2 [A. S., J. Phys. B 33, 4365 (2000)].

A. Saenz: Robust coherent wavepacket creation by means of dissipation (8) QSIM19 at KITP Santa Barbara, 24.04.2019



R-dependent ab initio dc ionization rate for H2

14.

10 V
m= 3.085 10.

H(1s)+H(1s)

H  + H  −+

F = 0.06 a.u.

Quasi−diabatic ionization rate

Ammosov−Delone−Krainov (ADK) rate

Adiabatic ionization rate

( I = 1.26 10        )
cm2
W

Ab initio calculation (dc field) confirms: ionisation rate of H2 strongly R dependent.
[A. S., Phys. Rev. A 61, 051402 (R) (2000); Phys. Rev. A 66, 063408 (2002).]
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Furthermore: bond softening in neutral H2

10 V
m= 3.085 10.

14.

H  + H  

H(1s)+H(1s)
H(1s)+H(1s)

+

+ −

Field−free ground state [H(1s)+H(1s)]

F = 0.06 a.u.

−Excited state [H  + H  ]

Ground state [H(1s)+H(1s)]

( I = 1.26 10        )
cm2
W

Avoided crossing!

Ab initio complex-scaling calculation (dc field) of H2 in an intense field.
[A. S., Phys. Rev. A 61, 051402 (R) (2000); Phys. Rev. A 66, 063408 (2002).]
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Validity of quasi-static approximation for H2
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Full dimensional solution of TDSE: M. Awasthi, Y. V. Vanne, A. S., J. Phys. B 38, 3973 (2005) [method];
M. Awasthi and A. S., J. Phys. B: 39, S389 (2006) [R dependence].
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Strong-Field Control: “Lochfrass” (Proposal)

• Pronounced R-dependent ionization yield
−→ fast ionization process (pump) should deplete the large R component

of the wavefunction.
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Strong-Field Control: “Lochfrass” (Proposal)

• Pronounced R-dependent ionization yield
−→ fast ionization process (pump) should deplete the large R component

of the wavefunction.

• A coherent vibrational wavepacket in the electronic ground state of the
neutral(!) molecule is created.

RR

X 1Σ+
g

X 1Σ+
g

Lochfrass

(t=0: maximum field)(t<0: before pulse, no field)
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Strong-Field Control: “Lochfrass” (Proposal)

• Pronounced R-dependent ionization yield
−→ fast ionization process (pump) should deplete the large R component

of the wavefunction.

• A coherent vibrational wavepacket in the electronic ground state of the
neutral(!) molecule is created.

• Purely quantum-mechanical effect:
A superposition state of the ionized and the neutral molecule!

• Highly non-linear process:
A second (probe) pulse should detect a time-dependent ionization signal.
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Wave-packet study (results)
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Peak intensity: I = 6 · 1014W/cm2, Wavelength: λ = 800 nm, Length: 8 fs.

Formation of a H2 wavepacket by “Lochfrass” (“eating a hole”).
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Wave-packet detection: Pump-probe
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Identical pulses, Peak intensities: I = 6 · 1014W/cm2, Wavelength: λ = 800 nm.
[E. Goll, G.Wunner, and A. S., Phys. Rev. Lett. 97, 103003 (2006)]
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Pump-probe experiment (MPI Heidelberg)
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Figure 2

Parameters:

Two identical pulses,

I = 4(1) · 1014 W
cm2 ,

λ = 795 nm,
7 fs (FWHM).

[Fig. from Ergler et al.

Phys. Rev. Lett. 97, 103004

(2006)]

−→ Experiment observes the theoretically predicted oscillation!!!
[Note: expected oscillation period for D2: 11 fs (H2: 8 fs).]
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Is it really Lochfraß?

H(1s)+H(1s)

H  + H  −+

F = 0.08 a.u.
. 10 V

m= 4.114 10

. 14

Ammosov−Delone−Krainov (ADK) rate

Quasi−diabatic ionization rate
Adiabatic ionization rate

(extended to incorporate R dependence)

(ab initio)

Equilibrium distance

(ab initio)

cm2
W( I = 2.25 10        )

“Lochfraß”
(R-dependent depletion by ionization)
[E. Goll et al., PRL 97, 103003 (2006)]

Preferential ionization at large R:

If ionisation is fast enough,
a hole is carved into the wavefunction.
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H(1s)+H(1s)

H  + H  −+

F = 0.08 a.u.
. 10 V

m= 4.114 10

. 14

Ammosov−Delone−Krainov (ADK) rate

Quasi−diabatic ionization rate
Adiabatic ionization rate

(extended to incorporate R dependence)

(ab initio)

Equilibrium distance

(ab initio)

cm2
W( I = 2.25 10        )

10 V
m= 3.085 10.

14.

