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Ionization models for atoms in fields

• Lowest-order perturbation theory (LOPT) (low laser intensities).
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• Lowest-order perturbation theory (LOPT) (low laser intensities).

• Quasistatic regime (high intensity and low frequency):

? Perelomov, Popov, Terent’ev (PPT): tunneling

? Ammosov, Delone, Krainov (ADK): tunneling

? barrier-suppression models (none appears convincing)

? quasistatic approximation (using exact ab initio dc rates).
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Ionization models for atoms in fields

• Lowest-order perturbation theory (LOPT) (low laser intensities).

• Quasistatic regime (high intensity and low frequency):

? Perelomov, Popov, Terent’ev (PPT): tunneling

? Ammosov, Delone, Krainov (ADK): tunneling

? barrier-suppression models (none appears convincing)

? quasistatic approximation (using exact ab initio dc rates).

• Keldysh, Faisal, Reiss theory (KFR), strong-field approximation (SFA),
or intense-field S-matrix theory (ISMT).

• Floquet theory (exact for constant infinite pulse).

• Solution of the time-dependent Schrödinger equation (TDSE): exact.
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Validity regimes of approximations
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Lowest-order perturbation theory (LOPT)

ΓLOPT ∝ IN
∣∣∣∣∣∣
∑

ν,µ...ζ

〈Ψf |D̂|Ψν〉〈Ψν|D̂|Ψµ〉 · · · 〈Ψζ|D̂|Ψi〉
[Eν−Ei−(N−1)ω] [Eµ−Ei−(N−2)ω] · · · [Eζ−Ei−ω]

∣∣∣∣∣∣

2

• Perturbative regime: high photon energies, low intensity.

• Simple intensity dependence (ΓLOPT ∝ IN)

−→ absolute cross-sections, energy dependence?

• Problem: Calculation requires sum over all virtual intermediate states, incl.
continua.
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• Perturbative regime: high photon energies, low intensity.

• Simple intensity dependence (ΓLOPT ∝ IN)

−→ absolute cross-sections, energy dependence?

• Problem: Calculation requires sum over all virtual intermediate states, incl.
continua.

– H+
2 (vibrational and orientational dependence).

A. Apalategui, A. Saenz und P. Lambropoulos, J. Phys. B: At.Mol. Opt. Phys. 33, 2791 (2000).

– H2 (fully correlated, method comparison complex scaling vs. B splines).
A. Apalategui und A. Saenz, J. Phys. B: At.Mol. Opt. Phys. 35, 1909 (2002).

– H2 (including nuclear motion in BO approx.).
A. Palacios, H. Bachau, F. Mart́ın, Phys. Rev. Lett. 96, 143001 (2006).
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LOPT regime for H2: intensity scan (R = 1.4 a0)
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• N : Number of photons

• Γ(N): Ionization rate

• σ(N): N-photon ioniza-
tion cross-section

• I: Intensity

• h̄ω: Photon energy

Ionization yield: Pion =
∫

pulse
Γ(N)dt
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LOPT regime for H2: frequency scan (R = 1.4 a0)
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LOPT regime for H2: frequency scan (R = 1.4 a0)
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LOPT regime for H2: frequency scan (R = 1.4 a0)

4 8 12 16 20
Photon Energy (eV)

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

Io
ni

za
tio

n 
Y

ie
ld

TDSE
1 Photon (LOPT)
2 Photon (LOPT)
3 Photon (LOPT)
4 Photon (LOPT)

I = 2.0 x 10
12

 W/cm
2

COS
2
 pulse of 15 fs

LOPT: Ionization yield Pion =
∫

Γ(N) dt

Γ
(N)

= σ
(N)

(
I

h̄ω
)
N

, σ
(N) ∝

∣∣∣∣∣∣
∑

ν,µ...ζ

〈Ψf |D̂|Ψν〉〈Ψν|D̂|Ψµ〉 · · · 〈Ψζ|D̂|Ψi〉
[Eν−Ei−(N−1)ω] [Eµ−Ei−(N−2)ω] · · · [Eζ−Ei−ω]

∣∣∣∣∣∣

2

A. Saenz: Atoms and Molecules in Intense Laser Fields (6) Berlin, 07.11.2014



Resonances (REMPI) and thresholds (H2, R = 1.4 a0)
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Photoelectron spectra for H2
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(a) LOPT prediction:

only first Σu peak exists

(3 photon process)!

