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Reconstruction and control of a time-dependent
two-electron wave packet
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Theconcertedmotionof twoormoreboundelectronsgovernsatomic1

andmolecular2,3 non-equilibrium processes including chemical re-
actions, and hence there is much interest in developing a detailed
understanding of such electron dynamics in the quantum regime.
However, there is no exact solution for the quantum three-body pro-
blem, and as a result even theminimal systemof two active electrons
and a nucleus is analytically intractable4. This makes experimental
measurements of the dynamics of two bound and correlated elec-
trons, as found in the heliumatom, an attractive prospect.However,
although the motion of single active electrons and holes has been
observedwith attosecond timeresolution5–7, comparable experiments
on two-electronmotion have so far remained out of reach. Here we
show that a correlated two-electronwavepacket canbe reconstructed
froma1.2-femtosecondquantumbeatamong low-lyingdoubly excited
states inhelium.Thebeat appears in attosecond transient-absorption
spectra5,7–9measuredwith unprecedentedly high spectral resolution
and in thepresence of an intensity-tunable visible laser field.We tune
the coupling10–12 between the two low-lying quantum states by ad-
justing the visible laser intensity, and use the Fano resonance as a

phase-sensitive quantum interferometer13 to achieve coherent con-
trol of the two correlated electrons. Given the excellent agreement
with large-scalequantum-mechanical calculations for theheliumatom,
we anticipate thatmultidimensional spectroscopy experiments of the
type we report here will provide benchmark data for testing fun-
damental few-bodyquantumdynamics theory inmore complex sys-
tems.Theymight alsoprovidea route to the site-specificmeasurement
and control of metastable electronic transition states that are at the
heart of fundamental chemical reactions.
Electrons are bound to atoms and molecules by the Coulomb force

of the nuclei.Moving between atoms, they form the basis of themolec-
ular bond. The sameCoulomb force, however, acts repulsively between
the electrons. This electron–electron interaction represents amajor chal-
lenge in the understanding and modelling of atomic and molecular
states, their structure and in particular their dynamics2,3,14. Herewe focus
on the 1P sp2,n1 series15 of doubly excited states inheliumbelow theN5 2
ionization threshold.Theyareproduced througha single-photon-induced
transition of both electrons of the 1S 1s2 ground state to at least principal
quantum number n5 2, and autoionize as a result of electron–electron
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Figure 1 | Experimental set-up, data and
microscopic mechanisms in helium. a, Few-cycle
(7 fs) VIS laser pulses (730 nm) are focused into a
neon gas cell for partial attosecond-pulse
conversion, providing a continuous coherent
excitation spectrum throughout the XUV range.
The time delay between the co-propagating VIS
and XUV pulses is controlled by a split-mirror
stage. Both pulses transit the helium gas target
and enter the high-resolution spectrometer.
b, Absorption spectra without (upper) and in the
presence of (lower) the VIS laser pulse, in the
region of the | sp2,n1æ doubly excited states.
c, Helium level diagram. The | sp2,n1æ states couple
(indicated by green wavy lines) to the | 1s, epæ
continuum by configuration interaction VCI. The
VIS laser field (redwavy lines) creates an additional
time- and intensity-dependent coupling. d, The
XUV pulses can either directly ionize He to He1,
or excite both electrons into an intermediate
transition state, which decays by configuration
interaction VCI into He1, quantum-interfering
with the direct ionization process (left; natural
process). If a laser field is present (right), it
shifts the phase of one arm of this natural
interferometer—the two-electron transition
state—modifying the Fano line shapes detected in
the transmitted absorption spectrum. This
provides state-resolved experimental access to a
quantum phase shift.
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interaction. Spectroscopically, the signature of these states is a Fano
profile, an asymmetric non-Lorentzian line shape first observed in the
1930s16 and attributed17 to the quantum interference of bound states
with the continuum to which they are coupled (Fig. 1c, d). The cou-
pling is described by the configuration interactionVCI with the single-
ionization continuum j1s, epæ, where one electron is in the 1s ground
state and the other one is in the continuum with kinetic energy e. The
magnitude of VCI determines the lifetimes of the transiently bound
states, which in our case rangebetween 17 fs for the 2s2p (denoted sp2,2)
state18 and several hundreds of femtoseconds for some higher-lying
sp2,n1 states15. Such short lifetimes, togetherwith the fast dynamics caused
by energy-level spacings on the order of several electronvolts demand
ultrashort laser pulses for measuring the coupling dynamics between
the states in external fields. Previous time-resolved experimentsobserved
the light-induced modification of absorption profiles8, or used attose-
cond streak-field spectroscopy18 to measure the 2s2p autoionization
lifetime.A1.2 fs two-electronwavepacket formedby the coherent super-
position of two autoionizing states was recently predicted theoretically19.
Our experimentalmethod (Fig. 1a, b, ‘Experimental apparatus details’

and ‘Experimental data acquisition’ in Methods, and Extended Data
Fig. 1) combines the attosecond transient-absorption scheme and an
extreme-ultraviolet (XUV) flat-field grating spectrometer with high-
spectral-resolution capability. It allows the parallel measurement of
spectrally narrow absorption lines imprinted on an attosecond-pulsed
broadband XUV spectrum in the presence of a near-visible (VIS) laser

field.TheVIS laser couples the two-electron excited states (Fig. 1c) either
weakly,whenoperatedat low intensities, or strongly,whenoperatedathigh
intensities.ThetimedelaybetweentheVISandXUVfieldsandthe intensity
of the VIS field are varied independently to create a multidimensional
transient-coupling scheme that is basedon theperturbed freepolarization
decayand iswell knownfromfemtosecond transient-absorption studies20.
Tocomplement the experiments,we alsoperformedab initio theoretical
calculations of the attosecond transient-absorption spectra and the two-
electron wave-packet motion of the helium atom in a laser field using
state-of-the-artmethods for integrating the time-dependent Schrödinger
equation on a fully correlated two-electron close-coupling configuration
basis (‘Ab initio TDSE simulation’ in Methods).
In Fig. 2, we compare the differential absorption spectra, for varying

