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temperature regime from (9), which joins smooth-
ly to the second virial coefficient approximation
for S in the high-temperature regime (20). The
Fig. 3 inset shows the low-temperature behavior,
which is about five times the string theory limit
(Fig. 3, inset, red dashed line) near the critical
energy Ec/EF = 0.7−0.8 (9, 20). The apparent
decrease of the h/s ratio as the energy approaches
the ground state 0.48EF (9) does not require that
the local ratio→ 0 as T→ 0 because contribu-
tions from the cloud edges significantly increase
S as compared with the local s at the center.
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Time-Resolved Holography
with Photoelectrons
Y. Huismans,1* A. Rouzée,1,2 A. Gijsbertsen,1 J. H. Jungmann,1 A. S. Smolkowska,1

P. S. W. M. Logman,1 F. Lépine,3 C. Cauchy,3 S. Zamith,4 T. Marchenko,5 J. M. Bakker,6

G. Berden,6 B. Redlich,6 A. F. G. van der Meer,6 H. G. Muller,1 W. Vermin,7 K. J. Schafer,8

M. Spanner,9 M. Yu. Ivanov,10 O. Smirnova,2 D. Bauer,11 S. V. Popruzhenko,12 M. J. J. Vrakking1,2*

Ionization is the dominant response of atoms and molecules to intense laser fields and is at the
basis of several important techniques, such as the generation of attosecond pulses that allow the
measurement of electron motion in real time. We present experiments in which metastable xenon
atoms were ionized with intense 7-micrometer laser pulses from a free-electron laser. Holographic
structures were observed that record underlying electron dynamics on a sublaser-cycle time scale,
enabling photoelectron spectroscopy with a time resolution of almost two orders of magnitude
higher than the duration of the ionizing pulse.

A
fter a strong laser field ionizes an atom
or molecule, the liberated electron is
accelerated by the oscillatory laser elec-

tric field and driven back toward the ion (1).
Electron-ion recollision leads to the emission
of extreme ultraviolet (XUV) radiation, with a
duration that approaches the atomic unit of time
(24.2 as) (2, 3) and encodes detailed structural
and dynamical information about the atomic or
molecular medium used (4–7). Alternatively, the
returning electron may elastically or inelastically
scatter (8, 9). These processes benefit from the
1011 A/cm2 electron recollision current incident
on the target ion, exceeding current densities
used in transmission electron microscopes (10).
The laser-driven electron motion is fully coher-
ent, allowing one to put into practice the concept

of holography (11) and to extend it to electron-
ion collisions involving laser-ionized and -driven
photoelectrons (9, 12, 13). We show how under
suitably chosen experimental conditions, a holo-
gram can be recorded that encodes temporal and
spatial information both about the ion (the “target”)
and the recollision electron (the “source”), opening
the way to a new type of ultrafast photoelectron
spectroscopy of electron and nuclear dynamics
in molecules.

Key to holographic electron imaging is the
observation of an interference pattern between
a reference wave, which is emitted from the
source and does not interact with the target,
and a signal wave, which scatters off the target
and encodes its structure. The encoded infor-
mation is stored when the signal wave interferes

with the reference wave on a detector. A simple
analysis borrowed from ray optics (Fig. 1A)
shows that because of path length differences, a
phase difference Dϕ = (k – kz)z0 (where k is the
total momentum, kz is the momentum in the z

direction, and z0 is the distance to the scattering
center) arises between the reference and scattered
waves, resulting in the pattern shown in Fig. 1B.

To record a clear holographic picture, it is
desirable that the reference wave not be influ-
enced by the positively charged target and, there-
fore, that the electron source is located at some
distance from the target, z0. A suitable way to
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accomplish this is tunnel ionization in a strong
low-frequency laser field, in which the electron
tunnels through a barrier created by the laser field
and appears at some distance from the ion.