Additional peaks:

above-threshold ionization
(ATI)

H2 at R = 1.40 a0

Photon energy: 6.2 eV

Pulse length: 25 cycles

≈ 16.5 fs
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Photoelectron spectra (H atom)
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λ = 1600nmGaussian,  FWHM(I) = 10 fs H atom:

Ionization potential IP = 13.6 eV

400 nm (3.1 eV) −→ Nph,min = 5

800 nm (1.55 eV) −→ Nph,min = 9

1600 nm (0.775 eV) −→ Nph,min = 18

Efficient solution of TDSE for H atom:

Y. V. Vanne and A. Saenz, to be published
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Validity regimes of approximations (reminder)
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Quasi-static approximation (QSA)

Concept: Atomic and molecular response to intense laser field is similar to the
response to a slowly varying electric dc field (with strength F ).

Ionisation rate Γac =
1

T

+T/2∫

−T/2

Γdc (F (t)) dt
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Quasi-static approximation (QSA)

Concept: Atomic and molecular response to intense laser field is similar to the
response to a slowly varying electric dc field (with strength F ).

Ionisation rate Γac =
1

T

+T/2∫

−T/2

Γdc (F (t)) dt

• Quasistatic regime: low frequency, high intensity.

• The static rate is (evidently) frequency independent.

• Tunnel regime (lower intensity) vs.

over-the-barrier ionisation (higher intensity).
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Quasi-static approximation (QSA)

Concept: Atomic and molecular response to intense laser field is similar to the
response to a slowly varying electric dc field (with strength F ).

Ionisation rate Γac =
1

T

+T/2∫

−T/2

Γdc (F (t)) dt

• Quasistatic regime: low frequency, high intensity.

• The static rate is (evidently) frequency independent.

• Tunnel regime (lower intensity) vs.

over-the-barrier ionisation (higher intensity).

• Simple atomic one-electron tunnel models exist for a long time.

Example: Ammosov-Delone-Krainov (ADK) model.

• Fully correlated 3D calculation of dc rates difficult !!!

−→ so far ab initio dc rates exist only for H+
2 and H2!
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Validity of exact QSA for H atom (I)
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Validity of exact QSA for H atom (II)
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Taken from A. Scrinzi, M. Geisler, T. Brabec, Phys. Rev. Lett. 83 (1999).

A. Saenz: Atoms and Molecules in Intense Laser Fields (13) Berlin, 07.11.2014



Example electron spectrum (ATI)
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Technical details of the TDSE calculation:

Hydrogen atom

Laser parameters: 1300 nm; 6 cycles; cos2; Imax = 1014 W/cm2

Direct electrons: 0 to about 2 times the ponderomotive energy Up.
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Corkum’s 3-step model for imagingPROGRESS 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.

Ψg

Ψc = a(k )eikx–iωt

30 Å

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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from 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 ionization, . . . )

• recombine radiatively (high-harmonic radiation).

Outcome of 3rd step reveals time-resolved structural information!

A. Saenz: Atoms and Molecules in Intense Laser Fields (15) Berlin, 07.11.2014



Examples for pioneering experiments (I)

Orbital tomography using high-harmonic radiation:

[J. Itatani et al., Nature 432, 867 (2004)]

graph from P. B. Corkum and F. Krausz,

Nature Phys. 3, 381 (2007)
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changes as we rotate the molecule. Recording the spectrum as a 
function of molecular alignment, we obtain a tomographic image of 
the orbital. Th is dream has been achieved experimentally. Figure 4b 
shows the highest occupied molecular orbital of N2 measured in this 
way7. For reference, the calculated orbital is shown in Fig. 4c.

We have not yet exhausted the opportunities for imaging chemical 
dynamics. In the last section we emphasized the close connection 
between attosecond pulse generation and photoionization. If 
the pre-existing electron replica can be used to measure the 3D 
structure of orbitals, then the photoelectron replica created from 
a molecule must contain the same information43 provided the 
electron originates from a well-defi ned orbital. Measuring molecular 
structure by means of photoionization is closely related to measuring 
attosecond optical pulses44. Finally, all information on the structure 
of orbitals also resides in the amplitude and phase of the absorption 
spectrum of an attosecond pulse that passes through an absorbing 
medium of aligned molecules. Th us, the amplitude and phase of the 
spectrum of an attosecond pulse provides yet another method for 
imaging molecules.

