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Abstract.

Recent experimental developments of high-intensity, short-pulse XUV light sources

are enhancing our ability to study electron-electron correlations. We perform time-dependent
calculations to investigate the so-called sequential regime (h̄ω

> 54.4 eV)

in the two-photon

double ionization of helium. We show that attosecond pulses allow to not only probe but also to
induce angular and energy correlations of the emitted electrons. Electron correlation induced by
the time correlation between emission events manifests itself in the angular distribution of the
ejected electrons. The nal momentum distribution reveals regions dominated by the Wannier
ridge break-up scenario and by post-collision interaction. In addition, we nd evidence for an
interference between direct (nonsequential) and indirect (sequential) double photo-ionization
with intermediate shake-up states, the strength of which is controlled by the pulse duration.

1. Introduction

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. The recent progress in the
development of ultrashort and intense light sources [110] provides unprecedented opportunities
to study the eects of correlation not only in stationary states, but also in transient states, and
even to actively induce dynamical correlations.
The simplest system where electron-electron interaction can be studied is the helium atom,
with its double ionization being the prototype reaction for a three-body Coulomb breakup.
Unraveling the intricacies of electron correlation in ultrashort and intense electromagnetic elds
interacting with this simple atom is critical to our understanding of the same processes in more
complex systems. While computationally challenging, the full dynamics of the helium atom can
still be accurately simulated in ab initio calculations [11]. With the advent of intense XUV pulses,
the focus has shifted from single-photon double ionization [1216] and intense-IR laser ionization
by rescattering [1719] to multiphoton ionization. Two-photon double ionization (TPDI) has
recently received considerable attention, both in the so-called nonsequential or direct regime
(39.5 eV < h̄ω < 54.4 eV), where the electrons necessarily have to share energy via electron-electron
c 2009 IOP Publishing Ltd
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interaction to achieve double ionization [2033], and in the sequential regime (

h̄ω > 54.4 eV),

where electron-electron interaction is not a priori necessary [3442].

ab initio

We perform

simulations of the interaction of ultrashort laser pulses with a helium

atom (cf. [29]). We present our recent results on two-photon double ionization of He by ultrashort
pulses for photon energies above the ionization potential of the He

+

ground state.

Double

ionization in this regime proceeds in two steps: single ionization of He followed by ionization of the
remaining He

+

ion. By using attosecond XUV pulses, these two separated stages of the sequential

process can be conned to within a short time interval of each other.

For an ultrashort pulse

of attosecond duration the concept of sequential interactions, valid for long pulses, becomes
meaningless [3537, 39].

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

T.

We show that this can be used to not only probe, but actively induce correlations between
the electrons [42].

We can then make connections to well-known scenarios of collision physics,

such as the Wannier ridge breakup mode and post-collision interaction.

In longer pulses of a

few femtoseconds duration, a novel interference eect between the sequential channel associated
with shake-up of the intermediate ion and the nonsequential channel without shake-up appears
[41].

This interference, which produces Fano-like resonances, is controlled by the duration of

the pulse, providing a possible route towards measuring the duration of X-ray free-electron laser
(XFEL) pulses.

P DI (k1 , k2 ) ≡

All this information is encoded in the nal joint momentum distribution

P DI (E

1 , E2 , Ω1 , Ω2 ),

which is experimentally accessible in kinematically complete cold-target

recoil-ion-momentum spectroscopy (COLTRIMS) measurements [43].

Unless otherwise stated,

atomic units are used.

2. Method
As in our previous paper [29], we solve the time-dependent Schrödinger equation in its full
dimensionality, including all inter-particle interactions. The laser eld is linearly polarized and
treated in dipole approximation, with the vector potential


A(t) = A0 cos(ωt)
where

ω

sin2 (πt/T ) 0 < t < T
,
0
otherwise

is the mean frequency of the eld, and

A0

is the peak value for the vector potential.

This is chosen such that the peak intensity of the laser eld is
regime,

depletion

of

ground

and

intermediate

(1)

states

is

I0 = 1012 W/cm2 .

negligible.

