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Attosecond dynamics through
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The dynamics of quantum systems are encoded in the amplitude and phase of wave
packets. However, the rapidity of electron dynamics on the attosecond scale has
precluded the complete characterization of electron wave packets in the time domain.
Using spectrally resolved electron interferometry, we were able to measure the amplitude
and phase of a photoelectron wave packet created through a Fano autoionizing
resonance in helium. In our setup, replicas obtained by two-photon transitions interfere
with reference wave packets that are formed through smooth continua, allowing the full
temporal reconstruction, purely from experimental data, of the resonant wave packet
released in the continuum. In turn, this resolves the buildup of the autoionizing resonance
on an attosecond time scale. Our results, in excellent agreement with ab initio time-dependent
calculations, raise prospects for detailed investigations of ultrafast photoemission
dynamics governed by electron correlation, as well as coherent control over structured
electron wave packets.

T
racking electronic dynamics on the attosec-
ond time scale and angstrom length scale
is a key to understanding and controlling
the quantum mechanical underpinnings
of physical and chemical transformations

(1). One of the most fundamental electronic
processes in this context is photoionization, the
dynamics of which are fully encoded in the re-
leased electron wave packet (EWP) and the final
ionic state. The development of broadband co-
herent sources of attosecond pulses has opened
the possibility of investigating these processes
with attosecond resolution. On such a short time
scale, few techniques (2–5) are able to provide
access to both spectral amplitude and phase.
The spectral derivative of the phase, the group
delay, is a practical quantity for describing gen-
eral wave packet properties reflecting the ioniza-
tion dynamics. Recently, photoemission delays
have been measured in a variety of systems:
noble gas atoms (6–8), molecules (9), and solids
(10). In the gas phase, these attosecond delays
give insight into the scattering of the electron
in the ionic potential; in the solid state, they pro-

vide information on the transport dynamics to-
ward the surface. However, the physical relevance
of group delays is restricted to fairly unstructured
wave packets.
The necessity to go beyond simple delays

arises for more complex ionization dynamics
when the broadband excitation encompasses
continuum structures associated with, for ex-
ample, autoionizing states, shape resonances,
and Cooper minima (11–13). These structures
induce strong spectral variations of the ampli-
tude and phase of the EWP corresponding to
different time scales, ranging from the atto-
second to the femtosecond domains. In general,
the long-term evolution of the EWP amplitude
[e.g., the lifetime of Fano autoionizing resonances
(14)] can be characterized directly in the time
domain (15), or in the spectral domain with the
use of conventional spectroscopic techniques
(16). However, the EWP phase is required for
reconstruction of the full ionization dynamics.
In particular, the short-term response associated
with broadband excitation remains unexplored
(17). It is mainly determined by the spectral phase
variation over the resonance bandwidth, which
has so far not been measured. An additional
difficulty is that the characterization techniques
often involve strong infrared probe fields that (i)
strongly perturb the resonant structures (18–20)
so that the field-free intrinsic dynamics cannot
be accessed, and (ii) require elaborate theoretical
input for decoding the electron spectrograms (21).
Here, we extend attosecond photoionization

spectroscopy to the full reconstruction of the
time-dependent EWPs produced by coherent
broadband excitation through resonant struc-
tures. To this end, we have developed a pertur-
bative interferometric scheme enabling the direct

measurement of the spectral amplitude and phase
of the unperturbed resonant EWP. Interferences
between the latter and a reference nonresonant
EWP are achieved through two-photon replicas
obtained by photoionizing the target with an
extreme ultraviolet (XUV) harmonic comb com-
bined with the mid-infrared (MIR) fundamental
field. This spectrally resolved technique is easy to
implement and offers straightforward access to
the EWP characteristics without complex anal-
ysis or theoretical input. We apply it to the in-
vestigation of the test case of the doubly excited
2s2p autoionizing resonance of helium, for which
ab initio time-dependent calculations can be per-
formed (22, 23), thereby providing a benchmark
for our experimental study.
Autoionization occurs when a system is ex-

cited in structured spectral regions where reso-
nant states are embedded into a continuum.
The system can then either directly ionize or
transiently remain in the resonant bound state
before ionizing. Coupling between the resonant
state and continuum states of the same energy
through configuration interaction leads to the
well-known Fano spectral line shapes (14). Of
particular interest is the autoionization decay
from doubly excited states (16) that is a direct
consequence of the electron-electron repulsion.
Using our spectrally resolved technique, we di-
rectly access the complete ionization dynamics
(including interferences at birth time) and mo-
nitor the resonance buildup on a subfemtosecond
time scale—an endeavor of attosecond science
(17, 24).
The concept of the method is shown in Fig. 1A.