In chemical dynamics, the motion of the atoms imposes the 
natural timescale. Attosecond technology enables the faster dynamics 
of bound-state electron wavepackets to be measured. Measuring 
attosecond electron dynamics is almost the same as measuring 
attosecond photon or electron pulses (see above). In an excited 
molecule, photoionization will produce multiple electron replicas of 
the attosecond pulse, one from each state. Th e interference between 
these overlapping electron replicas encodes all information on the 
relative phase of the electronic states. As the wavepacket evolves, 
the electronic interference of the replicas in the continuum evolves, 
tracking the motion of the wavepacket45. As with measuring attosecond 
optical pulses, a pre-existing replica is just as good as an attosecond 
pulse46 with the corresponding experimental simplifi cation. We now 
turn to control.

Valence electrons can move across molecules within attoseconds. 
Control of this motion requires a force that can be varied within 

attoseconds and strong enough to rival the internal forces acting on 
the electrons. Th e electric fi eld of waveform-controlled light provides 
such a force. Its ability to control the motion of ionizing electrons 
on a nanometre scale has been demonstrated by the reproducible 
generation of single and double attosecond photon pulses19. Th e 
controlled electric force of light was recently shown47 to be able also to 
steer the motion of an electron bound to a simple diatomic molecule 
(D2

+). Th e strong infrared laser fi eld drives the electron back and 
forth between the two nuclei while the nuclei move apart (dissociate) 
owing to previous excitation. Th e electron eventually sticks to one of 
the two nuclei, as they become separated. Th e waveform of the light 
pulse controls which one it sticks to.

Th e experiment conveys important messages. Th e electron of 
a chemical bond can be directed in a molecule, leading to control 
over the reaction products. Steering electrons constitutes the most 
fundamental way of controlling chemical and biochemical reactions. 
Light-fi eld-directed reactions hold promise for many surprises. 
It is just as exciting to envisage implications of a purely electronic 
nature. When electrons are driven through a molecule, charge is 
transported. Driven by the fi eld of light, charge can be transferred 
from one end to the other of even large molecules within attoseconds. 
Light-fi eld-directed charge in molecules opens the prospect of 
petahertz-scale electronics.

CAPTURING MULTI-ELECTRON DYNAMICS IN REAL TIME

In atoms and molecules the electrons move in the combined potential 
of the ion core and all other electrons. Even when the total energy 
of the system is fi xed, these electrons move, interact and exchange 
places on the attosecond timescale — all electrons entangled with 
each other. Th us multi-electron dynamics is another natural area 
for attosecond science. Th e single-electron approximation is valid 
when dynamics is slow enough that the other electrons can adjust. 
Multi-electron dynamics is observable as a result of energetic 
(electron or ion) collisions or by absorption of an energetic (XUV 
or X-ray) photon. In both cases one or more electrons can be freed. 
Before the electrons become free, they interact with each other. 
Th ese interactions aff ect both the fi nal momenta and the temporal 
evolution of emission of the outgoing electrons. Until recently, 
only measurement of the former provided experimental access 
to electron–electron interactions. Attosecond technology has 
spawned ways of measuring the temporal evolution of the outgoing 
electron wavepackets and hence provides, for the fi rst time, direct 
time-domain insight into electron–electron interactions.

In conventional collision physics the initial and the fi nal states 
of the scattered particles are the only accessible experimental 
observables. Attosecond technology provides access to new 
variables. First, the collision is accurately timed with respect to 
the time-dependent fi eld that drives it12. Th at means that it can be 
timed with respect to a pump pulse, allowing the collision to serve 
as a probe48. All of the power of optical coherent control can be 
applied to the system to be probed by collision. Second, any charged 
fragments decay into the phased time-dependent fi eld. Th at means 
that they gain a phase-dependent energy which determines their 
time of birth49. Th is is another application of the optical-fi eld-
driven streak camera19,32 used for attosecond pulse measurement19. 
Th ird, gating techniques can be imported into collision physics: the 
time dependence of electrons emerging into the laser fi eld can be 
fully characterized with the time-varying fi eld. Finally, correlation 
and entanglement open completely new approaches to measuring 
collision dynamics — approaches infl uenced by advances in 
quantum optics50,51.

