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Recent experimental developments of high-intensity, short-pulse extreme ultraviolet light sources are

enhancing our ability to study electron-electron correlations. We perform time-dependent calculations to

investigate the so-called ‘‘sequential’’ regime (@!> 54:4 eV) in the two-photon double ionization of

helium. We show that attosecond pulses allow us not only to probe but also to induce angular and energy

correlations of the emitted electrons. The final momentum distribution reveals regions dominated by the

Wannier ridge breakup scenario and by postcollision interaction.
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Understanding the role of electron correlation in atoms,
molecules, and solids has been a central theme in physics
and chemistry since the early days of quantum mechanics.
Most of the focus has centered on the role of electron
correlation in (quasi)stationary states. Recent progress in
the development of light sources provides unprecedented
opportunities to expand our understanding of electron cor-
relation to dynamical processes where external fields play
a critical role. The availability of attosecond pulses, as gen-
erated from high-harmonic radiation [1–3], opens new
avenues for time-domain studies of multielectron dynam-
ics. Using such pulses, it is possible to not only observe,
but also actively induce and control correlation effects.

The simplest system where electron-electron interaction
can be studied is the helium atom. Unraveling the intrica-
cies of electron correlation in ultrashort and intense elec-
tromagnetic fields interacting with this simple atom is
critical to our understanding of the same processes in
more complex systems. Despite the computational chal-
lenges, the dynamics of He under the influence of external
fields can be accurately simulated in ab initio calculations,
cf. [4]. The results of the present investigation provide
evidence that the effects of electron correlation can be
surprisingly complex in situations dominated by external
ultrashort fields. This in turn has important consequences
for attosecond studies in molecules, clusters, and solids.
We show that it is possible to disentangle the different
processes occurring in such pulses by analyzing the final
momentum distribution of the ejected electrons.

Double ionization of helium by single-photon absorp-
tion has long been the benchmark for our understanding of
correlation effects in the three-body Coulomb problem [5–
9]. The availability of intense light sources in the vacuum
ultraviolet (vuv) and extreme ultraviolet (xuv) region [10–
12] has recently shifted attention from single-photon
double ionization and intense-infrared laser double ioniza-
tion by rescattering (see [13–15] and references therein) to

multiphoton ionization. Restricting attention to only two-
photon double ionization (TPDI) enables us to distinguish
two spectral regions. The ‘‘nonsequential’’ or ‘‘direct’’
regime between 39:5 eV< @!< 54:4 eV has recently re-
ceived considerable attention (see [16–21] and references
therein). Energy sharing between the electrons, and thus
correlations, are a conditio sine qua non for double ioniza-
tion to occur in this regime. By contrast, in ‘‘sequential’’
TPDI with @!> 54:4 eV, each photon has sufficient en-
ergy to ionize one electron within an independent-particle
model and electron-electron interaction, while present, is
not a necessary prerequisite.
For an ultrashort pulse of attosecond duration the con-

cept of ‘‘sequential interactions,’’ valid for long pulses,
becomes meaningless [22–25]. Instead, the two-electron
emission occurs almost simultaneously, and the strength
of electron correlation in the exit channel can be tuned
by the pulse duration Tp. This information is encoded in

the final joint momentum distribution Pðk1;k2Þ �
PðE1; E2;�1;�2Þ, experimentally accessible in kinemati-
cally complete COLTRIMS measurements [26].
As in our previous paper [19], we solve the time-

dependent Schrödinger equation in its full dimensionality,
including all interparticle interactions. The laser field is
linearly polarized and treated in dipole approximation. The
duration Tp is given by the FWHM of a sine-squared

envelope function for the electromagnetic field. All results
shown use a peak intensity of I0 ¼ 1012 W=cm2. In this
regime, depletion of ground and intermediate states is
negligible. We checked that using I0 ¼ 5� 1015 W=cm2