We photoionize helium with a comb of mutually
coherent odd harmonics derived from an optical
parametric amplifier (OPA) MIR source. The
harmonic of order 63 (H63) is driven into the 2s2p
resonance, at 60.15 eV from the ground state,
by tuning the OPA central wavelength lOPA to
1295 nm. Because the harmonic width (400 meV)
is much larger than the resonance width (G =
37 meV), a broad resonant EWP with complex
spectral amplitude AR(E) is produced. Simul-
taneously, nonresonant EWPs are created by the
neighboring harmonics H61 and H65 in smooth
regions of the continuum; each of these can serve
as a reference, denoted ANR(E), to probe the reso-
nant EWP.
To induce interference, we use two-photon

transitions to create replicas that spectrally over-
lap with each other. A weak fraction of the fun-
damental MIR pulse, of angular frequency w0 =
2pc/lOPA, is superimposed on the harmonic comb
with a delay t. Its intensity (~2 × 1011 W/cm2) is
sufficiently high to induce perturbative two-
photon XUV-MIR transitions but is low enough
to avoid transitions involving more than one MIR
photon [e.g., depletion of the doubly excited
state by multiphoton ionization (15), or distortion
of the resonance line shape (19)]. Most impor-
tant, the MIR spectral width (26 meV) is smaller
than both the harmonic and resonance widths,
ensuring that each EWP produced in the two-
photon process is a faithful, spectrally shifted,
replica of the unperturbed EWP produced in
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the XUV one-photon process. Because of the fre-
quency relation between the odd-harmonic XUV
comb and the fundamental MIR laser, the res-
onant EWP upshifted by absorption of a MIR
photon, AR+1(t, E + ħw0) º AR(E) exp(iw0t), and
the reference EWP downshifted by stimulated
emission of a MIR photon, ANR–1(t, E + ħw0) º
ANR(E + 2ħw0) exp(–iw0t), coherently add up
in the single sideband (SB64) that lies between
the lines associated with H63 and H65. Similarly,
the resonant EWP downshifted by emission of
a MIR photon interferes in sideband SB62 with
the EWP upshifted by absorption of a MIR pho-
ton from H61. We designate E the photoelectron
energy in the resonant EWP, and E = E ± ħw0

the photoelectron energy of the resonant EWP
replicas in SB64 and SB62, respectively.
The spectrum of these sidebands is thus mod-

ulated by the interference between the reso-
nant and nonresonant replicas, depending on
the XUV-MIR delay t (25). For SB64, the spec-
trum is given by

S64ðt;E Þ ¼ jARþ1ðt;EÞ þ ANR−1ðt;EÞj2
¼ jARþ1ðEÞj2 þ jANR−1ðEÞj2þ

2jARþ1ðEÞjjANR−1ðEÞj
� cos½2w0t + Dϕ64ðEÞ þ DhscatðEÞ�

ð1Þ

where the two contributions to the replicas’ rela-
tive phase are (i) 2w0t, the phase introduced by the
absorption or simulated emission of theMIR photon,
and (ii) the relative phase between the initial one-
photon EWPs. The latter is split into Dϕ64ðEÞ ¼
ϕ65ðE þ ħw0Þ − ϕ63ðE − ħw0Þ, the phase differ-
ence between the two ionizing harmonics, and
DhscatðEÞ ¼ hscatðE þ ħw0Þ − hscatðE − ħw0Þ, the
difference between the nonresonant and resonant
scattering phases of the two intermediate states.
In our conditions, the variations over the side-
band width of both Dϕ64ðEÞ and hscatðE þ ħw0Þ
are negligible in comparison with that of the
resonant scattering phase hscatðE − ħw0Þ (25).
The latter contains information about the scat-
tering of the photoelectron by the remaining
core, including strongly correlated scattering
by the other electron close to the resonance. This
phase is the measurable quantity addressed by
our study.
Using a high-resolution (~1.9%) magnetic-