Two experiments on recollision-induced attosecond multi-
electron dynamics point the way. In one experiment a pump pulse 
launches a rotational wavepacket. Catching the wavepacket when 
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Figure 4 Orbital tomography. a, The basic physics of orbital tomography. The 
recollision electron is shown as a coloured wave that has low frequency at the 
bottom and high frequency at the top. It emerges from the orbital to be imaged and 
when it returns it interferes with the orbital. The sketch captures the moment where 
the recollision electron wavelength matches the orbital size. The interference would 
be very different earlier (when the wavelength is longer) or later (when it is shorter). 
It would also be very different for other molecular alignments. All of this information 
is encoded in the spectrum of the emitted light. b,c, The measured orbital of N2 (b) 
can be compared to the calculated image in c (ref. 7).
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Tomographical reconstruction of the HOMO (highest-occupied molecular orbital) of N2 using the

high-harmonic generation (HHG):

(a) Cartoon of the process: the interference pattern encoded in the HHG changes with electron

wavelength and molecular orientation.
(b) Experimentally reconstructed orbital.
(c) Quantum-chemically calculated orbital (reference).

A. Saenz: Atoms and Molecules in Intense Laser Fields (16) Berlin, 07.11.2014



Examples for pioneering experiments (II)

Laser induced electron tunneling and diffraction:

[M. Meckel et al., Science 320, 1478 (2008)]

mentum Spectroscopy (COLTRIMS) system (14).
COLTRIMS allows us to measure the 3D mo-
mentum vectors of single electrons and ions in
coincidence. This coincidence capability is used
to measure both O2 and N2 simultaneously under
identical conditions by means of a gas mixture. It
also allows us to eliminate any contribution to the
electron spectra from inelastic scattering resulting
in fragmentation or multiple ionization of the
molecules. However, with monomolecular tar-
gets, we achieve very similar results even without
the ion-electron coincidence requirement. Finally,
the coincidence measurement permits us to pick
up weak fragmentation channels that provide
information about the quality of our alignment
[see supporting online material (SOM) text B].

Our laser pulse (800 nm) had a total energy of
5 mJ (split and used for both alignment and
probing) and a repetition rate of 30 kHz.We align
the molecules (15) using a slightly stretched
(60 fs), moderately intense (≤8 × 1013 W/cm2)
laser pulse. The intense (2.5 × 1014W/cm2), short
(40 fs), ionizing pulse, which is applied after a
delay, catches the molecule at any alignment that
can be achieved with polarized light. Experimen-
tally, aligning (pump) and ionizing (probe) pulses
are perpendicularly polarized ( y axis and z axis in
the inset of Fig. 2A, respectively). The pump
pulse creates a rotational wave packet (15) that
results in molecules aligned primarily along the
y axis at a well-defined time delay (sketch in Fig.
2A). At a different time delay, the alignment dis-
tribution will be confined in the xz plane (sketch
in Fig. 2B). We refer to this complementary case
as anti-alignment. A computerized delay stage
moved between the respective pump-probe delays
every 10 s (details in SOM text A and B).

The electronmomentum distributions (Fig. 2)
obtained for aligned (A) and anti-aligned (B) O2

molecules have been correlatedwith singly charged
O2

+ ions. For display purposes, the distribution is
projected onto three planes. Most prominent in
the figure is the large dynamic range in the dis-
tribution. The color code covers five orders of
magnitude. The rapid fall-off of the signal is so
prominent that it is hard to discern anything else
from the figure. The spectra for N2 (fig. S1) are
qualitatively indistinguishable from those of O2.

Molecular specific structure arising from
tunneling and diffraction is revealed when we
employ normalized differences. The anti-aligned
projections are subtracted from the aligned pro-
jections and then divided by their sum. The nor-
malized differences for O2 and N2 are plotted in
Fig. 2, C and D. Because the data are not symme-
trized, the quadrant-to-quadrant reproducibility
is a measure of the quality of the image.