H  + H  

H(1s)+H(1s)
H(1s)+H(1s)

+

+ −

Field−free ground state [H(1s)+H(1s)]

F = 0.06 a.u.

−Excited state [H  + H  ]

Ground state [H(1s)+H(1s)]

( I = 1.26 10        )
cm2
W

Avoided crossing!

“Lochfraß”
(R-dependent depletion by ionization)
[E. Goll et al., PRL 97, 103003 (2006)]

Preferential ionization at large R:

If ionisation is fast enough,
a hole is carved into the wavefunction.

Bond Softening
(caused by potential-curve distortion)
[A. S., PRA 61, 051402(R) (2000)]

Field-induced lowering of potential curve:

The nuclear wavefunction escapes
over the suppressed barrier.
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Modelling bond softening and Lochfraß

Full solution of the time-dependent Schrödinger equation:

• Beyond reach at the time of the proposal.
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Modelling bond softening and Lochfraß

Full solution of the time-dependent Schrödinger equation:

• Beyond reach at the time of the proposal.

• Now, in principle possible, but still extremely demanding.

• Not of interest for QSIM19: no environment . . .

Model Hamiltonian (nuclear motion with dissipation):

Ĥ(R, t) = Ĥ0(R) + ∆V̂(R,F (t)) − i

2
W (R,F (t))

Ĥ0(R): field-free time-independent Hamiltonian.

∆V̂(R,F (t)): field-induced distortion of the potential curve.

W (R,F (t)): field-induced (quasi-static) ionization rate.

F (t): time-dependent electric field component of the laser pulse.
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How to experimentally determine the mechanism?

R

R R

H2 X 1Σ +
g

X 1Σ +
g X 1Σ +

g

Lochfrass Bond Softening

(t<0: before pulse, no field)

(t=0: maximum field) (t=0: maximum field)

Lochfrass and Bond Softening may be distinguished by the absolute phase!!!

A. Saenz: Robust coherent wavepacket creation by means of dissipation (19) QSIM19 at KITP Santa Barbara, 24.04.2019



Robustness of Lochfraß
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of the ultrashort laser pulse.

−→ Lochfraß is extremely robust!
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Determination of the mechanism

Figure 3
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[Fig. from Ergler et al.]

−→ Lochfrass is the clearly dominating mechanism!!!
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Lochfrass in I2

Strong-Field Induced Vibrational Coherence in the Ground Electronic State of Hot I2

L. Fang and G. N. Gibson
Department of Physics, University of Connecticut, Storrs, Connecticut 06269, USA

(Received 8 July 2007; published 13 March 2008)

We observe large amplitude coherent vibrations in vibrationally hot ground state neutral I2 molecules
created through ‘‘Lochfrass,’’ or ‘‘R-selective ionization.’’ We directly measure the phase and amplitude
of the vibrations. Our results support the notion of enhanced ionization at large internuclear separation
over recent theoretical predictions for heavy molecules. Furthermore, simulations of the vibrational
motion show that for Lochfrass the vibrational coherence, contrary to most coherent control schemes, is
stronger for hot molecules than for cold molecules.

DOI: 10.1103/PhysRevLett.100.103003 PACS numbers: 33.80.Rv, 32.80.Rm, 42.50.Hz

For decades, vibrational coherence has played a crucial
role in the studies of molecular structure, molecular inter-
actions with electric fields, molecular dynamics, and quan-
tum dynamic control [1–4]. The creation of vibrational
wave packets (VWPs) in excited electronic molecular
states with laser pulses can be achieved through resonant
multiphoton excitation or multiphoton ionization [3,5–8].
While VWPs in the ground electronic state (GES) of
neutral molecules have been produced with resonant inter-
actions [5–7], two nonresonant methods have recently
been proposed: bond softening (BS), a time-dependent
description of off-resonant two-photon Raman scattering,
and ‘‘Lochfrass’’ (‘‘hole-eating’’) [9,10]. Moreover, in the
available experiments regarding all schemes, to the au-
thors’ best knowledge, (1) the molecules were initially
cold [5–8], that is only the � � 0 vibrational level was
populated, and coherent population in higher levels was
created through the interaction with the laser field; (2) the
vibrations were detected only through variations in total
ionization rates, rather than a measurement that directly
yields the spatial structure of the VWP.