VIS–XUVtimedelaysanda lowVISintensityof331010Wcm22,obtained
from experiment (Fig. 2a), few-level model simulations (Fig. 2b; ‘Few-
level model simulation’ in Methods and Extended Data Fig. 2) and ab
initio calculations (Fig. 2c).We note the excellent agreement between the
results,which gives confidence thatwe can fully understand the dynamics
probed in this study. The time-resolved absorption change occurring
near the two lowest-lying states, 2s2p and sp2,31, appears after zero time
delay in the form of temporally oscillating structures with a period of
,1.2 fs, indicating coherent two-electron wave-packet dynamics that
has been initiated by the XUVpulse and is probed by coupling with the
weak VIS pulse. The few-level model confirms the probingmechanism
as VIS-induced two-photon dipole coupling of the 2s2p and the sp2,31
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Figure 2 | Observation of attosecond two-electron dynamics in helium.
a–c, Absorbance change (DA) of XUV light in helium versus time delay
between the VIS (33 1010Wcm22 intensity) coupling field and the XUV
pulse: experiment (a), few-levelmodel simulation (b;DA in arbitrary units) and
ab initio calculation (c; DA in arbitrary units) show the onset of temporal
oscillations near time delay t5 0 and persisting to large positive delays.
d, Oscillation of DA (arbitrary units, a.u.) versus t near resonance at 63.67 eV.
e, Modulation phase QA(t) of DA(t) and relative phase Q(t) of the XUV-pulse-
induced two-electron wave packet involving the 2s2p and sp2,31 states,
reconstructed by applying to QA(t) a small systematic phase shift (‘Measuring
the wave-packet phase in real/elapsed time’ in Methods). The inset shows the

experimentally retrieved phase Q(t) relative to the theoretical expectation.
The error bars in d and e reflect the statistical noise (s.d.) of the measured
absorption spectra. f, Visualization of the two-electron wave-packet motion.
Snapshots of the correlated quantum probability distribution along a line
(within infinitesimal cone dV, see Fig. 1d) through the helium atom are shown
at several instants of elapsed time t. Left column, experimentally reconstructed
wave packet including only the two measured states 2s2p and sp2,31. Right
column, ab initio simulation of the three-dimensional time-dependent
Schrödinger equation (TDSE), including all excited states. 1 atomic
unit5 0.529 Å.
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states proceeding via the energetically intermediate and spectroscopically
dark 2p2 state at 62.06 eV (Fig. 1c). Although the 2s2p« 2p2 transition
alone was previously used to control the transmission of helium8,12,18,
here we measure and exploit the coupling of three autoionizing states
to reconstruct the two-electron wave packet.
The approximate time-dependent wavefunction

Y tð Þj i! exp {
C2s2p

2
t

� �
2s2pj i

za exp {
C sp2,3z

2
t

� �
exp {iQ tð Þ½ � sp2,3zj i

is characterized by the relative phase Q(t) and amplitude a of the
two contributing states, 2s2p and sp2,31. The states’ slow amplitude
decay is given by their respective natural decay widths C, accessible
from static spectroscopy15. The relative amplitude a~(dsp2,3z=d2s2p)ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S(vsp2,3z)=S(v2s2p)

p
follows directly from the states’ dipolemoments

d2s2p anddsp2,31between the doubly excited state and the groundstate21,
and the XUV spectrum S(v) at the resonance positions v2s2p and
vsp2,31.The relativephaseQ(t)bycontrast isnotaccessibleusing traditional
spectroscopy. In our time-resolved measurement, different transition
pathways involving thedoublyexcited states interfereas a functionof time,
allowing us to turn Q(t) into an experimental observable by analysing
the delay-dependent near-resonance absorption (‘Measuring the wave-
packet phase in real/elapsed time’ inMethods andExtendedData Figs 5
and 6). The measured phase Q(t) is plotted in Fig. 2d, e, and agrees well
with the ab initio simulation results. The relative amplitude is given by
a5 0.56 0.2, where the error is mainly due to the fluctuation of the
experimental XUV spectrum. The measured values of a and Q(t) fully
characterize the two-electron wave packet composed of the two auto-
ionizing quantum states j2s2pæ and jsp2,31æ, which we can reconstruct
andvisualize byusing theknown time-independent real-space representa-
tionsof these states calculatedby the complex scalingmethod22. Figure2f
compares a sectionof the reconstructed time-dependent spatial distribution
of the two electrons against ab initio time-dependent simulation, showing
very good agreement and that themain features of the two-electrondyna-
mics are thus dominated by the superposition of the j2s2pæ and jsp2,31æ
states.Owing to thewell-definedspectral coherence (that is,phase locking23)
present in a high-harmonic spectrum, the observationof awell-defined
phase evolutionQ(t) is possible24 even in the absence of carrier-envelope
phase stabilizationandwithout knowing thenumberof attosecondpulses
in the few-cycle attosecond-pulse train that we generate (‘Effects of the
attosecondpulse configurationand thecarrier envelopephase’ inMethods
and ExtendedData Figs 4–6).We note that the images in Fig. 2f clearly
show that the two-electronmotion in the reconstructed doubly excited
wavepacket ishighly correlated, althoughdirect experimental observation
of such concerted dynamics would require coincidence techniques25–27

and represents a major future goal.
The spectraobtainedwith ahigherVIS intensity of 3.53 1012Wcm22

fromboth experiment (Fig. 3a) and ab initio simulations (Fig. 3b) show
a shifting, splitting andbroadeningof themain absorption linesnear zero
delay, as previously documented in inner-valence excitations of argon9.
Thewave-packetmotion is still present andseenas fast absorbancemodu-
lations even at late delay times, but is significantly affected by the more
intense VIS pulse. Near zero delay time, we also observe strong delay-
dependentmodificationsof theFanospectral lineshapesof thehigher-lying
states, againwith remarkable agreement between the experimental data
and the ab initio simulation.
Aftermeasuring the time-dependent relativephaseof quantumstates

in a two-electron wave packet, we use our experimental method for
general two-electronquantum-stateholographyandwave-packet control.
Here the electric field strengthof theVISpulse is an important parameter:
it controls the coupling strengths between the states and between
the states and the continuum. Continuous variation of the VIS pulse
intensity thus opens a third spectroscopic dimension (Supplementary