We

checked

In this

that

using

I0 = 5 · 1015 W/cm2 does not strongly inuence the results even for the longest pulse (T = 9 fs).
T is the total duration of the pulse. The FWHM of the eld is T /2, while the FWHM of the
intensity envelope, which is commonly used to characterize the duration of ultrashort pulses, is
approximately a third of the total duration T .
The computational approach is based on a time-dependent close-coupling (TDCC) scheme
where the angular variables are expanded in coupled spherical harmonics (using single electron
angular momenta up to

lmax = 10 and a total angular momentum up to Lmax = 3).

The two radial

variables are discretized via a nite element discrete variable representation (FEDVR) (with box
sizes up to

800 a.u.).

Temporal propagation is performed by the short iterative Lanczos (SIL)

algorithm with adaptive time-step control, starting from the ground state.

The asymptotic

momentum 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 nal state by
independent-particle Coulomb wave functions can be reduced to the one-percent level by delaying
the time of projection until the two electrons are suciently far apart from each other [29]. All
results were checked for numerical convergence.
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Figure 1: (a) Double ionization (DI) rate P DI (E)/T (i.e. DI probability divided by the pulse
duration) for TPDI by an XUV pulse at h̄ω = 70 eV with dierent pulse durations T . For
sucient pulse duration, the DI rate converges to a stable value except near the peaks of the
sequential process. (b) and (c) show the two-electron energy spectrum P DI (E1 , E2 ) for (b)
T = 300 as and (c) T = 900 as.
3. TPDI by ultrashort pulses

The (joint) energy probability distribution (previously investigated in [3537, 39])
P

DI



(E1 , E2 ) =

P DI (E1 , E2 , Ω1 , Ω2 )dΩ1 dΩ2

(2)

reveals the breakdown of the sequential ionization picture with decreasing pulse duration T
(Figure 1). For long pulses, two distinct peaks signifying the emission of the rst electron with
energy E1 = h̄ω − I1 (with the rst ionization potential I1 = 24.6 eV) and the second electron
with E2 = h̄ω − I2 (I2 = 54.4 eV) are clearly visible.
For pulses of the order of one hundred attoseconds, a dramatically dierent picture emerges:
the two peaks merge into a single one located near the point of symmetric energy sharing. This
eect is not simply due to the Fourier broadening of the pulse (cf. [39]), which determines the
uncertainty in the total energy Etot (i.e. the width along lines with E1 −E2 = const). Instead, the
close proximity in time of the two emission events causes the energy of the intermediate state to
be ill-dened, representing a clear departure from the independent-particle behavior. Dierently
stated, the time interval between the two ionization events is too short for the remaining He+
ion to relax to a stationary state before the second electron is ejected. This demonstrates
that in the limit of ultrashort pulses, the distinction between sequential and nonsequential
ionization loses its signicance. Although electron interaction is not necessary to achieve double
ionization, it has a signicant eect on the outgoing electrons. This has been called the transient
regime previously [39], and is entered when the duration of the XUV pulse is comparable to the
correlation time dened by TC = 2π/EC ≈ 139 as, where EC = I2 − I1 is the energy dierence
between the two ionization potentials.
The attosecond-pulse induced dynamical electron correlation becomes more clearly visible in
the joint angular distribution P DI (θ1 , θ2 ) (Figure 2a), where θ1 and θ2 are the polar emission
angles of the electrons with respect to the polarization axis of the XUV pulse, and the energies
E1 , E2 are integrated over. Here and in the following we choose coplanar geometry (azimuthal
angles φ1 = φ2 = 0◦ ). Calculations in non-coplanar geometry lead to the same conclusions. In
the limit of long pulses (T = 9 fs), the joint angular distribution approaches the product of two
3
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Figure 2: Conditional angular distributions P DI (θ1 = 0◦ , θ2 ) for TPDI with sin2 pulses. For
better comparison the distributions are normalized to a maximum value of one at P DI (θ1 =
0◦ , θ2 = 180◦ ). In (a), the pulse duration in the sequential regime (h̄ω = 70 eV) is varied. Long
pulses T ≥ 3 fs show independent dipolar distributions for the two electrons, whereas attosecond
pulses lead to a strong preference for back-to-back emission. The durations (from outside to
inside) are T = 9000 as, 1500 as, 600 as, 300 as, and 150 as (solid blue). (b) compares an ultrashort
pulse (T = 150 as) at h̄ω = 70 eV (solid blue) with long (T = 4 fs) pulses in the nonsequential
regime (42 eV, dashed red, and 52 eV, dash-dotted green). The distribution for the ultrashort
pulse strongly resembles the long-pulse distribution in the nonsequential regime.
independent Hertz dipoles, each of which signies the independent interaction of one electron with
one photon. Consequently, also the conditional angular distribution P DI (θ1 = 0◦ , θ2 ) corresponds
to a Hertz dipole. With decreasing pulse duration, P DI (θ1 = 0◦ , θ2 ) is strongly modied and
develops a pronounced forward-backward asymmetry (Figure 2a). The conditional probability
for the second electron to be emitted in the same direction as the rst is strongly suppressed.
This strong preference for back-to-back emission for T ≤ 300 as persists after integration over
the electron energies, i.e. it does not only occur for some specic choice of energy sharing.
Nevertheless, approximately equal energy sharing dominates (cf. Figure 1). Thus, the dominant
break-up mode induced by an attosecond pulse corresponds to the Wannier ridge conguration
[44]. This resembles the nonsequential TPDI regime (h̄ω < 54.4 eV, cf. [29]), where only backto-back congurations are observed as well (Figure 2b). Here the electrons need to exchange
energy to achieve double ionization, so that even in long pulses only electrons ionized within a
short time of each other can be observed.
One remarkable feature of the conditional angular distribution is the persistence of the nodal
plane at θ = 90◦ . While correlation eects strongly perturb the shape of the independentparticle dipolar shape, the nodal plane, expected for the angular distribution of two electrons
absorbing 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. [29]). This is
in contrast to one-photon double ionization, where only one electron absorbs the photon energy
and electron ejection at angles normal to the polarization axis is indeed observed [14].
To better quantify the amount of correlation between the electrons, we examine the mutual
information [45] contained within their joint angular distribution. In essence, mutual information
measures the information that the two variables share  i.e. how much information one gains
about the second variable by knowing the rst. For the angular variables, it is dened by