In this Letter, we present studies of VWPs created by
short laser pulses in the GES of room-temperature I2 for
which the � � 0 vibrational state contains only 59% of the
initial population and up to 5 vibrational levels have sig-
nificant population [11]. To probe the VWP, we use a
second pulse to ionize it to a highly dispersive state of
I2�
2 (see Fig. 1) that dissociates into I2� � I0� [we denote

this state as (2,0)] [12], and measure both the variation in
population of the probing state as addressed in earlier
work, and the variation in kinetic energy release (KER).
This allows us to directly map the motion of the VWP in
the GES as a function of internuclear separation R and
obtain the phase of the vibrations.

We conclude that Lochfrass is the dominant mechanism
exciting the VWPs given our experimental conditions and
results rather than BS. We will discuss how these can be
distinguished below. Lochfrass has recently been demon-
strated by experiments concerning the generation of GES
VWPs in D2 molecules [9], in which cold D2 was used and
variations of the population in states of D�2 were observed.

This scheme is outlined in Fig. 1: a short laser pulse (pump
pulse) partially ionizes all the initially populated vibra-
tional states of the GES with an R-dependent ionization
rate ��R�. The wave functions are deformed in such a way
that the remaining wave functions are partially coherent
and lead to a wave packet (WP) in the GES. Depleted
asymmetrically with respect to the equilibrium position,
the WP starts its vibrational motion in the direction that the
wave functions were depleted. In this way, the laser ionizes
a spatial hole in the wave function, which then starts to
evolve. This is similar to dark WPs in Rydberg states which
are also created through R-dependent ionization [13].

FIG. 1 (color online). Schematic potential energy curves
[12,16,23], showing the physical scenario of the experiments.
Only wave functions of the first three vibrational states after
ionization by the pump pulse are shown [31]. Inset: � � 0
eigenfunction and wave function after it is partially ionized
with an R-dependent ionization rate. Ppump�R� is the survival
probability in the GES after ionization by the pump pulse.
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In addition to the experiments, we also simulate the
preparation of the VWPs with the Lochfrass scheme. The
simulations are consistent with our data, showing the va-
lidity of the generation scheme and allow us to explore the
temperature dependence of the VWPs. Remarkably, we
find that the VWPs in the GES are stronger in hot mole-
cules compared with cold molecules. This stronger coher-
ence with higher temperature runs counter to all coherent
control schemes that we are aware of.

The experimental setup has been described in our pre-
vious work [12,14,15]. In brief, the laser system is a
standard Ti:sapphire laser system consisting of a short-
pulse oscillator and a multipass amplifier. The pump and
probe laser pulses are created with a Michelson interfer-
ometer. The final pulses are 23 fs, transform limited,
centered at 790 nm, linearly polarized, and generated at a
1 kHz repetition rate, with energies of each pulse up to
several tens of�J. The laser beam is focused to a�25-�m
diameter spot producing an intensity on the order of
1013 W=cm2. Room-temperature (295 K) I2 molecules
are leaked effusively into a standard high vacuum chamber
with a base pressure of 1� 10�9 torr. Tests were per-
formed to ensure space charge was not affecting the KER
of the ions. The ion signals are detected with a pair of
microchannel plates in a standard time-of-flight (TOF)
spectrometer. The time when the two pulses overlap (t0)
is determined by the enhanced ion signal in the bound I3�

2
channel at t0 with an uncertainty of 10 fs.