does not influence the results for even the longest pulse
(4.5 fs FWHM) strongly. The computational approach is
based on a time-dependent close-coupling scheme where
the angular variables are expanded in coupled spherical
harmonics (using single electron angular momenta up to
lmax ¼ 10 and a total angular momentum up to Lmax ¼ 3).
The two radial variables are discretized via a finite-element
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discrete-variable representation (with box sizes up to
800 a.u.). Temporal propagation is performed by the short
iterative Lanczos algorithm with adaptive time-step con-
trol, starting from the ground state. The asymptotic mo-
mentum distribution is obtained by projecting the wave
packet onto products of Coulomb continuum states.
Projection errors due to the replacement of the full three-
body final state by independent-particle Coulomb wave
functions can be reduced to the one-percent level by delay-
ing the time of projection until the two electrons are
sufficiently far apart from each other. All results were
checked for numerical convergence.

The (joint) energy probability distribution (previously
investigated in [22–25])

PðE1; E2Þ ¼
ZZ

PðE1; E2;�1;�2Þd�1d�2 (1)

reveals the breakdown of the sequential ionization picture
with decreasing pulse duration Tp (Fig. 1). For long pulses,

two distinct peaks signifying the emission of the ‘‘first’’
electron with energy E1 ¼ @!� I1 (with I1 ¼ 24:6 eV
the first ionization potential) and the ‘‘second’’ electron
with E2 ¼ @!� I2 (I2 ¼ 54:4 eV) are clearly visible.

For pulses of the order of 100 attoseconds a dramatically
different picture emerges: the two peaks merge into a
single one located near the point of symmetric energy
sharing. This effect is not simply due to the Fourier broad-
ening of the pulse (cf. [25]), which determines the uncer-
tainty in total energy (i.e., the width along lines with
E1 � E2 ¼ const). Instead, the close proximity in time of
the two emission events allows for energy exchange be-
tween the two outgoing electrons representing a clear
departure from the independent-particle behavior. Dif-
ferently stated, the time interval between the two ionization
events is too short for the ‘‘remaining’’ electron to relax to
a stationary ionic state. This demonstrates the fact that in
the limit of ultrashort pulses, the distinction between ‘‘se-
quential’’ and ‘‘nonsequential’’ ionization loses its signifi-
cance. Although electron interaction is not necessary to

achieve double ionization, it has a significant effect on the
outgoing electrons. This has been called the ‘‘transient’’
regime previously [25].
The attosecond-pulse induced dynamical electron corre-

lation becomes more clearly visible in the joint angular
distribution Pð�12; �1Þ (Fig. 2), where �1 is the polar emis-
sion angle of one electron with respect to the polarization
axis of the xuv pulse, �12 is the angle between the two
electrons, and the energies E1, E2 are integrated over. Here
and in the following we choose coplanar geometry (azimu-
thal angles �1 ¼ �2 ¼ 0�). Calculations in noncoplanar
geometry lead to the same conclusions. In the limit of
‘‘long’’ pulses (Tp ¼ 4:5 fs), the joint angular distribution

approaches the product of two independent Hertz dipoles,
each of which signifies the independent interaction of one
electron with one photon. Consequently, also the condi-
tional angular distribution Pð�12; �1 ¼ 0�Þ corresponds to
a Hertz dipole. With decreasing pulse duration, Pð�12; 0�Þ
is strongly modified and develops a pronounced forward-
backward asymmetry. The conditional probability for the
second electron to be emitted in the same direction as the
first is strongly suppressed. This strong preference for
back-to-back emission for Tp � 150 as persists after inte-

gration over the electron energies, i.e., it does not only
occur for some specific choice of energy sharing. Never-
theless, approximately equal energy sharing dominates
(cf. Fig. 1). Thus, the dominant breakup mode induced
by an attosecond pulse corresponds to the ‘‘Wannier ridge’’
configuration [27]. This resembles the nonsequential TPDI
regime (@!< 54:4 eV, cf. Fig. 3), where only back-to-
back configurations are observed as well. Here the elec-
trons need to exchange energy to achieve double ioniza-
tion, so that even in long pulses only electrons ionized
within a short time of each other can be observed.
It is now instructive to inquire into the origin of the

strong angular correlations observed for short pulses.
Three different sources can be distinguished: (i) Correla-
tions in the helium ground state. Due to Coulomb repul-
sion, the electrons in the ground state are not independent
of each other. For ultrashort pulses, TPDI can thus be
interpreted as a probe that maps out the initial-state corre-(a)

E
2 

[e
V

]

E1 [eV]

 0

 10

 20

 30

 40

 50

 60

 0  10  20  30  40  50  60

(b)

E1 [eV]
 0  10  20  30  40  50  60

 0

 0.2

 0.4

 0.6

 0.8

 1

pr
ob

.d
en

s.
 [a

rb
.u

.]