bottle spectrometer with a length of 2 m, we
have access to the photoelectron spectrogram—
electron yield as a function of energy E and
delay t—spectrally resolved within the harmon-
ics and sideband widths (Fig. 1B). As a result of
its large bandwidth, H63 produces a photoelec-
tron spectrum exhibiting a double structure with
a Fano-type resonant peak and a smoother peak.
This shape is replicated on each of the closest
resonant sidebands (SB62 and SB64). Strikingly,
the components of the double structure oscillate
with different phases when t is varied, in both
SB62 and SB64.
These phase variations are further evidenced

by a spectrally resolved analysis: For each sam-
pled energy within the sideband width, we per-
form a Fourier transform of S63±1(t, E + ħw0)
with respect to t to extract the amplitude and
phase of the component oscillating at 2w0 (see
Eq. 1 and Fig. 2). The SB62 phase shows a strong
increase of ~1 rad within the resonant peak,
followed by a sudden drop at the amplitude min-
imum (E ~ 34.75 eV), and a rather flat behavior
under the smooth peak. The SB64 phase has a
very similar shape and magnitude but with an
opposite sign due to opposite configuration of the
resonant and reference EWPs in the interferom-
eter. This correspondence confirms the direct
imprint of the intermediate resonance on the
neighboring sidebands.
The 2w0 component of the resonant side-

bands thus provides a good measure of the |AR(E)|
exp[ihscat(E)] EWP that would result from one-
photon Fourier-limited excitation. This allows a
detailed study of the temporal characteristics of
resonant photoemission, in particular of the elec-
tron flux into the continuum, through the direct
reconstruction of this EWP in the time domain:

ÃRðtÞ ¼ 1

2p ∫
þ∞

−∞

jARðEÞj exp½ihscatðEÞ� exp
−iEt
ħ

� �
dE

ð2Þ

The temporal profile obtained from SB64 is
shown in Fig. 3A. It presents a strong peak at the

SCIENCE sciencemag.org 11 NOVEMBER 2016 • VOL 354 ISSUE 6313 735

Fig. 1. Principle and resulting spectrogram of spectrally resolved attosecond electron inter-
ferometry for the complete characterization of resonant EWPs. (A) Principle of the electron inter-
ferometry technique. Resonant AR and reference nonresonant ANR EWPs are produced by successive
coherent harmonics. Replicas of these EWPs are created at the same final energy by two-photon
transitions induced by a weak fundamental MIR field, where the atom absorbs aMIR photon, leading to
the AR+1 EWP, or emits a MIR photon, leading to the ANR–1 EWP. The spectrally resolved interferences are
measured in a time-of-flight electron spectrometer as a function of the XUV-MIR delay t, controlled with
interferometric accuracy; these interferences provide access to the spectral phase of the resonant AR EWP.
(B and C) Experimental spectrogram (B) and theoretical spectrogram (C) in the 33- to 39-eV region for a
1295-nm OPA wavelength (25). H63 overlaps the 2s2p resonance of helium located 60.15 eV above the
ground state (ER = 35.55 eV). Single-photon ionization by the odd harmonic orders results in main lines
spaced by twice theMIR photon energy, 2ħw0 = 1.92 eV. Between these lines appear sidebands corresponding
to two-photon ionization.The oscillations of the two sidebands onboth sides of the resonantH63 (i.e., SB62 and
SB64) encode the spectral phase of the resonant EWP. A close-up of one SB62 beating shows the structured
shape of this resonant EWP and the dephasing of the oscillations of the different spectral components.
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origin—given by the maximum of the Fourier trans-
form of the nonresonant SB66 (25)—followed by
a deep minimum around 4 fs and then a revival
with a decay within ~10 fs. The presence of a
fast phase jump (~2 rad within ~2 fs) at the
position of the minimum indicates that it re-
sults from a destructive interference between two
wave packet components, the origin of which is
detailed below.
To benchmark the measured data, we theo-