Video 1), in addition to the time delay and the spectrum. This is illu-
strated in Fig. 4a, where tuning of the VIS laser intensity at a fixed time
delay of 5.4 fs continuously maps the transition from the unperturbed
regime to the strong-coupling regime of discrete, doubly excited states
that is evident near 60 eV.All states are observed to resist the laser electric
fields far beyond classical detachment of the outermost electron by over-
coming theattractivenuclearCoulombforce (over-the-barrier ionization28).
We also observe, for all states, a continuous change in the Fano line

shape as a function of intensity. Because the line shape of such laser-
modified Fano resonances contains information on the phase of the
complex dipole response function d(t) after the interactionwith theVIS
laser pulse13, whereas the 1s2 ground state is not significantly affected by
the VIS laser at the intensities used here, we can use

dn(t) / Æ1s2jdjsp2,n1æexp(2iEnt)exp(iwn)

to extract the dipole phase shift wn that is approximately equal to the
relative phase shift Qn of the quantum state at energy En. The phase
changes of the2s2p and sp2,31 states reconstructed in thiswayare shown
in Fig. 4c, d. The excellent agreement between wn (extracted from the
Fano line shape13) and Qn (defining the wave packet) confirmed by the
ab initio simulation in Fig. 4b, e, f validates our strategy of experiment-
allymapping out the intensity-dependent phase shiftsQn(I) of the quan-
tum states by analysing the Fano line shapes (‘Line-shape analysis for
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Figure 3 | Time-delay-dependent absorption at higher VIS intensity
(3.53 1012Wcm22). a, Time-resolved experimental absorption spectrum at a
higher VIS intensity of 3.53 1012Wcm22. At negative delays, the static
Fano profile17 is measured for several autoionizing states up to sp2,71. Near
temporal overlap and at positive delays, the absorption spectrum is strongly
modified. At slightly positive delays, a clear signature of Autler–Townes
splitting of the 2s2p resonance with the energetically repelling 2p2 dressed state
is measured at,60 eV, confirming the strong-coupling regime of autoionizing
states and multiple Rabi cycling between these two states. b, The full ab
initio simulation (absorption in arbitrary units) shows excellent agreementwith
the experiment, thus providing further proof of the existence of a well-defined
two-electron wave packet even at higher VIS intensities.
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phase retrieval’ inMethods andExtendedDataFig. 7). Because thephase
dependences of 2s2pand sp2,31areopposite in sign, their phasedifference
can be tuned through,2p, allowing for the full control of the two-state
two-electronwavepacket. From themeasured laser-induced shift in the
phase of each quantum state, we can visualize the shape of the wave
packet at any time during its field-free evolution. In Fig. 4g, h, we show
this for the representative real time t5 15.6 fs. The laser intensity can
thus be varied to control the shape of correlated two-electron wave
packets at a specific time. In future applications to covalently bound
neutral molecules, the strong-field shaping of two-electron wave pack-
etsmaybe apowerfulmeans of laser control of chemical reactions. This
further motivates experiments employing coincidence imaging meth-
ods (for a review, see, for example, ref. 25) for direct measurements of
the spatial shape of two- or multi-electron wave packets as a function
of time in the attosecond domain.
The extracted state-dependent phases Qn(I) will give further insight

into the coupling between two electrons and how they, collectively or
cooperatively, acquire dynamical phases Qn(I)5 #DEn(t) dt as a result
of time-dependent and state (n)-dependent energy-level shifts DEn(t)
(for exampleStarkorZeemanshifts)under externalperturbation.Having
state-resolved access to and control over the full quantum information—
amplitudeandphase—for two-electronexcited states as a functionof time
and intensity, more fundamental questions can be addressed in the
future. For example, how do two-electron transition states respond to
field strengths ranging from the weak- to the strong-field limit? What
are thedynamics and fate ofdoubly excited states at andbefore the onset