The low lateral-momentum electrons (p⊥ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2x þ p2y

q
< 0:5 au, where p is momentum)

exhibit clear patterns in the projection per-
pendicular to the ionizing laser field. The vast
majority of these electrons drift directly to the
detector without further interaction with the par-

ent ion. They provide information on the ioniz-
ing orbital, filtered by the tunnel. These electrons
are equally evident in the other two projections.
They are spread along the z direction between
jpzj < 1:5 au, reflecting the fact that ionization can
occur over a range of times within a field cycle.

Figure 3 presents an expanded view of the
px-py projections of the electron momenta from
N2 and O2 and focuses on the central part of the
distribution. The very different distributions cre-
ated by tunneling fromO2 and N2 reflect the very
different structures of the respective ionizing or-
bitals. In tunneling theory, the tunnel serves as a
filter for the perpendicular component p⊥ of the
orbital wave function. The tunneled wave packet
then can be expressed as (in atomic units) (16–18)

Yðp⊥Þº〈p⊥jYi〉exp −
ffiffiffiffi
Ip

p
ffiffiffi
2

p
E
p2⊥

 !
ð1Þ

where the exponential factor is the filter func-
tion. It contains the ionization potential Ip and
the electric field E of the ionizing laser pulse
at the moment of tunneling. The exponential
factor depends only weakly on the alignment
of the molecule (through a weakly angular-
dependent Stark-shift). Therefore, it is approx-
imately cancelled in any ratio of two different
alignments. However, the electronicwave function
jYi〉 is locked to the molecular frame, whereas
p⊥ is defined with respect to the laser-field di-

rection. Therefore, the alignment dependence of
the projected wave function 〈p⊥jYi〉 is accen-
tuated by taking ratios. We now show that this
basic tunneling concept agrees with our experi-
mental measurements.

Using the wave function for the HOMOs of
N2 and O2, we calculated the lateral electron mo-
mentum distributions (both shape and amplitude)
that emerge from the molecules for each molec-
ular alignment. The electrons are given initial
conditions determined by tunneling and then clas-
sically propagated in the field of a pulse identical
to the experiment, taking into account the parent
ion’s Coulomb potential (19, 20). Finally, each
molecular alignment contributes to the predicted
spectrum, according to its weight in the measured
alignment or anti-alignment distribution. There
are no free parameters in this model (described
more fully in SOM text C). The results are shown
in the bottom row of Fig. 3. The simulation re-
produces the symmetry seen in the experiment.
The model also shows that imperfect alignment
causes the orbital’s footprint to disappear in the
unnormalized spectra (Fig. 2, A and B). That is,
the node is filled by the alignment distribution of
ionizing molecules.

We now turn to the structures at higher elec-
tron momenta (p⊥ > 0:5 au) and (jpzj > 1:5 au)
in Fig. 2, C and D. This region is dominated by
electrons that have rescattered. In Fig. 2, C andD,
the relative probability of finding an electron in

Fig. 1. (Top) Tunneling creates a filtered projection of the molecular orbital. Approximately half of the
electron wave packet escapes directly to the detector. (Bottom) Remaining portion is driven back to the
parent ion. Here, the central portion of the recolliding wave packet is shown diffracting from themolecule.
The outer portions of the wave packet (not shown) weakly interact with the ion potential. The relative
strength of each component depends on the filtered projection of the molecular orbital and therefore on
molecular alignment.
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the momentum region pz = 2 au, py = 1.5 au in all
quadrants and at pz = 0 au, px = 1 au passes
through rather broad local maxima. There are
corresponding minima at pz = 2 au, px = 1.5 au
and at pz = 0 au, py = 1 au. This structure contains
information on the scattering potential. That is,
we experimentally observed LIED.

Interpreting an electron distribution such as
this is different from interpreting conventional
electron diffraction because of the presence of the
laser field (17). We analyzed our data in analogy
to the attosecond streak camera (21) to remove
the influence of the laser field on the electron
momentum after the scattering has occurred.
The final, observed momentum of a scattered
electron is p→fin ¼ p→rec þ A

→
rec (17), where

A
→
rec ¼ ðE→0=wÞsin wtrec is the vector potential

defined by the electric field E
→ðtÞ ¼ E

→
0 cosðwtÞ

of the probe pulse (here, w is the frequency of
the light), and p→rec is the electron momentum
at the time trec of recollision. This analysis yields
a manifold of momentum spheres centered at
pz = ±Arec with radii prec. The maximum radius
prec,max corresponds to a recollision energy of
3.17Up [where Up ¼ ðE0=2wÞ2 is the pondero-
motive potential]. Slicing the momentum spheres
at perpendicular planes defined by px ≈ 0 and
py ≈ 0 yields diffraction circles such as those
illustrated in Fig. 4 (at left). Within each diffrac-
tion circle, we can relate our results to conven-
tional electron diffraction: ϕ is the scattering
angle, and the radius of each circle is the elec-
tron momentum or wavelength, l = h/prec
(where h is Planck’s constant), at which scat-
tering occurs.