retically investigated the multicolor XUV + MIR
ionization of He in the vicinity of the 2s2p res-
onance. Fully correlated ab initio time-dependent
calculations (22) were used to validate an ana-
lytical model of the two-photon transitions
accounting for the actual pulses’ bandwidths
(23). The simulated photoelectron spectrogram,
taking into account the spectrometer reso-
lution, remarkably reproduces the structured
shape of the resonant sidebands as well as
the dephasing between their two components
(Fig. 1C). The analysis of the 2w0 oscillations of
SB62 and SB64 gives spectral phase variations
in excellent agreement with the experimental
data (Fig. 2). The temporal profile ÃRðtÞ ob-
tained by Fourier transform (Fig. 3) is also
well reproduced, with a smaller revival but a
similar decay time of ~10 fs. This reduced ef-

fective lifetime is a direct consequence of the
finite spectrometer resolution. When the latter
is assumed infinite, the time profile has the
same behavior at short times but a longer de-
cay, corresponding to the 17-fs lifetime of the
resonance. Analytical calculations show that
in our conditions, the reconstructed EWP does
mirror the one-photon resonant EWP (25).
These findings confirm that, except for a faster
decay of the long-term tail due to our current
electron spectrometer resolution, the essential
physics of the early time frame of EWP cre-
ation is directly accessed from purely experi-
mental data.
To further highlight the insight provided by

this experimental technique, we undertook an
in-depth analysis of the measured EWP char-
acteristics in terms of Fano’s formalism for
autoionization (14). Resonant ionization can
be described as the interference between two
distinct paths: (i) the direct transition to the
continuum, and (ii) the resonant transition
through the doubly excited state that eventually
decays in the continuum through configura-
tion interaction within the resonance lifetime
(Fig. 3B). The normalized total transition am-
plitude can then be written as the coherent
sum of two contributions, a constant back-

ground term and a Breit-Wigner amplitude for
the resonance:

RðEÞ ¼ eþ q

eþ i
¼ 1þ q − i

eþ i
ð3Þ

where e = 2(E – ER)/G is the reduced energy
detuning from the resonance at energy ER,
in units of its half width G/2. The Fano pa-
rameter q [–2.77 for the He(2s2p) resonance
(16)] measures the relative weight of the two
paths. Their interference leads to the well-known
asymmetric Fano line shape |R(E)|2 and to the
resonant scattering phase: hscat(E) = arg R(E) =
atan(e) + p/2 – pQ(e + q), whereQ is the Heaviside
function. This phase is experimentally accessed
here (Fig. 2).
The spectral amplitude of an EWP created

by Gaussian harmonic excitation H(E) is giv-
en by R(E)H(E). Its temporal counterpart is
ÃRðtÞ ¼ ½ R̃∗H̃�ðtÞ, where R̃ðtÞ and H̃ðtÞ are
Fourier transforms of the spectral amplitudes,
in particular

R̃ðtÞ¼ dðtÞ− i G
2ħ

ðq − iÞexp −
iER

ħ
þ G
2ħ

� �
t

� �
Q tð Þ

ð4Þ
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Fig. 2. Resonant EWP in the spectral domain. Upper and lower panels
respectively show spectral amplitude and phase of the 2w0 component of
SB62 (left), SB64 (center), and SB66 (right) from the spectrograms in Fig. 1,
B and C.The phase origin is set to 0 by removing the linear variation due to
the ionizing harmonic radiation (attochirp) (30). The experimental data (pur-
ple curves) show very good agreement with the simulations (dashed black
lines). The resonance position shifted by one MIR photon is indicated in gray.
The measured spectral amplitudes and phases of the resonant SB62 and

SB64 are easily related to the amplitude |AR(E)| and phase hscat(E) of the
resonant one-photon EWP (see Eq. 1). The main limitation comes from the
current spectrometer resolution (in our conditions, a relative resolution of
~1.9% resulting in a width of ~190 meV at 10 eV) that broadens the resonant
peak and its phase variations. The nonresonant SB66 exhibits a Gaussian
amplitude (which mostly reflects the ionizing XUV spectral profile) and a
smooth close-to-linear phase. This provides a temporal reference for the
ionization dynamics.
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(24). The temporal profile ÃRðtÞ thus decomposes
into a Gaussian nonresonant term and a resonant
contribution, like our experimental data (Fig. 3A).
The destructive temporal interference between
the two terms leads to the amplitude minimum
and phase jump identified around t = 4 fs.
To illustrate how the interference between the

two paths governs the formation of the resonance
line shape, Wickenhauser et al. (17) introduced
a time-frequency analysis based on the limited
inverse Fourier transform:

W ðE; taccÞ ¼
tacc

∫
−∞

ÃRðtÞ exp iEt

ħ

� �
dt ð5Þ

which shows how the spectrum builds up until
accumulation time tacc. The result of this trans-
form applied to the experimental EWP in Fig. 3A
is shown in Fig. 3, C and D. The chronology of
the resonance formation can be nicely interpreted
within Fano’s formalism. In a first stage until
~3 fs, a close-to-Gaussian spectrum reflecting
the ionizing harmonic spectral shape emerges:
The direct path to the continuum dominates.
Then the resonant path starts contributing as
the populated doubly excited state decays in
the continuum: Interferences coherently build
up until ~20 fs, consistent with the temporal pro-
file in Fig. 3A, to eventually converge toward the
asymmetric measured spectrum. The resonance
growth can thus be decomposed in two nearly
consecutive steps governed by fairly different
time scales.

The buildup of the resonant profile reveals
the presence of a notable point around E =
35.6 eV where, as soon as the direct ionization
is completed, the spectrum barely changes with
tacc any longer. This can be explained by split-
ting the |R(E)|2 spectrum from Eq. 3 into three
terms:

jRðEÞj2 ¼ 1þ q2 þ 1

e2 þ 1
þ 2

qe − 1

e2 þ 1
ð6Þ

(26). At this isosbestic-like point—that is, for
e = [(1/q) – q]/2—the bound (second term) and
coupling (third term) contributions ultimately
cancel each other, leaving only the direct con-
tinuum contribution (first term). This point thus
gives a useful landmark in the resonant line shape
(e.g., for cross section calibration or reference
purposes).
Spectrally resolved electron interferometry

thus provides insight into the ultrafast strongly
correlated multielectron dynamics underlying
autoionization decay. Given the generality and
wide applicability of the Fano formalism [see, e.g.,
(26)], we anticipate that our approach, combined
with progress in attosecond pulse production
and particle detection (e.g., access to photoelec-
tron angular distributions), will open prospects
for studies of complex photoemission dynamics
close to resonances and, more generally, struc-
tured EWP dynamics in a variety of systems,
from molecules (27–29) and nanostructures (26)
to surfaces (10). Furthermore, the well-defined

amplitude and phase distortions induced by the
resonance offer a means for shaping the broad-
band EWP, bringing opportunities for coherent
control in the attosecond regime.
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Observing the ultrafast buildup of a
Fano resonance in the time domain
A. Kaldun,1*† A. Blättermann,1† V. Stooß,1 S. Donsa,2 H. Wei,3 R. Pazourek,2

S. Nagele,2 C. Ott,1 C. D. Lin,3 J. Burgdörfer,2 T. Pfeifer1,4‡

Although the time-dependent buildup of asymmetric Fano line shapes in absorption
spectra has been of great theoretical interest in the past decade, experimental verification
of the predictions has been elusive. Here, we report the experimental observation of the
emergence of a Fano resonance in the prototype system of helium by interrupting the
autoionization process of a correlated two-electron excited state with a strong laser field.
The tunable temporal gate between excitation and termination of the resonance allows
us to follow the formation of a Fano line shape in time. The agreement with ab initio
calculations validates our experimental time-gating technique for addressing an even
broader range of topics, such as the emergence of electron correlation, the onset
of electron-internuclear coupling, and quasi-particle formation.

F
ano resonances generally occur in the
course of excitation of discrete quantum
states embedded in and coupled to a con-
tinuum (1, 2). As such, they play a funda-
mental role in nuclear, atomic, molecular,

and condensed-matter physics as well as photonics
(3–12). In the prominent example of helium, the
discrete doubly excited states are located within
different sets of continua, where the prominent
2s2p state is coupledonly to the continuumof singly
ionized ground-state Helium He+ (1s). Coulomb
interaction among the two electrons leads to auto-
ionization, thus coupling the discrete state and the
1s continuum and giving rise to the famous asym-
metric Fano line profiles. Following the early scien-
tific work on attosecond dynamics in laser-driven
helium (13, 14), several recent theoretical calcula-
tions have predicted the time-dependent formation
of Fano resonances (15–20). However, up to now
no such experiment has been performed.