Figure 2(a) shows the KER spectrum of the (2,0) chan-
nel converted from the TOF spectrum as a function of
pump-probe delay (�). Integrating the data in Fig. 2(a)
over a range of KER that covers only the (2,0) channel,
we obtain the variation of the signal as a function of �,
S���, as shown in Fig. 2(b). The variation in the population
is found to have a large contrast of �30%, also shown in
Fig. 3(a). Fitting the signal with S��� � S0 � �S�

cos��2�=Tp��� ’s� over 40 cycles yields a vibrational
period of Tp � 158� 2 fs and a phase of ’s � 0:64�.
S0 and �S are the average and modulated signals, respec-
tively. According to the measured vibrational period, we
determine that the VWP is created in the GES of I2, which
has a vibrational period of 155 fs for the � � 0 state [16].
The measured value is slightly higher, because, for room-
temperature I2, higher vibrational levels associated with
longer vibrational periods are initially populated and par-
ticipate in the VWP. Moreover, our simulations of room-
temperature I2 molecules yield a vibrational period con-
sistent with the data. Finally, no other easily accessible
state of I2 or I�2 has this vibrational period [16–21].

We also find a modulation in the peak KER from the data
in Fig. 2(a) by fitting the KER spectrum for each � with a
Gaussian function. Figure 3(b) shows the peak KER as a
function of �, KER���. Using the potential energy curve of
the (2,0) state [12], we project KER��� to R���, as shown in
Fig. 4 (dots). As above, we define a phase through R��� �
Rave � �R cos��2�=Tp��� ’R�, where Rave is the average
R at T � 295 K and �R is the modulation of R. We find
that the vibrational amplitude 2�R � 0:035 �A and ’R �
0:81�. The phase corresponds to the WP being created at
the inner turning point (TP) to within 15 fs of t0, which is
less than the pulse duration.

The phase of the WP motion has been used to distinguish
between Lochfrass and BS as the mechanism producing the
vibrational motion [9]. For Lochfrass, if the ionization rate
increases (decreases) as a function of R, then the initial
wave function will be depleted more at large (small) R and
the expectation value of R (hRi) for the newly created WP

0 0.138 0.296 0.454 0.612 0.77 0.928 1.086 1.244 1.402

0

1

2

3

Pump−probe delay (ps)

K
E

R
 (

eV
)

(2,0) channel (a)

 

 

0

5000

10 000

15 000

0 0.158 0.316 0.474 0.632 0.79 0.948 1.106 1.264 1.422
0

1

2

3

4

5

Pump−probe delay (ps)

Si
gn

al
 (

ar
b.

 u
.)

(b)

FIG. 2 (color online). (a) KER data of the (2,0) channel as a
function of �. (b) Variation of signal in the (2,0) channel as a
function of �. Data were taken with a pump-probe intensity ratio
of 1:2, where the pump pulse intensity is estimated to be�4:6�
1013 W=cm2. The I2 pressure is �6� 10�6 torr.
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FIG. 3 (color online). (a) Ion signal in the (2,0) channel as a
function of �. (b) Peak values of the KER spectra for the (2,0)
channel as a function of �, from data shown in Fig. 2. Solid lines:
fittings of data with a cos function and a slowly varying enve-
lope. Dashed lines mark the extreme positions of the cos func-
tion near � � 0:375 ps indicating a phase shift.
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will be a minimum (maximum) at t0. In terms of the phase
defined above, ’R � � (’R � 0). In the case of BS, the
initial wave function will be released towards larger R
during the rising edge of the pulse, as the bond softens,
and will be pushed back to smaller R on the falling edge, as
the bond hardens resulting in a phase of �=2, as deter-
mined in Ref. [9]. While the ion signal S�t� can indirectly
give R�t� through modeling [9], we measure directly R�t�.
From our measured value of the phase mentioned above,
we conclude that Lochfrass is the dominant mechanism
producing our observed vibrational motion and that the
ionization rate increases for increasing R. However, the
fact that the phase is less than � suggests that BS may also
play a role. Only detailed molecular calculations can de-
termine the exact extent.

Interestingly, having independently measured the ion
signal S��� and position R���, we found that S��� is not
exactly in phase with R��� (see Fig. 3), but leads R��� by
0:17�. This relative phase is not affected by the uncertainty
of t0 determination. This phase shift implies an asymmetry
of the quantum evolution between the outgoing and in-
going WP [12], as shown in Fig. 5(a). Also, simulations
show a nonzero phase shift of �0:03�, although this
depends on the exact form of ��R�. Thus, this phase shift
provides a sensitive test of any modeling.