IΩ1 ,Ω2 =



DI

dΩ1 dΩ2 Pn (Ω1 , Ω2 ) log2

PnDI (Ω1 , Ω2 )
PnDI (Ω1 )PnDI (Ω2 )


,

(3)

where PnDI (Ω1 ) and PnDI (Ω2 ) are the normalized reduced one-variable distributions. If the
two variables are independent, the mutual information vanishes. The mutual information is
4
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Figure 4: Angle-energy distribution P DI (E1 , θ1 = 0◦ , θ2 ) in coplanar geometry at 70 eV photon
energy for dierent pulse durations. The side plots show the distribution integrated over,
respectively, energy and angle.
closely related to the concept of information entropy (or Shannon entropy). Figure 3 shows
that the mutual information, negligible in long pulses, strongly increases as the pulse duration
is decreased. Furthermore, the pulse duration dependence of the mutual information follows a
power law, IΩ1 ,Ω2 ∝ 1/T b , with b ≈ 1.40. The reason for this power law dependence as well as
the signicance of the exponent are still under investigation.
Additional insights can be gained from a projection of the two-electron momentum onto the
energy-angle plane,
P

DI

◦



P DI (E1 , E2 , Ω1 , Ω2 )dE2 ,

(E1 , θ12 , θ1 = 0 ) =

(4)

in coplanar geometry and for θ1 = 0◦ . While for long pulses the energies of the emitted electrons
are independent of the relative emission angle (Figure 4c), strong energy-angle correlations appear
for short (T ≤ 900 as) pulses. The dominant emission channel is the back-to-back emission at
equal energy sharing (E1 ≈ 30 eV). This corresponds precisely to the Wannier ridge riding mode
[44], previously observed in e-2e ionization processes [46] and also invoked in the classication of
doubly-excited resonances [47]. Because of the large instability of the Wannier orbit, its presence
is more prevalent in break-up processes than in quasi-bound resonances. A second subdominant
but equally interesting channel opens for short pulses at θ12 = 0◦ , i.e. emission in the same
5
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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 absorbed
from the photon eld to the faster electron. This is the well-known post-collision interaction [48
50] rst observed by Barker and Berry in the decay of autoionizing states excited through ion
impact [51].