of ionization?What is the validity range of commonly used8,18,28 single-
active electron pictures for strong-field ionization of few-electron sys-
tems? The answers have important consequences for goals such as the
creation of synthetic atomic quantumsystems and exoticmolecules using
ultrashort, temporally tailored light fields29, beyond the reaches of tra-
ditional chemistry.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in theonline versionof thepaper; referencesunique
to these sections appear only in the online paper.
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METHODS
Experimental apparatusdetails.The laser system(commercial Femtolasers compact
Pro Ti:Sapphire multipass amplifier; hollow-core fibre spectral broadening; temporal
pulse compression with chirped mirrors) typically delivers sub-7 fs,,730nm, 0.3mJ
laser pulses at 4 kHz repetition rate. The carrier-envelope phase (CEP) was not stabi-
lized but averaged over to avoid additional fluctuations from CEP noise in the high-
harmonic spectrum, especially since ourmeasurement scheme is insensitive to the
CEP (see ‘Effects of the attosecond pulse configuration and the CEP’ below). The
vacuum set-up is shown in Extended Data Fig. 1a. The laser pulses were focused
(50mm focal-spot size; peak intensities, 1014–1015Wcm22) into a stainless-steel
cell filled with neon gas, entering and exiting through 100mm-diameter machine-
drilled holes in thecladding.Asmall fractionof thevisible (VIS) lightwasup-converted
into the extreme ultraviolet (XUV) energy range, using high-harmonic generation
(HHG) for attosecond pulse production30. The macroscopic parameters were
optimized for continuous spectra (100mbar neon backing pressure; cell position
near the laser focus). In Extended Data Fig. 1b, a typical XUV spectrum is shown,
alongside an XUV spectrum after transmission through a 100mbar helium gas
target. The co-propagating XUV and VIS pulses were separated by a 2mm silicon
nitride membrane with a ,2mm-diameter centre hole, in combination with a
concentrically mounted 200nm aluminium filter behind the hole. This separation
schememakes use of the intrinsically lower divergence of theXUVbeam. The time
delay between the XUV and VIS pulses was obtained by a grazing-incidence (15u)
split-mirror set-up consisting of an inner gold-coated mirror (2mm size) for the
XUV, and a surrounding silvermirror for theVIS. The innermirror can be translat-
edwith respect to theoutermirror using ahigh-precisionpiezoelectric stage (,1 nm
resolution;,260mm range). Both beams were refocused (1:1 geometry; 350mm
focal length) with a gold-coated toroidal mirror under the same 15u grazing angle
of incidence into another stainless-steel cell filled with helium gas. Themonolithic
set-upguaranteesahigh interferometric stability (measured temporalprecision,,10as),
combinedwithbroadbandandhigh-throughput advantages of all-grazing-incidence
optics. Spectral selection was achieved using thinmetal filters (200nm aluminium),
transmitting in the 20–70 eV energy range31. The intensity of the VIS beam on the
helium target was finely tuned using a picomotor-controlled iris diaphragm centred
around both beams. The XUV radiation transmitted through the helium target was
spectrally imagedusing a flat-field spectrometer consistingof a variable-line-spacing
(VLS) grating and a thermoelectrically cooled, back-illuminatedXUVCCDcamera.
The VIS stray light was removed with a pair of 200nm aluminium metal filters.
The spectrometer calibration was obtained by identifying the observed sp2,n1 two-
electron resonance lines in helium and using tabulated experimental values of high-
precisionsynchrotronmeasurements15,32.Thespectral resolution(s520meVGaussian
standard deviation) near 60 eV resulted from a fit of the 2s2p resonance line. The
target gas density (,100mbar) was chosen such that the strongest 2s2p absorption
line was still well below absorbance A5 2 to avoid dispersion and propagation
effects33. The zeropositionof timedelaywasobtainedbygeneratinghighharmonics
in argon in the target gas cell, and accounting for the known thickness of the silicon
nitride membrane and the aluminium filter.
Experimental data acquisition. Sets of XUV spectra were recorded as a function
of time delay (from218 to134 fs in,170 as steps; negative values correspond to
VIS pulse arriving first) and VIS intensity (35 different iris diaphragm opening
settings up to the 1012Wcm22 peak-intensity regime),where the intensity calibration
wasobtained in situ asdescribedbelow(‘Intensity calibration’). Eachsingle spectrum
was obtained by integration over,3,200 laser shots. For each VIS intensity, addi-
tionalXUVspectrawere recordedwithout the target heliumgas to obtain reference
spectra (ExtendedData Fig. 1b). The absorbanceA is obtained fromthe general for-
mulaA52log10(ISIG/IREF),where ISIG is the signal and IREF is the reference spectral
intensity. At an exemplaryVIS intensity of 3.331012Wcm22, the two-dimensional
absorbance, plotted versus time delay andphoton energy, is displayed inExtended
Data Fig. 1c. All relevant structures as discussed in the main text can already be
seen. The noisy structures (horizontal lines) are a result of the non-simultaneous
measurement of signal and reference XUV spectra, and were filtered out for our
quantitative analysis using the following method. For each recorded signal XUV
spectrum (containing absorption lines), a low-pass Fourier filter was used to filter
out the ‘slowly’modulating (,3.4 eV period) high-harmonic XUV spectrum. This
in situ filtered spectrum If(v) was scaled to obtain a reconstructed reference spec-
trum IREF,rc(v) using Beer’s law: IREF,rc(v)5 If(v)exp[sPCS(v)lr], where sPCS is
the known non-resonant photo-absorption cross-section of helium34. The path-
length/density product lr is the free scaling parameter and was determined to be
lr5 (0.566 0.05)3 1018 cm22 via comparisonwith themeasured spectral inten-
sity IREF. As a result of this reference-reconstruction method, the statistical noise
of the two-dimensional absorbance plots is significantly reduced, as can be seen by
comparing Extended Data Fig. 1c with Fig. 3a. The differential absorption spectra
shown inFig. 2weregeneratedby subtracting the field-free (noVIS laser interacting

with the XUV-induced dipole at early delays) static spectra, plotting the change of
the absorbance (DA).
Few-levelmodel simulation.Themodel systemconsists of three autoionizing states,
2s2p (1Po), 2p2 (1Se) and sp2,31 (1Po), at excitation energies 60.15 eV, 62.06 eV and
63.66 eV, respectively, above the 1s2 (1Se) heliumground state32,35. These autoionizing
states will be referred to as jaæ, jbæ and jcæ, respectively, in the following. Other states
belonging to theN52 doubly excited Rydberg series are off-resonance with respect
to the coupling VIS laser (,1.7 eV photon energy) and/or are significantly lower in
coupling strength, and are thus neglected. This subsystem of states is sufficient to
reproduce the experimentally observed 1 fs quantum beat. The model is based on
previous work10,11 solving the time-dependent Schrödinger equation in the config-
urationbasisof theVIS-coupled states.Theparity-allowed (1Se« 1Po) transitionsare
expressed by the dipole matrix elements dnm as depicted in Extended Data Fig. 2a,
which also includes the configuration-interaction matrix elements Ve,n that connect
the autoionizing states to their respective single-electron continua j1s, esæ or j1s, epæ.
In accordance with earlier approaches for a similar system11, the non-resonant VIS-
induced coupling of the 1Po states with the j1s, esæ continuum is neglected. Also the
VIS coupling between the two continua can be safely neglected in our intensity
regime10. ExtendedData Fig. 2b depicts the Schrödinger equation of the so-described
few-level system, with the states’ complex expansion coefficients cn(t), and using
atomic units. The weak excitation with the broadband XUV field FXUV(t) is de-
scribed in first-order perturbation theory, that is, htcg(t)5 0, with Eg5 0. Under
the rotating-wave approximation, FXUV(t) is taken as a complex quantity, neglect-
ing the anti-resonant part of the interaction. The coupling between the excitedbound
states ismediated using the full time-dependent real representation of theVIS field
FVIS(t). The continua are treated in the strong-field approximationasVolkov states
with the vector potential AVIS(t)5{

Ð t
{? dt’ FVIS(t’) and are parameterized by

their canonical momentum p. A one-dimensional treatment is justified owing to
the linear polarization of the electric fields. The continuum states are described as
quasi-discrete non-interacting states separated in momentum by Dp. To suppress
continuumrevivals that are an artefact of this discretization, a constant decay rate c
is employed which spectrally broadens the quasi-discrete states to a mutual over-
lap. The configuration-interaction matrix elements Ve,n5 Æ1s, ejHjnæ;Vn, which
describe autoionization, are taken tobe constant (that is, energy independent) in the
vicinity of each configuration state, in accordance with Fano’s original theory17.
Direct numerical integration of the time-dependent complex expansion coeffi-

cients cn(t)wasperformedwitha split-step-likeapproach,where, foreach time interval
Dt, different subsystems were evaluated separately. The corresponding five steps
were as follows. (i) The perturbative excitation of states jaæ, jcæ and the set of j1s, epæ
continuum states in the XUV laser field. (ii) The coupling of the three bound states
jaæ, jbæ and jcæ in the VIS laser field. (iii) The coupling of the three bound states jnæ
with their corresponding continuum states j1s, epæ and j1s, esæ owing to configura-
tion interaction. (iv) The field-free evolution of the three bound states with eigen-
energies En. (v) The VIS-laser-dressed evolution of the quasi-discrete continuum
states. For each of these five steps, the corresponding subsystemwas diagonalized,
and temporal evolution thus corresponds to themultiplication of a complex phase
factor ‘exp(2iljDt)’, with lj being the eigenvalues of the diagonalized subsystem
after aunitary transformation.For each timepoint, the time-dependentdipolemoment
D(t)5dgaca(t)1dgccc(t)1dg