In the presence of the laser field, the electronic
wave function can be written as

y ¼ ysignal þ yref ð1Þ

where ysignal represents a signal wave packet that
oscillates in the laser field and scatters off the
target and yref represents a reference wave
packet, which only experiences the laser field and
does not interact with the target (14). To calculate
the interference pattern produced by these two
terms, we used an extension of the strong field
approximation (SFA), which includes the laser
field fully and the electron-ion scattering in the
first Born approximation (15, 16). The result of

the calculation (fig. S3A) (14) predicts that in a
strong laser field, the holographic fringes remain
visible and that the phase difference between the
signal and the reference wave packets is

Dϕ ≈ p2r ðtC − tref0 Þ=2 ð2Þ

Here, pr is the momentum perpendicular to the
laser polarization axis, tC is the time when the
signal wave packet scatters off the ion, and tref0 is
themoment of birth of the referencewave packet.
Thus, the hologram can be viewed as a pump-
probe experiment on the femtosecond-to–sub-
femtosecond time scale (fig. S3, B and C), which
can encode changes in the scattering potential
between tref0 and tC, as well as changes in the
ionization rate between tref0 and t

signal
0 , which is

the time of birth of the signal wave packet (14).
The signal and reference wave packets that pro-

duce the holographic pattern originate from the
same quarter cycle; thus, subcycle time resolution
is encoded, even when long pulses are used.

A crucial aspect in our holographic imag-
ing approach is the existence of a large elec-
tron oscillation amplitude of a >> 1Å and a large
average oscillation energy Up >> ћwlaser, where
wlaser is the laser frequency and ћ is Planck’s
constant h divided by 2p. In experiments with 800
nm radiation, these requirements lead to high laser
intensities (I ~ 1014 W/cm2) that can only be
applied to ground-state atoms and molecules with
a large ionization potential. To make recollision-
based imaging possible at lower intensities, the
laser wavelength llaser must be increased because
both a and Up scale as llaser

2.
To demonstrate the strong-field electron ho-

lography experimentally, metastable (6 s) xenon
atoms were ionized with 7-mm mid-infrared
(mid-IR) radiation from the FELICE (Free Elec-
tron Laser for Intra-Cavity Experiments) beam-
line at the Free Electron Laser for Infrared
Experiments (FELIX) facility (fig. S1) (14, 17).
The use of a large llaser in combination with a
modest ionization potential (IP = 3.8 eV) al-
lowed the preparation of electron wave packets
born at large z0 = IP/Flaser, where Flaser is the
laser field strength, displaying a large excursion
a0, without the need for a very high laser in-
tensity (7 × 1011 W/cm2), and remaining in the
tunneling regime ½g ¼ wlaser

Flaser

� �

ffiffiffiffiffiffiffi

2IP
p

< 1�. Angle-
resolved photoelectron spectra were recorded with
a velocity map imaging spectrometer (VMI) (18)
integrated into the FELICE laser cavity. Themeta-
stable xenon atoms were exposed to a train of
5000 mid-IR laser pulses separated by 1 ns.

Fig. 1. (A) Diagram
illustrating the concept of
electron holography. Two
interfering paths with the
same final momentum
k = (kz,kr) are indicated.
Path I is a referencewave,
leaving the source with
momentum k = (kz,kr).
Path II is a signal wave,
incident on the targetwith
kr = 0, kz = k = |k| and
scattering into k = (kz,kr). The phase difference Dϕ = (k– kz)z0 that follows from the path length
differences leads to interference fringes ~cos[(k – kz)z0]. (B) Interference pattern generated by a Gaussian
wave packet released at a distance z0 = 50 atomic units (a.u.) from a scattering center, with no laser field
present. A hologram is created as a result of interference between a scattering-signal wave packet and a
direct-reference wave packet.