4. Shake-up interferences
We now turn to the additional structures at higher (E ≈ h̄ω−I2 +E2 ) and lower (E ≈ h̄ω−I1 −E2 )
energies in the one-electron energy distribution P DI (E) (cf. Figure 1), which are discussed in
more detail in [41]. They correspond to the case when the He+ ion is left in an excited state
after the absorption of the rst photon, which can serve as an intermediate state in sequential
TPDI. The free electron then obtains an energy of E1 = h̄ω − I1 − En (with En the excitation
energy to the n-th shell of He+ ). In the long-pulse limit, this simply leads to the appearance of
shake-up satellite lines at energies E1 and E2 = h̄ω −I2 +En in the one-electron energy spectrum.
For ultrashort pulses, however, the nonsequential (or direct) double ionization channel becomes
available as well and can lead to the same nal states, creating an interference pattern. This
bears some resemblance to the well-known exchange interference between e.g. photo-electrons
and Auger electrons [5255]. There is, however, a fundamental dierence: while the exchange
interference is intrinsically controlled by atomic parameters, namely the energy and lifetime
(width) of the Auger electron, the novel interference observed here is truly a dynamical eect
present only for short pulses and can be controlled by the pulse duration T .
As the dependence of the yield on the pulse duration is dierent for the dierent channels
(proportional to T for the nonsequential channel, proportional to T 2 in the sequential channel),
the observed spectrum strongly changes with pulse duration. For short pulses (T < 1000 as, cf.
Figure 1), the yield is completely dominated by the nonsequential channel without any trace of
a shake-up interference. As the pulse duration is increased, the sequential channel with shake-up
becomes increasingly important. As expected from the interference of a relatively sharp peak
with a smooth background, the peak resembles a Fano lineshape [56]. Thus, the position of
the maximum is shifted from the position expected in the limit of innitely long pulses. Even
for relatively long pulses (T = 9 fs), similar to those produced in X-ray free-electron lasers,
the position of the shake-up peak in the one-electron energy spectrum P DI (E) is shifted by a
considerable fraction of an eV.
Such eects could possibly be observed in XFEL pulses, which reach focused intensities of
up to 1016 W/cm2 . To conrm that the results shown here (calculated for 1012 W/cm2 ) also
apply for these high intensities, we performed an additional calculation at a peak intensity of
I0 = 5 · 1015 W/cm2 with a pulse duration of T = 9 fs. The shape of the dierential yield
P DI (E) (not shown) is almost unchanged compared to the result at 1012 W/cm2 peak intensity,
even though the ground state survival probability is only 20%. The total double ionization
probability is P DI = 36%, i.e. more than a third of the helium atoms in the laser focus are
doubly ionized. Even though the yield in the shake-up peak is only 0.6% of the total yield
for that duration, this could be seen in experiment as only the integrated one-electron energy
spectrum has to be observed. Moreover, from the position, strength and asymmetry of the
interference peaks, information on the poorly known pulse duration of XFEL pulse bursts
could possibly be deduced.
5. Summary
In conclusion, we have shown that attosecond XUV pulses can be used to probe, induce, and
control electron correlation in two-photon double ionization. In such pulses, the scenario for
sequential two-photon double ionization breaks down. Due to the small time interval between
the two photoabsorption processes dynamical electron-electron correlations can be tuned by the
6
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pulse duration T . The angular and angle-energy distributions reveal the signatures of electronic
correlation induced by the Coulomb interaction. For short pulses, two well-known scenarios, the
Wannier ridge riding mode and the post-collision interaction process, are simultaneously present
in the two-electron emission spectrum.
The nonsequential channel without shake-up and the sequential shake-up channel, where the
intermediate state after one-photon absorption is an excited state of the He+ ion, can interfere.
In attosecond pulses, only the channel without shake-up contributes, while in long pulses (longer
than the 9 fs used here), the sequential shake-up channel dominates. For pulse durations of a
few femtoseconds, the two channels are similarly important, such that interference can be clearly
observed. This interference may open up the possibility to measure the duration of ultrashort
XUV pulses in the femtosecond regime.
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