To further explore the coherent vibrations induced in hot
molecules by intense-field ionization, we simulate the
generation and evolution of the VWP in the GES as fol-
lows: the first 10 vibrational states are populated initially

according to a Boltzmann distribution with random phases.
Since we do not focus on the exact ionization rate as a
function of R by the laser pulses, we simply model the
survival probability in the GES after ionization by the
pump pulse, with a modified error function Ppump�R� �
	1� erf��R� rerf�=�erf�
=2. The parameters are chosen
for the best match of the simulations with the data in
vibrational amplitude and asymmetry of the VWP (see
caption of Fig. 4 for values of the parameters). We solve
the time-dependent Schrödinger equation for the VWP
after ionization [12]. Figure 5(a) shows the simulation
result for the VWP’s evolution as a function of time. A
vibrational period of 158 fs is obtained, in good agree-
ment with the data as mentioned above. Furthermore, we
simulate the ionization of the VWP in Fig. 5(a) to the (2,0)
state by the probe pulse with an ionization probability
Iprobe�R� � 	1� erf��R� rerf�=�erf�
=2 (see caption of
Fig. 5 for values of the parameters). As shown in
Fig. 5(b), the phase of the population in the (2,0) channel
after the probe pulse indicates a start with small population
as expected, and the VWP is shaped unevenly due to the
R-dependent probe ionization. This results in a triangular
shape for each patch and closely resembles our data shown
in Fig. 2(a).

Since the simulations for room-temperature I2 interpret
the data well, we next use the simulations to predict the
temperature dependence of the coherent vibrations.
Figure 4 shows the vibrational amplitudes for different
temperatures. The amplitude increases as the temperature
of the ensembles increases or as more vibrational levels are
initially populated. We also show two extreme situations
where no laser is involved. The first corresponds to a
thermal, or completely incoherent, ensemble of molecules,

FIG. 5 (color online). (a) Simulation of the population of the
VWP in the GES of room-temperature I2 as a function of R and
�. The survival probability for the pump is the same as that in
Fig. 4. (b) Simulation of the KER of the population ending up in
the (2,0) channel after the probe. The simulation uses a ioniza-
tion probability for the probe with rerf � 2:70 �A and �erf �
0:15 �A (see text).
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FIG. 4 (color online). Measured values of the expectation
value of R of the VWP along with simulations in the GES at
different initial temperatures. All simulations use a survival
probability Ppump�R� with rerf � 2:62 �A and �erf � 0:31 �A
(see text). The curve labeled ‘‘maximum amplitude’’ is a sepa-
rate simulation where there is no laser pulse and all phases are
set to zero (see text). The data points are extracted from data
shown in Fig. 2(a), and are scaled down by a factor of 1.027,
which is within the absolute uncertainty of our measurement of
R, to match Rave at T � 295 K, given by the straight line.
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Lochfrass is again seen.

More incoherence in initial state improves
coherent control scheme!

[L. Fang and G.N. Gibson,
Phys. Rev. Lett. 100, 103003 (2008)]
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Beyond diatomics: Lochfraß in ammonia (NH3)

2 cycles (pump+probe), 1800 nm, 1014 W/cm2

Real-time imaging of nuclear motion and tunneling possible [Förster et al., Phys. Rev. A 94, 043405 (2016)].
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Questions:

Why did the Lochfraß experiment work at all?
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Questions:

Why did the Lochfraß experiment work at all?

• no carrier-envelope-phase stabilisation

• short pulse → large spectral width (wavelength distribution)

• variation of pulse length from shot to shot expected.

Why can Lochfraß and bond softening be distinguished by the absolute phases?

Why can a more incoherent initial state lead to a more coherent wavepacket?

Note: All results in perfect agreement with theoretical simulation!
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More questions:

• How universal is the robust formation of coherent wavepackets by time- and position-
dependent dissipation?
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More questions:

• How universal is the robust formation of coherent wavepackets by time- and position-
dependent dissipation?

• Can this phenomenon be transferred to many-body systems?

• Especially, also to (strongly) interacting many-body systems?