FIG. 1 (color online). TPDI electron spectra PðE1; E2Þ at
@! ¼ 70 eV for different pulse durations (FWHM): (a) Tp ¼
150 as, (b) Tp ¼ 750 as. The top shows the spectrum integrated

over one energy, i.e., the one-electron energy spectrum PðE1Þ ¼
PðE2Þ.
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FIG. 2 (color online). Conditional angular distributions
Pð�12; �1 ¼ 0�Þ of the ejected electrons for different pulse
lengths at @! ¼ 70 eV. The innermost (solid blue) line is for
Tp ¼ 75 as FWHM, with successive lines for Tp ¼ 150, 300,

750, and 4500 as FWHM. For better comparison the distributions
are normalized to a maximum value of one.
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lations. (ii) Induced dipole polarization in the intermediate
state. When the first electron leaves the core, its electric
field induces polarization of the remaining ion, leading to
an asymmetric probability distribution of the second elec-
tron. The second photon then probes the dynamics in this
bound-free complex, such that TPDI can be interpreted as a
pump-probe setup. (iii) Final-state electron-electron inter-
action in the continuum. After the second electron has been
released within the short time interval Tp as well, their

mutual repulsion may redirect the electrons.
While the dividing line between those mechanisms is far

from sharp, the present time-dependent wave packet propa-
gation can shed light on their relative importance since
they occur on different time scales. The pulse parameters
(energy and duration) determine the relative influence of
these mechanisms on the observed angular correlations.
Note that these are different time scales than for energy
correlations (e.g., [25]) since angular momentum, not en-
ergy, is exchanged between the electrons. Relaxation of the
ground-state angular correlations (i) is expected to occur
on the time scale of the orbital period of the residual
electron. As the remaining one-electron wave function is
mostly in the n ¼ 1 and n ¼ 2 shells, the time scale for this
relaxation can be estimated as tðiÞ � @=ðE2 � E1Þ � 16 as,
where En is the binding energy in the nth shell of the Heþ
ion. We have verified this time scale by suddenly switching
off electron interaction in the ground state of helium and
observing the decay of the angular correlations between
the electrons. Therefore, ground-state correlations will
become clearly visible only for pulses with durations
shorter than those investigated here. The time scale for
induced dipole polarization (ii) can be estimated by the
time the first electron takes to escape to a distance where it
does not influence the remaining bound electron strongly.
We choose a distance of 10 a.u., for which the polarization
of the Heþ ground state by a classical electron at that
distance is negligible. The time necessary for the first
electron to reach this distance after absorbing a 70 eV
photon is about 120 as and thus of the order of the pulse
lengths Tp considered. For higher photon energies, the first

electron escapes more quickly, decreasing the importance
of this effect. In order to verify this energy dependence, we

have performed calculations at various photon energies for
Tp ¼ 75 as. Figure 4(a) demonstrates that for higher en-
ergies the asymmetry of the joint angular distribution is
indeed strongly reduced.
Long-range Coulomb interactions in the continuum (iii)

extend over much longer time scales, which strongly de-
pend on the relative emission angles and energies of the
electrons, i.e., jk1 � k2j. For example, for two electrons
ejected in the same direction and with similar energies, the
interaction will last much longer than for ejection in oppo-
site directions. This can be verified by using an ultrashort
pulse to start a two-electron wave packet in the continuum
and observing the evolution of the joint angular distribu-
tion after the laser pulse is switched off [Fig. 4(b)]. Directly
after the pulse, the distribution of the electrons shows a
decreased probability for ejection on the same side of the
nucleus [primarily because of (ii)], but the lobes in forward
and backward direction still mostly retain the shape ex-
pected from a dipole transition. As time passes, continuum
final-state interactions persist and the joint angular distri-
bution develops a pronounced dip at equal ejection angle.
The change at larger relative angles is almost negligible.
One remarkable feature of the conditional angular dis-