P
ecep(t) between the ground state jgæ and the dipole-

allowed jaæ and jcæ states as well as the j1s, epæ continuum states was evaluated, where
theground–continuumdipolematrix elementdg;dgewasassumed tobe independent
of energy. The absorption spectra were calculated20 via the Fourier transform ofD(t),
which is proportional to the polarizationP(v) of the system.Dividing this quantity by
the XUV laser spectrum F(v) (to obtain a quantity that, in the absence of the VIS
field, is proportional to the susceptibility x(v) of helium, where P(v)5 e0x(v)F(v);
in the presence of the VIS field this corresponds to a generalized linear susceptibility
as discussed in ref. 20) and taking the imaginary part of this ratio leads to the XUV
absorption profile. This quantity is proportional to the experimentally reconstructed
absorbance introduced in ‘Experimental data acquisition’ in our limit of low absorp-
tion and, thus, negligible propagation and dispersion effects.
Thenumericalparametersused(in therespectiveatomicunits)were thediscretization

time step Dt5 1 a.u. (0.0242 fs); the total simulation time T5 32,000 a.u. (774 fs);
the discretized single-electron continuummomentum, which ranged from pmin5

61.35 a.u. (that is,Emin5 24.8 eV) topmax562.80 a.u. (that is,Emax5 106.7 eV) in
100 stepswithDp560.0145 a.u. (that is, in total 400quasi-discrete continuumstates)
and decay rate c5 0.1 a.u.; the energies, widths and asymmetry parameters of the
1Po states15,32 Ea5 60.147 eV, Ca5 37meV and qa5 –2.75, and Ec5 63.658 eV,
Cc5 10meVandqc5 –2.53; the energy andwidthof the 1Se state35,36Eb5 62.06 eV
and Cb5 6meV; and the dipole matrix element dab5 2.17 a.u., which was taken
fromref. 8,whereasdbc520.81 a.u.was calculated (E. Lindroth, personal commu-
nication, 2011). The remaining Vn, dgn and dg were determined for the simulated
absorption spectra to match known experimental and theoretical line shapes with
aboveprintedvalues.The laserpulsesweredefinedasF(0)exp[2(t/tG)

2]cos(vct1QCEP),
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with peak electric field strength F(0); Gaussian pulse duration tG5 tp/![2ln(2)],
where tp denotes the full-width at half-maximum intensity; the centre frequency
vc; and the carrier-envelope phase (CEP) QCEP. The time discretization and total
time simulated allowedus to correctly describe all dynamics in a reasonable amount
of computation time (thenarrowest linewidthofCb56meVcorresponds toa,110 fs
lifetime).Thedecay rate c effectivelymaintains the autoionized electrons for,16 a.u.,
which is a reasonable upper estimate for the spatial extent of the localized two-
electron states.
The simulation was validated by using a quasi-monochromatic (tG?T) VIS

laser field (l< 730 nm)of increasing field strengthF(0)VIS, where theobtainedcycle-
averaged absorbance is depicted in ExtendedData Fig. 2c. As expected, line splitting
and a.c. Stark shifts according to the Rabi frequency dnmF

(0)
VIS occur owing to Rabi

cycling among the three states. To approach the situation realized in the experi-
ments, the temporal evolution of their coefficients is shown in Extended Data Fig.
2d–f at various time delays, where a 7 fs VIS laser pulse was applied instead of the
quasi-monochromatic laser field. Significant rearrangement of population between
the states occurs, and is maintained after the VIS pulse interaction. This intuitively
illustrates how the VIS laser pulse affects the relative population of the two-electron
states, which is experimentally accessible in the measured absorption line shapes
because thesearederived fromtheoscillatingdipolemomentD(t).The few-levelmodel
simulation was used in the reconstruction of the experimentally observed two-
electron wave packet, which allowed for an independent comparison with the full
ab initio 3DTDSE calculation, and to check for possible effects of various different
pulse configurations on the investigated dynamics.
Ab initio TDSE simulation. The ab initio transient absorption spectrum was
reproduced using the velocity-gauge perturbative expression

sTAS vð Þ~ 4p
v

Im
~p vð Þ
~A vð Þ

ð1Þ

where v is the field angular frequency, ~p is the Fourier transform of the total
electronic canonical momentum expectation value

~p vð Þ~ 1ffiffiffiffiffi
2p

p
ð?
{?

dte{ivtp tð Þ

p tð Þ~ y tð Þ pzj jy tð Þh i

~A is the Fourier transform of the XUV vector potential amplitude, and y(t) is the
wavefunction for the helium atom in the presence of the external field. The use of
equation (1) is justified in the limit of optically thin samples. Already for VIS pulse
intensities of the order of few TWcm22, the optical response p(t) depends non-
perturbatively on the VIS external field. For this reason, p(t) was obtained by integ-
rating the TDSE

iLty tð Þ~tH0zVabsza~A tð Þ:~psy tð Þ

whereH0 is the field-free electrostaticHamiltonianofhelium,a~A tð Þ:~p is theminimal-
coupling term that accounts for the interaction of the atom with the external field,
and Vabs is a symmetric complex local potential that prevents reflection from the
boundary of the quantization box where the wavefunction is defined. To solve the
TDSEaccurately, thewavefunctionwas expandedon the eigenstates ofH0, projected
on a two-particle B-spline close-coupling basis withpseudostates37,38. In such a basis,
the angular part is represented by bipolar spherical harmonics and the radial part by
B-splineswith an asymptotic knot spacing of 0.5 a.u. Each total angularmomentum
comprises all the partial-wave channels with configurations of the form Nlel9 with
N# 2, and a full-CI localized channel nln9l9 that reproduces short-range correla-
tions between the two electrons. In thepresence of the field, theTDSEwas integrated
numerically with a second-order midpoint exponential time-step propagator19,