Fig. 2. Intensity dependence of measured velocity map images and the corresponding photoelectron
kinetic energy distributions. (A) 7.1 × 1011W/cm2; (B) 5.5 × 1011W/cm2; (C) 4.5 × 1011W/cm2; (D) 3.2 × 1011

W/cm2; (E) 2.5 × 1011W/cm2; and (F) 1.9 × 1011W/cm2. (G) Angle-integrated photoelectron spectra. Squares
indicate the energy that corresponds to the classical 2Up cutoff energy.
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Varying the position of the experimental
apparatus along the laser propagation axis allowed
the peak intensity to be tuned by approximately a
factor of five. Figure 2, A to F, shows a dominant
electron emission along the laser polarization axis,
with a high-energy cutoff (Fig. 2G) that agrees
well with the classical expectation Ecutoff = Flaser

2/
2wlaser

2. In Fig. 3A, “side-lobes” are observed that
extend from low to high momentum and run
parallel to the laser polarization axis for high
momenta. These side-lobes qualitatively agree
with the patterns calculated in fig. S3A and result
from a holographic interference. Additionally, a
number of weaker transverse structures extend
sideways approximately orthogonal to the laser
polarization. Neither of these structures should be
confused with the so-called side-lobes, “wings,”
or “rings” caused by backscattered electrons that
were observed in higher-order above-threshold
ionization (19, 20), nor are they related to the
interferences observed in recent experiments on
ionization of helium by a few-cycle pulse (21).

The experimental observation of holographic
interferences is confirmed through full time-
dependent Schrödinger equation (TDSE) calcu-
lations, which show the same fringe pattern (Fig.
3B) (22). The fringe spacing agrees with the ex-
periment and is reduced compared with the
SFA-based calculation (fig. S3A), in which the
long-range Coulomb potential was neglected.

Insight into the role of the Coulomb potential
was gained by performing semiclassical calcu-

lations with the Coulomb-corrected strong-field
approximation (CCSFA) (14) (23). In these cal-
culations, complex quantum trajectories are
calculated that, after tunneling, include the Cou-

lomb interaction of the electron in the classically
allowed region. The spectrum is calculated by
summing contributions from different trajecto-
ries, including their phases (14). The results (Fig.

Fig. 3. Comparison of an experimental two-dimensional photo-electron
velocity map image with calculations (CCSFA and TDSE). (A) Four-hour-long
measurement of the ionization of metastable xenon under conditions similar
to those used in the measurements shown in Fig. 2A. (B) TDSE calculation for
ionization of argon (5 s) (IP = 0.14 a.u., four-cycle flat-top 7-mm pulse, peak

field strength of 0.0045 a.u.). (C) CCSFA calculation for ionization of a model
hydrogenic atom (IP = 0.14 a.u., llaser = 7 mm, peak field strength of 0.0045
a.u.). (Inset) CCSFA single half-cycle calculation, illustrating that the side-lobes
are due to an interference between two trajectories that leave the atom within
the same half-cycle.

Fig. 4. (A) Two trajectories that
lead to the formation of electrons
with a finalmomentumof pr =–0.01
a.u. and pz = –0.46 a.u. The red
trajectory corresponds to an elec-
tron that only weakly interacts with
the ionic core. The blue trajectory
corresponds to an electron that
strongly interacts with the ionic core
and that undergoes Coulomb focus-
ing. (B to D) Recollision trajectories,
illustrating the occurrence of a recol-
lision at the first (ring 1), second
(ring 3), or third (ring 2) opportunity.
The highest kinetic energy of electrons
on ring 1 is 1.289 a.u. (10.75 Up).
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3C) quantitatively reproduce the main features
discussed above. Inspection of the trajectories
responsible for the side-lobes shows that these
trajectories can indeed be considered as a ref-
erence and scattered wave packet, creating a holo-
gram (Fig. 4A).

The efficiency of electron-ion recollision
drops dramatically with increasing llaser because
of spreading of the wave packet between
ionization and recollision. Still, a clear hologram
can be observed at 7 mm. Two effects make this
possible. First, the hologram results from a het-
erodyne experiment, in which a weaker signal is
mixed with a stronger signal. Second, to create a
clear reference a large-impact parameter is
needed in order to limit the interaction with the
Coulomb field. For large llaser, a small pr al-
ready leads to large-impact parameters because
of the long excursion time between ionization
and recollision.