• This is QSIM19: where is the quantum simulator?
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Quantum-simulator for attosecond physics (I)

Atom in electric field

ĤLG(t) = Ĥ0 +
∑N

i=1 ri · eE

Atoms in dipole trap

ĤLG(t) = Ĥ0 +
∑N

i=1 ri · µB
′

Mapping of electric field E on magnetic-field gradient B′.
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Quantum-simulator for attosecond physics (II)

Atom in electric field

ĤLG(t) = Ĥ0 +
∑N

i=1 ri · eE(t)

Atoms in dipole trap

ĤLG(t) = Ĥ0 +
∑N

i=1 ri · µB
′(t)

Mapping of electric field E(t) on magnetic-field gradient B′(t).
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Quantum-simulator for attosecond physics (II)

Atom in electric field

ĤLG(t) = Ĥ0 +
∑N

i=1 ri · eE(t)

Atoms in dipole trap

ĤLG(t) = Ĥ0 +
∑N

i=1 ri · µB
′(t)

Mapping of electric field E(t) on magnetic-field gradient B′(t).

Time scales of field variation: femtoseconds vs. milliseconds.
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Quantum-simulator for attosecond physics (II)

Atom in electric field

ĤLG(t) = Ĥ0 +
∑N

i=1 ri · eE(t)

Atoms in dipole trap

ĤLG(t) = Ĥ0 +
∑N

i=1 ri · µB
′(t)

Mapping of electric field E(t) on magnetic-field gradient B′(t).

Time scales of field variation: femtoseconds vs. milliseconds.

−→ attoscience in slow motion!
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Advantages of the quantum simulator

• Trap potential (confinement) experimentally tunable.
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Advantages of the quantum simulator

• Trap potential (confinement) experimentally tunable.

• Atom number variable and experimentally controllable.

• Atom-atom interaction experimentally tunable.

• Independent variation of trap and particle parameters.

• Pulse shape easily controllable (and very flexible).

• Distinguishable vs. indistinguishable atoms (role of exchange).

• Multi-well potentials (double and multiple wells already realized):
“molecule” with fixed or classically moving nuclei.

• Short-range potential: ideal test case for strong-field approximation.

• Controlled collisions between atoms (with variable dimension).

• Attoscience imaging concepts may be applied to ultracold atoms.

Key question: does it work with realistic experimental parameters?
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Possible experimental realization (cf. S. Jochim’s set-up)

The experiment uses fermionic Li atoms.

The optical trap potential is effectively one-dimensional: aspect ratio 10:1.

Potential:
VL(z) = αV0

[
1− 1

1+(z/zr)2

]
with variable parameter α, basic trap depth V0/kb = 3.33 µK (Boltzmann constant kb),
and the Rayleigh length zr = πw2

0/λ (λ = 1064 nm).

Mapping (equal Keldysh parameters and binding energies):

γe := ωe

√
2meIp

eE0
= ω

√
2maEb

µB′0
=: γa βe :=

Ip
~ωe

=
Eb

~ω
=: βa .

where Ip and Eb are the binding energies of the ground states of the field-free
Hamiltonians.
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Quantum simulator in multiphoton regime (I)
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Quantum simulator in multiphoton regime (II)
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Quantum simulator in quasi-static regime (I)

0 50 100 150
Kinetic Energy [ω]
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ω=2π ·0.04 kHz

|B′
0 |=0.41 G/cm

 2 Up  10 Up

Simulator (1D)

TDSE
SFA velocity gauge, x 16.7
SFA length gauge, x 5.1

Characteristic features: direct emission (< 2Up), plateau between 2 and 10 Up.

SFA (strong-field approximation): very popular, long-range Coulomb
interaction between electron and remaining ion is ignored!
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Quantum simulator in quasi-static regime (II)
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SFA length gauge (1D), x 252
SFA length gauge (3D), x 0.3
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Measurement issues
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Problem: in view of the statistics such energy-resolved “ATI” spectra
are hard to measure with few atoms.
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Possible solutions:
other observables (e. g., excited states: “frustrated tunneling ionization”)
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Measurement issues
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ω=2π ·0.04 kHz

|B′
0 |=0.41 G/cm

 2 Up  10 Up

Simulator (1D)

TDSE
SFA velocity gauge, x 16.7
SFA length gauge, x 5.1

Problem: in view of the statistics such energy-resolved “ATI” spectra
are hard to measure with few atoms.

Possible solutions:
other observables (e. g., excited states: “frustrated tunneling ionization”)

or using many atoms (e. g., one BEC) per simulated electron!
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Towards experimental realization

The possibility of strong-field simulations with ultracold atoms has been discussed earlier:
Arlinghaus and Holthaus [Phys. Rev. A 81, 063612 (2010)].