The four panels at right in Fig. 4 show the
value of the measured electron distributions along
diffraction circles of radius 1.4 au (blue), 1.2 au
(red), and 1.0 au (black). Each curve is offset for
clarity. Electrons in the range 0° < ϕ < 30° or
330° < ϕ < 360° are direct electrons and are not
plotted in the figure (details in SOM text D).

Because themolecules were aligned along the
y axis, the py-pz projection is the most intuitive
plane in which to analyze diffraction. At a recol-
lision momentum prec of 1 au, the electron wave-
length l = 6.3 au is larger than twice the equilibrium
bond length of O2 (d = 2.3 au). However, numerical
simulations (22, 23) and experiments (24) have
shown that the appropriate electron wavelength
for diffraction is the wavelength at the core of the
ion. That is, the recollision energy (corresponding
to the radius of the diffraction circle) plus the
ionization potential of theHOMOyield the appro-
priate diffraction wavelength. With this assump-
tion (l = 4.57 au), the first minimum at around
60° (and then at 300°) thus corresponds to a bond
length of 2.6 au.

To help extend this interpretation, we turned
to simulation (SOM text E). We used the prob-
ability of recollision as a function of the angle
between the molecule and the laser electric field
and averaged over the alignment distributions.
The electron recollision momentum is chosen by
selecting a diffraction circle for analysis.Wemade

three final assumptions: (i) We assumed that the
electron wavelength corresponds to the sum of
recollision energy and the field free ionization
energy. (ii) We assumed two-center diffraction.
(iii) Because long trajectory electrons dominate,
we concentrated on them. The resulting distribu-
tions are shown in the solid curves in Fig. 4.
Comparing the calculated and measured distribu-
tions, we see that the modulation in the regions
ϕ ≈ 50° – 150° andϕ ≈ 210° – 310° arises from
diffraction. The dashed lines highlight the shift of
the diffraction maxima and minima with the
electron wavelength. Electrons that backscatter
through ϕ ≈ 180° are not properly described.
They appear in the figure in the rangeϕ ≈ 150° –
210°. The overall agreement in the positions of

the diffraction minima andmaxima between sim-
ulations and experiment is good, except for N2 in
the px-pz plane, where the simulated diffraction
peaks appear shifted. This peak shift probably
comes from an overestimation of the recollision
probability for N2 molecules oriented parallel to
the laser field in the model.

There are three reasons why we obtain
agreement for most angles. First, using normal-
ized differences makes the two-center scattering
contribution highly visible while making our re-
sults somewhat insensitive to details of the atom-
ic contribution (25). Second, by concentrating on
relatively high-energy electrons, we only need to
consider the first recollision (9), keeping the
electron trajectories relatively simple. Third, al-

Fig. 2. Measured 3D electron
momentum distributions projected
onto three orthogonal planes. (A
and B) Raw electron distributions for
aligned and anti-aligned O2 mole-
cules, respectively. (Insets) Sketches
of the molecular alignment distribu-
tions. The aligning pulse (green) is
polarized along the y axis, whereas
the ionizing laser polarization (red)
lies along the z axis. Spectra are not
symmetrized, and data points in the
white area at pz = –2 au are re-
moved because there the spectrom-
eter resolution deteriorates. Each
figure represents ≈5 × 108 laser
shots, yielding a dynamic range of
105. (C) Difference between (A) and
(B) normalized to their sum (nor-
malized difference). (D) Same as (C)
but for N2.
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Sketch:

Some electrons tunnel directly to the detector,

others recollide and show thus diffraction.

Both, direct and recolliding electrons
may reveal structural information!

Experimental results:

indication (picture?) of the different

orbital structures of the HOMO

of N2 and O2!
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