Inspection of the electron trajectories con-
tributing to the transverse structures (Fig. 3)
reveals that they are due to recollision events in
which the scattering does not occur on the first
opportunity but on the second or third (20, 24, 25).
Typical examples of these trajectories are shown
in Fig. 4, B to D. One, respectively two glancing
electron-ion collisions can be observed before the
real recollision takes place. Usually, these rare
events do not leave an imprint on the photo-
electron spectrum. However, the combination of
a long laser wavelength and Coulomb focusing
(24) increases the probability because a small
deviation introduced by the Coulomb potential

can be sufficient to focus the returning wave
packet onto the ion.

In our model study on the ionization of meta-
stable xenon, we have experimentally shown the
possibility to record holographic structures.
Furthermore, our theoretical exploration shows
that the hologram stores spatial and temporal
information about the core- and electron dy-
namics. This offers opportunities to extend strong-
field holography tomore complicated systems and
to use it to time-resolve electron-dynamics. As
revealed in recent experiments (6, 26), electron-
ion recollision phenomena encode hole dynamics
that occur in ions during the first few femto-
seconds after strong-field ionization. When
properly implemented with the use of a long-
wavelength-driving laser, photo-electron holog-
raphy appears especially well suited for studying
this type of dynamics, in particular in molecules
with a low binding energy that cannot easily be
studied by other means.
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Spin Crossover in Ferropericlase at
High Pressure: A Seismologically
Transparent Transition?
Daniele Antonangeli,1,2* Julien Siebert,1,2 Chantel M. Aracne,2 Daniel L. Farber,2,3 A. Bosak,4

M. Hoesch,4 M. Krisch,4 Frederick J. Ryerson,2 Guillaume Fiquet,1 James Badro1,2

Seismic discontinuities in Earth typically arise from structural, chemical, or temperature variations
with increasing depth. The pressure-induced iron spin state transition in the lower mantle may
influence seismic wave velocities by changing the elasticity of iron-bearing minerals, but no
seismological evidence of an anomaly exists. Inelastic x-ray scattering measurements on
(Mg0.83Fe0.17)O-ferropericlase at pressures across the spin transition show effects limited to the
only shear moduli of the elastic tensor. This explains the absence of deviation in the aggregate
seismic velocities and, thus, the lack of a one-dimensional seismic signature of the spin
crossover. The spin state transition does, however, influence shear anisotropy of ferropericlase and
should contribute to the seismic shear wave anisotropy of the lower mantle.

T
he characterization of pressure- and
temperature-induced transformations in
mantle minerals and their connection to

seismic discontinuities aid in the understand-
ing of Earth’s interior. In this sense, the series
of phase transformations that occurs in olivine—
which with increasing pressure first transforms to
wadsleyite, then to ringwoodite, and then breaks

down into ferropericlase and perovskite—is em-
blematic. These phase changes are accompanied
by density and sound-velocity variations that are
responsible for the main seismic discontinuities
in the upper mantle (1).

In contrast, the recently discovered iron spin-
state transition—where compression favors the
electron spin pairing, with the system changing

from a high-spin to a low-spin state—in both
ferropericlase (2) and perovskite (3), the two
main phases of the lower mantle, does not clearly
relate to any seismic signature, although effects
on mantle density and seismic wave velocity
have been anticipated (4–8). In ferropericlase, the
spin transition occurs without structural changes
(4, 9), but experimental (10) and theoretical (11)
studies suggest large softening of all the elastic
moduli and, consequently, a major decrease in
the aggregate sound velocities. Thus, at pressure
and temperature conditions of the lower mantle,
such an effect should be associated to a broad
seismic anomaly (12) that, conversely, is not ob-
served (13, 14).

Here we present inelastic x-ray scattering (IXS)
measurements on (Mg0.83Fe0.17)O-ferropericlase
across the spin transition and up to 70 GPa (15).
We obtained the complete elastic tensor (that is,
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