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Double ionization of helium by a single intense (above 1018 W=cm2) linearly polarized extreme
ultraviolet laser pulse is studied by numerically solving the full-dimensional time-dependent Schrödinger
equation. For the laser intensities well beyond the perturbative limit, novel gridlike interference fringes are
found in the correlated energy spectrum of the two photoelectrons. The interference can be traced to the
multitude of two-electron wave packets emitted at different ionization times. A semianalytical model for
the dressed two-photon double ionization is shown to qualitatively account for the interference patterns in
the joint energy spectrum. Similar signatures of interferences between transient induced time-delayed
ionization bursts are expected for other atomic and molecular multielectron systems.
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Recent developments in free-electron laser technologies
[1–11] promise to provide strong extreme ultraviolet (XUV)
lasers pulses with peak intensities reaching 1018 W=cm2,
which opens the door to study novel nonperturbative
interactions between atoms and light fields complementally
to the well-explored near-adiabatic Keldysh regime ω ≪ Ip
accessible by strong-field infrared (IR) or midinfrared
(MIR) pulses [12]. The interplay between strong-field
effects and electron correlations has been experimentally
investigated for IR pulses [13–15]. Distinct nonsequential
double-ionization processes have been identified, such as
the recollision ionization [15] and the recollision-induced
excitation of the ion plus subsequent field ionization (RESI)
[16,17]. In the XUV regime, however, most previous studies
of double ionization focused on the perturbative regime,
in particular on the one-photon [18–22] and two-photon
[23–41] double ionization. Effects beyond the lowest-order
perturbation theory such as the ac Stark shifts [42] in the
joint energy spectra for double ionization of helium by
intense XUV pulses were studied by solving the reduced-
dimension time-dependent Schrödinger equation (TDSE).
In this Letter, we report on multielectron emission and

interferences in the strong-field high-frequency regime.
Multiparticle interferences controlled by fermionic or
bosonic quantum correlations are currently of considerable
topical interests for a variety of systems (see, e.g., Ref. [43]).
As a “simple” prototypical case, we study two-electron
interferences in the double ionization of helium by a single
strong XUV laser pulse in the nonperturbative regime, for
which a numerically accurate solution of the many-electron
TDSE in its full dimensionality is still feasible. Significant

population on the single continuum with the bound electron
on the 1s state of Heþ and the exchange symmetry of the
entangled electrons in the singlet sector are found to be key
ingredients for the appearance of these dynamic multi-
electron interferences.
For one-electron emission by strong-field XUV pulses,

prominent dynamic interference features have been pre-
viously identified [44–51]. Accordingly, the ejection of
electrons takes place at different points in time within the
envelope of a single pulse featuring the same ac Stark shift
[44–51] giving rise to phase differences between the two
ensuing wave packets. Such time interferences originating
within a single pulse complement those that occur from a
more conventional pump-probe sequence where wave
packets are ejected by either the pump or the probe pulse
accumulating a phase difference depending on the time
delay between the pump and the probe [52–54]. The
dynamic interference in the single ionization of atoms
leads to the surprising modulation of the photoelectron
spectrum (PES) (“peak splitting”). This modulation bears
resemblance to fine structures experimentally observed in
the above threshold ionization (ATI) by a strong pulse
with ω ≪ Ip [55–57]. The underlying process is, however,
fundamentally different. The peak splitting in the ATI is
caused by so-called Freeman resonances of highly excited
states that are ac Stark shifted into resonance as inter-
mediate states along the multiphoton pathway to the
continuum [55–57]. Dynamic interference in the high-
frequency (ω > Ip) strong-field regime, by contrast, does
not involve intermediate state resonances but, instead,
a time-double slit of two sequential ionization bursts,
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one on the rising flank and the other on the falling flank of
the envelope of the ultrashort XUV pulse.
As demonstrated for one-electron or single active electron