y tzdtð Þ~e{iVabs e{iH0dt=2e{idta~A tzdt=2ð Þ:~pe{iH0dt=2y tð Þ

The action of the second exponential, which depends on the external fields and
couples blockswith different symmetry, is evaluatedwith an iterativeKrylov-space
method. In the simulation, we included states with total angular momentum up to
Lmax5 10 and, for the localized channel, orbital angularmomentumup to lmax5 5.
We ascertained the convergence of the theoretical results with respect to the most
relevant expansion parameters in the state representation by conducting additional
representative simulationswith eitherLmax5 15or lmax5 10, aswell as by including
theN5 3 partial-wave channels in the close-coupling expansion. After the external
field has vanished, theHamiltonian no longer depends on time and the propagation
becomes trivial:

y tð Þ~
X
i

QR,i
�� �

e{iEi t{t’ð Þ QL,i y t’ð Þj
� �

Here the states QL/R are the left and right eigenstates of the quenched Hamiltonian
HQ5H01Vabs,whosecomplexeigenvaluesEihavenon-positiveimaginarycomponents:

HQ~
X
i

QR,i
�� �

Ei QL,i
� ��

QL,i QR,j

���D E
~dij

ImEiƒ0 Vi

The expectation value p(t) can conveniently be split into two smooth components

p tð Þ~p{ tð Þzpz tð Þ

defined in such a way that p–(t) becomes negligible shortly after the external field
has vanished, whereas p1(t) is zero before and while the external field is non-zero.
As a result of the separation, the Fourier transformof p(t) also splits into the sumof
two terms

~p vð Þ~~p{ vð Þz~pz vð Þ

The first Fourier transform was evaluated numerically from tabulated values of
p(t) on a dense time grid. The second Fourier transform was instead evaluated
analytically from the spectral resolution of the quenched Hamiltonian, the dipole
transitionmatrix elements from the ground state, and the expansion coefficients of
thewavefunctionatagiven timeafter theexternal fieldshavevanishedonthenumerical
basis used to conduct the time propagation. This way of proceeding provides the
same result as an infinite time propagation. To compare with the wave packets
reconstructed from the experiment, the spatial part of the theoretical wave func-
tion y(z1, z2; t) was tabulated as a function of the Cartesian coordinates z1 and z2
when both the electrons are aligned to the field polarization axis, for selected
pump2probe time delays and observation times.
Intensity calibration.The simulated few-leveldynamics,which is in goodqualitative
and quantitative agreementwith the experimental data and is thuswell understood,
was used to assess the intensity of the VIS pulse in the interaction region. Both for
the numerical and for the experimental results, small temporal regions (averaged
over twomodulation periods) around 0 fs and around,5 fs time delay (where the
Autler–Townes splitting of the 2s2p–2p2 doublet is strongest; for the numerical
results this was,3 fs) were averaged and the spectra were plotted as a function of
the VIS intensity (in the simulation; Extended Data Fig. 3a) and iris diaphragm
openings (in the experiment; Extended Data Fig. 3b). By quantifying the induced
a.c. Stark shifts of the light-induced2s2p–2p2Autler–Townesdoublet in the experi-
ment, and comparing these shifts with the simulated data (based on the knownand
experimentally confirmed8 dipolematrix element between the two states) an in situ
intensity calibrationwas achieved, shown inExtendedData Fig. 3c. The calibration
includes an average over various VIS pulse durations (ranging from 5 to 30 fs) to
account for the effect of a .7 fs pedestal in the VIS pulse, which is typical of the
hollow-fibre/chirped-mirror pulse compression method employed.
Effects of the attosecond pulse configuration and the CEP. The experimental
datawereobtainedbyaveragingover theCEP. Inaddition, thecoherentXUVexcitation
spectrumconsisted of a train of fewattosecond pulses, which is indicated by energy
modulations on top of the broad XUV spectra as shown in Extended Data Fig. 1b.
Both these effects are negligible for the purposes of observing the discussed effects,
aswill be shown in the following.ThreedifferentXUVpulse configurationshavebeen
simulated and are plotted in ExtendedData Fig. 4a, and show no significant changes
in the absorbance spectra. This is a direct consequence of the well-known23 phase
locking of the attosecond pulses to the half-cycles of the generating intense VIS
pulses. In the energy domain, this corresponds to a well-defined coherent excitation
spectrumover abroadband spectral range.The insensitivity to theXUVpulse config-
uration was also confirmed experimentally by performing measurements with and
without CEP stabilization. By comparing the corresponding plots in Extended Data
Fig. 4b,we see that the additionalCEPstabilization in the experimentdoesnotmodify
the results obtained in the absence of CEP stabilization. Thus, to avoid any sources
of error froman imperfect absoluteCEPdetermination (because suchadetermination
does not at present exist for transient-absorption measurements), CEP temporal
drift correction, spatial effects such as potential inhomogeneity across the beam
profile, or Gouy phase slips in the exact experimental interaction region (extended
He target cell), wemeasured the bulk of our data in the well-reproducible situation
of non-stable (and, thus, fully statistical) CEP.We also confirmed the insensitivity
of the measurement to the exact pulse-train configuration in the weak-field VIS
interaction case for which we extracted the wave-packet phase information shown
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in Fig. 2. The results for single-, double- and multi-attosecond-pulse excitation
situations are shown inExtendedData Fig. 5. Todefine the attosecondpulse and its
timeof arrivalwith respect to the (generating)VIS laserpulse,weused the coherence
(phase locking)between twoharmonics,whichhasbeen confirmednumerous times
to be present in high-harmonic generation since its first direct measurement via
interferometric two-photonphotoelectron spectroscopy23.Assuming this phase lock-
ing of two harmonics in the energy region 60–64 eV produced the attosecond pulse
trains in the model simulation, and also defined the individual attosecond pulse
duration to be,600 as.
Measuring the wave-packet phase in real/elapsed time. In the experiment, we
measured changes of the spectrally resolved absorbance (DA), as a functionof time
delay t between an attosecond-pulsed XUV excitation and a VIS coupling pulse.
For the case of weak VIS intensity, the coupling process can be considered a weak-
field probeprocess,whichdoesnot significantly affect thephasesnor thepopulation
of the quantum states 2s2p and sp2,31 contributing to the wave packet:

Y tð Þj i! exp {
C2s2p

2
t

� �
2s2pj iza exp {iQ tð Þ½ � exp {

C sp2,3z

2
t

� �
sp2,3zj i

In the simulations shown inExtendedData Fig. 5, conducted at the same intensity
as for the experimental results in Fig. 2a, we confirmed that population transfer to
the near-resonant 2p2 state was below 10%. In that weak-field case, the measured
DA–t data can be converted into information on the wave-packet states’ relative-
phase evolutionQ(t) in real time t (elapsed time after excitation). Todefine elapsed/
real time zero, we used the arrival time of the exciting attosecond pulse, or themost
intense central attosecond pulse in the case of a short pulse train, as depicted in
ExtendedData Fig. 5. A lineout ofDA versus t at a spectral position near the sp2,31
resonance at 63.67 eV (where DA shows pronounced changes with t) is shown in
Extended Data Fig. 6a and used to map DA(t) to Q(t). The oscillation of DA(t) is
almost fully independent of whether the excitation occurswith isolated attosecond
pulses or with pulse trains of two or several attosecond pulses. The wave-packet
phase Q(t), defined as the time-dependent phase difference between the 2s2p and
sp2,31 state coefficients, was read out from the simulation for all pulse configurations
and comparedwith the phaseQA(t) of the oscillationwithDA(t) / cos[QA(t)]1 const
for t5 t, as shown inExtendedDataFig. 6b.ThephaseQA(t)was retrievedviaFourier
analysis, taking the full modulation bandwidth into account as shown in Extended
Data Fig. 5g, h. The phases of the wave packet, as excited by the different pulse
configurations, are in excellent agreement, again showing that the wave packet is
well defined even in the absence of isolated attosecond pulses or CEP locking. The
differencebetweenQA(t) (measurable quantity) andQ(t) (the relative phase between
thequantumstatesdefining thewavepacket)was extractedand is shown inExtended
DataFig. 6c.This phasedifference is almost independentof theXUVexcitation confi-
guration (isolated attosecond pulses versus trains of attosecond pulses), and was
thusused in the experiment to retrieve thewave-packetphase as a functionof elapsed
time t from themeasuredDA(t) data. The experimental result is shown in Fig. 2d, e,
where the error bar on the experimental wave-packet phase reconstruction as shown
there includes the small error given by the experimental uncertainty in the exact
attosecondpulse-train configuration, asdiscussed here. InExtendedDataFig. 6d,we
also show that the amplitude ratio a of thewave packet remains well defined (within
10% amplitude-ratio fluctuations) despite the differences in the XUV excitation
configurations. Fluctuations of the order of 10% in the high-harmonic spectra are
typically present also in CEP-stabilized laser systems driving HHG, either by CEP
noise or shot-to-shot driver-pulse intensity noise.
Line-shape analysis for phase retrieval.Aswas demonstrated in ref. 13, the Fano
q asymmetry parameter can be directly related to a phase shift Q of the temporal
dipole response after d-like excitation via

Q5 2arg(q – i) (2)

This phase shift can be controlled using a short-pulsed laser field as described in
the main text in connection to Fig. 4. The laser-controlled phase manipulation of

the states right after excitation can thus be read out by fitting a Fano line shape to
the measured absorption spectrum. The absorption line shape obtained from the
ab initio simulation (shown in Fig. 4b), is directly fitted with an asymmetric Fano
line profile, using

SFANO~
a

q2z1
qzeð Þ2

1ze2
{1

� 	
zb ð3Þ

e~
E{Er
C=2

where e is the reduced energy.Here all parameters suchas the strengtha, the offsetb,
theasymmetryparameterq, the resonancepositionEr and thedecaywidthCconverged
to a least-squares minimum. Both the fitted intensity-dependent amplitude a(I)
and the phase Q(I), where the latter was obtained from q after using equation (2),
perfectly agreewith the states’ complex expansion coefficients.This is shown for the
intensity-dependent phase Q(I) of the 2s2p and sp2,31 states in Fig. 4e, f. Extended
Data Fig. 7c, d shows the related fitted line shapes for several VIS laser intensities in
theenergy regionwhere the least-squares fitwasperformed,which is 60.11–60.21 eV
for the2s2p state and63.56–63.76 eVfor the sp2,31 state. In fitting the experimentally
recorded line shapes, we took into account the finite spectrometer resolution, which
is of the order of the decaywidth of the states. Because theXUV intensity ISIG(E) was
measured after transmission through the helium target, 10{SFANO needed to be
convolvedwith the spectrometer response function,which excluded the formulation
of an analytical fit function. Formally, the experimentally observed line shape is
parameterized via

SFANO,EXP~{Log10 10{SFANO
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wherefl denotes the convolution, SFANO is given in equation (3) ands5 0.020 eV
is theexperimentallydetermineddetector resolution. In thepresenceof experimental
noise and a limited number of data points, both Er and C were kept constant for all
VIS laser intensities using literature values. SFANO,EXP was numerically computed
in the parameter space spanned by q, a and b, and the error sum of mean squared
SFANO,EXP valueswith respect to the experimental data pointswasminimizedwithin
the same energy region as above. The results are shown in ExtendedData Fig. 7a, b
and confirm the convergence of the numerically performedminimization proced-
ure. The intensity-dependent phase Q(I), extracted from Fano line-shape analysis,
is shown in Fig. 4c, d. The error bars were determined by fitting three equivalent
experimental data sets and computing the standard deviation.
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Extended Data Figure 1 | Experimental apparatus and recorded data.
a, Design view of the experimental set-up, consisting of a neon (Ne) gas target
for high-harmonic generation (HHG), a motorized iris aperture, a split mirror
(SM) in combination with a thin silicon nitride (Si3N4) membrane and an
aluminium (Al) filter, a focusing toroidal mirror (TM), a dense (,100mbar)
absorbing helium (He) target, and a home-built high-resolution spectrometer,
which consists of a variable-line-spacing (VLS) grating, a cooled (250 uC)XUV
CCD camera, and a pair of Al filters for stray-light suppression. b, Recorded