Idea: a periodically shaken lattice effectively generates a periodic linear force
(in the frame co-moving with the lattice).
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(in the frame co-moving with the lattice).

Simulator: the atoms in the lattice represent electrons in a solid exposed to a
periodic electromagnetic field.

−→ “Floquet engineering” [Holthaus, J. Phys. B 49, 013001 (2016)]

Combination: Use a single- (or few-)site trap (instead of optical lattice) and shaking
(instead of magnetic-field gradient) with many atoms (better statistics).
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(in the frame co-moving with the lattice).

Simulator: the atoms in the lattice represent electrons in a solid exposed to a
periodic electromagnetic field.

−→ “Floquet engineering” [Holthaus, J. Phys. B 49, 013001 (2016)]

Combination: Use a single- (or few-)site trap (instead of optical lattice) and shaking
(instead of magnetic-field gradient) with many atoms (better statistics).

Experiment: periodically shaken single-trap strontium BEC:
David Weld and his group at University of California Santa Barbara (UCSB).
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Towards experimental realization

The possibility of strong-field simulations with ultracold atoms has been discussed earlier:
Arlinghaus and Holthaus [Phys. Rev. A 81, 063612 (2010)].

Idea: a periodically shaken lattice effectively generates a periodic linear force
(in the frame co-moving with the lattice).

Simulator: the atoms in the lattice represent electrons in a solid exposed to a
periodic electromagnetic field.

−→ “Floquet engineering” [Holthaus, J. Phys. B 49, 013001 (2016)]

Combination: Use a single- (or few-)site trap (instead of optical lattice) and shaking
(instead of magnetic-field gradient) with many atoms (better statistics).

Experiment: periodically shaken single-trap strontium BEC:
David Weld and his group at University of California Santa Barbara (UCSB).

Note: Magnetic-field gradient would allow for larger laser-paramter regime
(multiphoton/quasistatic).
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Streaking ultrashort laser fields

A time-delayed (weak) attosecond pulse ionizes an atomic system dressed by an
ultrashort intense femtosecond pulse (observed: kinetic energy of emitted electrons).
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Streaking ultrashort laser fields

A time-delayed (weak) attosecond pulse ionizes an atomic system dressed by an
ultrashort intense femtosecond pulse (observed: kinetic energy of emitted electrons).

Mapping of the time-dependent vector potential (of the femtosecond pulse)
due to mechanical/canonical momentum p −→ p + A(t).
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Streaking ultrashort laser fields

A time-delayed (weak) attosecond pulse ionizes an atomic system dressed by an
ultrashort intense femtosecond pulse (observed: kinetic energy of emitted electrons).

Mapping of the time-dependent vector potential (of the femtosecond pulse)
due to mechanical/canonical momentum p −→ p + A(t).

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

.
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Streaking using ultracold atoms

Experiment: periodically shaken single-trap strontium BEC.
[Senaratne et al., Nature Comm. 9, 2065 (2018)]
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Summary

• Lochfraß: robust coherent wavepacket formation by means of time and spatially varying
dissipation.

• The proposed ultracold-quantum simulator for strong-field physics [“attosecond science
in slow motion”, Phys. Rev. A 95, 011403 (Rapid Comm.) (2017)] works for realistic
experimental parameters.
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tions, pulse shapes, . . . ) and “clean”.

• Multiple wells (molecules with fixed or classically moving nuclei) recently realised.

• May test all kind of “tunnelling (delay) times”.

• Really of interest: not H atom (used here for validation), but simulations of
many-particle systems beyond the reach of classical computers.
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Summary

• Lochfraß: robust coherent wavepacket formation by means of time and spatially varying
dissipation.

• The proposed ultracold-quantum simulator for strong-field physics [“attosecond science
in slow motion”, Phys. Rev. A 95, 011403 (Rapid Comm.) (2017)] works for realistic
experimental parameters.

• Experimental realisation(s) in progress.

• The quantum simulator is extremely flexible (potential, particle number and interac-
tions, pulse shapes, . . . ) and “clean”.

• Multiple wells (molecules with fixed or classically moving nuclei) recently realised.

• May test all kind of “tunnelling (delay) times”.

• Really of interest: not H atom (used here for validation), but simulations of
many-particle systems beyond the reach of classical computers.

New perspective: strongly (periodically) driven (few or many) ultracold atoms,
possibly with (strong) interaction and structured dissipative environment.
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