Here, we report a measurement of the time-
dependent formation of a Fano resonance in
the prototype system of helium. We observed the
transient buildup of the 2s2p doubly excited
state via extreme ultraviolet (XUV) absorption
spectroscopy using high-harmonic radiation.
Monitoring the formation of the Fano line was
achieved by rapidly terminating the coherent
dipole response of the atom via saturated strong-
field ionization (SFI) by use of an intense near-
infrared (NIR) laser pulse. The key idea is that
the NIR pulse acts as a temporal gate of the
Fano resonance decay. By varying the time de-
lay between the XUV and the NIR pulse with
subfemtosecond precision, we tracked the evo-
lution of the Fano line shape in real time (Fig. 1).
To that end, we used laser intensities beyond the
Fano-phase control regime discussed in previous
work (7) to fully deplete the doubly excited state
by means of SFI at variable time delays instead
of just shifting its phase at a constant (near zero)
time delay.
Although recent theoretical work has concen-

trated on the photoelectron spectrum for access-
ing the autoionization process, we made use of
the fact that state-of-the-art optical spectrom-
eters (7, 21) attain at least an order of magni-
tude better energy resolution as compared with
that of electron spectrometers (22), thus allowing
for the observation of subtle changes in the spec-
tral profile.

Upon excitation, the XUV pulse triggers the
dynamic buildup of the Fano resonance by
inducing an oscillating dipole moment, which
in turn gives rise to the optical dipole response
of the transition. Signatures in the transmitted
XUV spectrum are related to the imaginary part
of the frequency-domain dipole response (7).
The time-delayed strong-field NIR pulse is then
used to ionize the system, depleting the auto-
ionizing level and ending the buildup process
of the spectral line. The experimental results
in Fig. 2 show the time-dependent formation of
the 2s2p Fano absorption line. For the unper-
turbed case—in the absence of the NIR pulse
as depicted in Fig. 2 (gray line)—we measured
the original Fano line shape. The intensity of
the 7-fs full width at half maximum (FWHM)
NIR pulse was set high enough (~1013 W/cm2)
so that the doubly excited states were complete-
ly ionized. The dipole oscillation, and with that
the resonant optical response of the atom, was
thus terminated within the NIR pulse dura-
tion. Because this interruption due to SFI is
considerably shorter than the lifetime of the
state, we can sample the time-dependent for-
mation of the line shape (20). For positive time
delays t, the terminating NIR pulse arrives af-
ter the XUV excitation pulse. When t is small
as compared with the state’s lifetime of ~17 fs,
the short duration in which radiation is emitted
by the XUV-triggered dipole oscillation is insuf-
ficient to form a well-defined Fano line, as can
be seen in Fig. 2 for t less than 10 fs. At t ≈ 6 fs,
the effect of the NIR is strongest, and the spec-
tral line is smeared out completely. When the
autoionizing state is immediately depopulated
after its excitation, the spectral response is main-
ly determined by the excitation process driven
by the attosecond XUV pulse and, because of the
fast termination by the NIR pulse, spans several
electron volts. This result agrees with several
theoretical studies (15, 16) that show that the
energy distribution of the electrons ejected within
one third of the state lifetime (corresponding
to 6 fs in the case of the 2s2p state in helium)
after the initial excitation is governed by the
frequency range of the excitation pulse. Now,
by increasing the time delay t between excita-
tion and ionization, the doubly excited state has
time to decay, and the interference with the
direct contributions builds up; the oscillating
dipole is granted more and more time to emit
the optical response. This gives rise to a narrower
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with a strong near-infrared field.

ionizationextreme ultraviolet absorption spectroscopy to probe the transient state while variably forcing 
 usedet al.interference with reference wave packets tuned into resonance at variable delays. Kaldun 

spectroscopy to extract the amplitude and phase of the electron wave packet after inducing its 
 used photoelectronet al.Two studies have now traced the dynamics of this state in real time. Gruson 

feature appears in the electronic spectrum of helium as a transient state undergoes delayed ionization.
resembles adjacent rightside-up and upside-down peaks. An especially well-studied instance of this 

Theorists have long pondered the underpinnings of the Fano resonance, a spectral feature that
Watching as helium goes topsy-turvy
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