XUV reference spectrum (black line; no He gas in target cell) in the 50–70 eV
energy range, averaged over ,64,000 laser shots, and recorded XUV signal
spectrum after transmission through the dense He gas target (red line),
averaged over ,640,000 laser shots. The statistical error is of the order of the
line thickness. c, Two-dimensional absorbance at a calibrated VIS peak
intensity of 3.33 1012Wcm22. The plot consist of 300 single absorbance
spectra (for details and definition, see ‘Experimental data acquisition’ in
Methods), that were obtained with a time-delay step size of ,170 as.
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Extended Data Figure 2 | Few-level model simulation details. a, Level
scheme of the simulated subsystem, including the ground state | gæ; | 1s2æ, the
autoionizing bound states | aæ; | 2s2pæ, | bæ; | 2p2æ and | cæ; | sp2,31æ, and
the continua |1s, epæ and |1s, esæ, all coupled via the dipole matrix elements dnm
as depicted. The configuration-interaction matrix elements Ve,n couple the
excited states with their corresponding (symmetry 1Po or 1Se) continua.
b, Schrödinger equation describing the temporal evolution of the coupled
states’ expansion coefficients cn(t), resulting from the respective coupling
pathways depicted in a. Further explanations and definitions of parameters
are given in ‘Few-level model simulation’ in Methods. c, Simulated

two-dimensional absorbance plot of the few-level system assuming a quasi-
monochromatic VIS field of 730nm wavelength. The absorbance spectra were
temporally averaged over one VIS laser cycle (XUV/VIS delay), and convolved
with the experimental detector resolution (s5 20meV). d–f, Simulated
temporal evolution of | cn(t) | of the three autoionizing states 2s2p (1Po; black
lines), 2p2 (1Se; blue lines) and sp2,31 (1Po; red lines) where the 1Po-symmetry
states were weakly populated by an XUV attosecond pulse at time t5 0 fs. All
states were coupled by a VIS pulse (7 fs, 730nm, 33 1012Wcm22) at three
different time delays t. The dashed curves show the states’ evolution in the
absence of the VIS field.
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Extended Data Figure 3 | Intensity calibration of the experimental data.
a, Calculated absorbance for a 7 fs,,730nm VIS laser pulse at increasing
intensity. b, Experimentally measured absorbance for increasing openings of
the iris diaphragm. For a and b, the time delay was set to where the Autler–
Townes splitting is atmaximum, averaged over twomodulation periods. c, The
comparison of maximum absorbance of the left-shifting 2s2p line (starting

from 60.15 eV) between numerical and experimental results yields an in situ
mapping between the VIS intensity and the iris opening in the experiment
(black line). The grey shaded area denotes the standard deviation, taking into
account different VIS durations and an additional comparison near 0 fs time
delay, and thus represents the systematic uncertainty of the monotonically
increasing intensity-calibration curve.
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Extended Data Figure 4 | Effects of the attosecond pulse configuration and
the carrier envelope phase. a, Simulated absorbance plots (top) for different
XUV pulse configurations: two attosecond pulses, QCEP5p/2 (left); one
attosecond pulse, QCEP5 0 (middle); one attosecond pulse, QCEP5p/2 (right).
The VIS pulse duration was 7 fs with 33 1012Wcm22 peak intensity, where
the respective XUV/VIS pulse configurations are illustrated at zero time delay
(bottom). b, Experimentally measured absorbance plots for CEP stabilization
(top left; with root mean squared residual statistical noise of 0.38 rad) and

CEP non-stabilization (top right). The observed time-dependent features,
including the lineout at photon energy 63.66 eV (bottom) are practically
identical for the CEP-stabilized and the non-CEP-stabilized measurements.
Any significant temporal jitter between the attosecond pulses and the VIS
carrier wave in the HHG process, for the case of statistical CEP, would
correspond approximately to an averaging over a range of time delays for the
case of a CEP-stable measurement, smearing out subcycle oscillations in the
absorbance. This is clearly not observed.
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Extended Data Figure 5 | Simulated absorbance changes (DA) for low VIS
intensity and different pulse configurations. a, One attosecond pulse,
QCEP5 0. b, One attosecond pulse, QCEP5p/2. c, Two attosecond pulses,
QCEP5 0. d, Two attosecond pulses, QCEP5p/2. e, Multiple attosecond pulses
(pulse train), QCEP5 0. f, Multiple attosecond pulses (pulse train), QCEP5p/2.
The lower plots in a–f show the respective pulse configurations at zero time

delay. The VIS pulse duration was 7 fs and the intensity was 33 1010Wcm22.
g, h, Power spectral density distribution of theDA oscillation of the experiment
(g) and the simulation (h). The frequency range used in the analysis is
marked in red. We used the full modulation bandwidth, via filtering from
near-zero frequency up to the Nyquist frequency, to retrieve the phase QA(t).
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Extended Data Figure 6 | Reconstruction of the wave packet from time-
delay-dependent DA(t) data near the sp2,31 resonance at 63.67 eV
(simulation results). a, DA(t) for the different excitation scenarios shown in
Extended Data Fig. 5. b, The phase QA(t) extracted from theDA(t) oscillations
(solid lines), compared with the phase Q(t) of the wave packet (dashed lines)
for the different excitation configurations. c, The difference between the
(measurable) modulation phase QA(t) and the wave-packet phase Q(t) for each

of the excitation scenarios. A time-delay-dependent correction phase of,0.4p
needs to be taken into account to reconstruct the wave-packet phase Q(t) in the
experiment from the measured DA(t), as shown in Fig. 2. d, The variation in
the wave-packet amplitude ratio for the different excitation configurations.
Even in the extreme case of multiple attosecond pulses, the amplitude ratio is
well defined within a region of 610%.

LETTER RESEARCH

Macmillan Publishers Limited. All rights reserved©2014



Extended Data Figure 7 | Fitting the intensity-dependent spectral line
shapes of the 2s2p and the sp2,31 resonances. a, b, Least-squares fit to the
experimentally measured line shape shown in Fig. 4a. The laser-controlled line
shape is shown for several laser intensities as given in the figure. Error bars
here and phase error in Fig. 4c, d correspond to s.d. obtained by analysing at
three values of t55.35 fs, t54.15 fs, t56.55 fs. c, d, Least-squares fit to the

theoretically predicted line shape obtained from the ab initio simulation results
shown in Fig. 4b, also plotted for several laser intensities as denoted in the
figure. In all cases, the restricted energy region of the least-squares fit (2s2p,
60.11–60.21 eV (a, c); sp2,31, 63.56–63.76 eV (b, d)) ensures phase retrieval for
times after the interaction with the laser pulse.
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