tribution is the persistence of the nodal plane at � ¼ 90�.
While correlation effects strongly perturb the shape of the
independent-particle dipolar shape, the nodal plane ex-
pected for the angular distribution of two electrons absorb-
ing one photon each is preserved almost completely. Note
that this also holds true in the nonsequential TPDI regime
for energies approaching the sequential threshold
(cf. Fig. 3). This is in contrast to one-photon double
ionization, where only one electron absorbs the photon
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FIG. 4 (color online). Conditional angular distributions.
(a) For a duration (FWHM) of 75 as for different photon
energies. From inside to outside: 70, 91, 140, and 200 eV. The
amount of asymmetry decreases with increasing pulse energy.
(b) For different observation times after the 75 as FHWM pulse
at @! ¼ 70 eV. Snapshots were taken (from the outermost to the
innermost line) immediately at the end of the pulse and 50, 150,
600, and 1000 as after the end of the pulse.
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FIG. 3 (color online). Conditional angular distributions
Pð�12; �1 ¼ 0�Þ for a 75 as (FWHM) pulse at @! ¼ 70 eV (solid
blue) and for 2 fs (FWHM) pulses at 42 eV (dashed red) and
52 eV (dash-dotted green). The distribution for the ultrashort
pulse strongly resembles the long-pulse distribution in the non-
sequential regime (@!< 54:4 eV).
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energy and electron ejection at angles normal to the polar-
ization axis is indeed observed [7].

Additional insights can be gained from a projection of
the two-electron momentum onto the energy-angle plane,

PðE1; �12; �1 ¼ 0�Þ ¼
Z

PðE1; E2;�1;�2ÞdE2; (2)

in coplanar geometry and for �1 ¼ 0�. While for long
pulses the energy of the emitted electrons is independent
of the relative emission angle [Fig. 5(c)], strong energy-
angle correlations appear for short pulses (Tp � 450 as).

The dominant emission channel is the back-to-back emis-
sion at equal energy sharing (E1 � 30 eV). This corre-
sponds precisely to the well-known Wannier ridge riding
mode [27], previously observed in ðe; 2eÞ ionization pro-
cesses [28] and also invoked in the classification of doubly
excited resonances [29]. Because of the large instability of
theWannier orbit, its presence is more prevalent in breakup
processes than in quasibound resonances. A second sub-
dominant but equally interesting channel opens for short
pulses at �12 ¼ 0�, i.e., emission in the same direction.
One of the electrons is slowed down while the other one is
accelerated. Hence, the slow electron ‘‘pushes’’ the fast
electron from behind, transferring part of the energy ab-
sorbed from the photon field to the faster electron. This is
the well-known postcollision interaction [30–32] first ob-
served by Barker and Berry in the decay of autoionizing
states excited through ion impact [33].

In conclusion, we have shown that attosecond xuv pulses
can be used to probe, induce, and control electron correla-
tion in two-photon double ionization. In such pulses, the
scenario for ‘‘sequential’’ two-photon double ionization
breaks down. Because of the small time interval between
the two photoabsorption processes dynamical electron-
electron correlations can be tuned by the pulse duration
Tp. The angular and angle-energy distributions reveal the

signatures of electronic correlation induced by the
Coulomb interaction in the intermediate bound-free com-
plex and in the final state with both electrons in the con-
tinuum. For short pulses, two well-known scenarios, the
Wannier ridge riding mode and the postcollision interac-
tion process, are simultaneously present in the two-
electron emission spectrum.
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FIG. 5 (color online). Angle-energy
distribution PðE1;�12;�1¼0�Þ in copla-
nar geometry at 70 eV photon energy for
different pulse durations: (a) 150 as,
(b) 450 as, (c) 4500 as FWHM. The side
plots show the distribution integrated
over, respectively, energy and angle.
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