(SAE) models [51], the rapid depletion of the population of
the initial state on the rising edge hampers the appearance of
these interferences as it tends to shut down one of the two
“arms” of the interferometer. The point of departure of the
present study is that for multielectron emission in many-
electron systems the proliferation of interfering pathways
may facilitate the appearance of such dynamic interferences.
For the present case of helium, the two-electron wave
packets ejected in the double ionization feature additional
interfering paths originating from the time delayed emission
and the exchange symmetry of the two electrons (Fig. 1).
The double continuum states jk1;k2i can be reached either
by double ejection on the rising edge (paths R1 and R2) of
the pulse or by double ejection on the falling edge (pathsF1
andF2) or by ejection of an electron from the neutral ground
state on the rising edge and the subsequent time-delayed (td)
emission of the other electron from the ground state of Heþ
on the falling edge (paths F1td and F2td). Electron ejection
from the neutral ground state occurs primarily on the rising
edge due to the near-complete depletion except for the
shortest pulses, but the electron from Heþ can be ejected on
either the rising or the falling edge of the laser pulse.
Transient strong-field stabilization in the high-frequency
field, i.e., suppression of the photoelectric effect [58], here
operational primarily for the Heþ ion, plays a crucial role

preventing the complete depletion of the ionic ground state
before reaching the falling edge of the pulse [44,59].
Our numerical approach for solving the full-dimensional

TDSE is based on the close-coupling expansion, the finite-
element discrete variable representation (FE-DVR) method
[60–62], and the Lanczos propagation algorithm [63,64].
The velocity gauge is chosen to describe the electron-laser
interaction Hamiltonian since much fewer partial waves are
required in the velocity gauge than that in the length gauge
[51,65–67] to reach converged results. Typically, the
single-electron angular momentum number l1 (l2) is taken
up to 8 and the total angular momentum number L up to 4.
Convergence has been ensured by varying the number of
included partial waves. The maximal box size for the radial
coordinates is chosen to be 400 a.u., and an absorbing mask
function has been applied in each step of time propagation of
thewave function.We choose XUV pulses with envelope of
sin2 shape.
In Fig. 2, we present results for the variation of the joint

energy spectra with key parameters of the strong and
ultrashort XUVpulse. The first row displays the dependence
on the peak intensity I ¼ F2

0, the second on photon energyω,
and the third on the pulse duration Tp. The intensity
dependence (a1–a3) covers the range from the low-intensity

FIG. 1. Schematic path interferences for two-photon emission
by a single strong XUV pulse with envelope F0ðtÞ and temporal
width of the order of ∼fs. Double ionization can take place either
with the emission of both electrons on the rising (R) edge of the
pulses (paths R1 and R2) or on the falling (F) edge (paths F1 and
F2) or with the emission of the first electron on the rising edge
and the time-delayed emission of the second electron on the
falling flank (paths F1td and F2td). Double emission on the
falling flank (F1 and F2) is suppressed due to the rapid depletion
of the neutral ground state except for the shortest pulses. The
paths (2) are exchange-symmetric counterparts to the paths (1).
The localization of the ionization time results from the strong ac
Stark shift controlled by the envelope F0ðtÞ.

FIG. 2. Joint photoelectron energy spectra for double ionization
of helium from full-dimensional TDSE calculations. First row (a):
variation with peak intensity as indicated at fixed photon energy
(54.6 eV) and the pulse duration (1 fs). Second row (b): variation
with photon energy at fixed peak intensity (1 × 1019 W=cm2) and
the pulse duration (1 fs). Third row (c): variation with pulse
duration at fixed peak intensity (1 × 1019 W=cm2) and photon
energy (75 eV).
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double ionization where the two-photon ionization dynamic
interference is absent (a1) to the strong-field regime (a3)
featuring a pronounced Cartesian gridlike dynamic inter-
ference pattern in the E1 − E2 plane with a grid spacing
ΔE1 ¼ ΔE2 ≈ 5 eV given by ΔE1 ¼ 2π=ΔT with ΔT the
effective time delay between the ionization bursts on the
rising and falling flank (Fig. 1). The dependence on photon
energy (b1–b3) indicates that dressed two-photon double
ionization strongly dominates over one-photon double
ionization events even when one-photon ionization is
energetically permitted for ω > Ip2 (b3, the double ioniza-
tion potential Ip2 of He is 79.01 eV). This observation
highlights the strongly nonperturbative character of double
ionization in this intensity regime. Finally, the dependence
on pulse duration (c1–c3) reveals the fact that ultrashort
pulses are key to observe pronounced dynamical interfer-
ences (c1). For long pulses exceeding a few femtoseconds,
the dynamical interference patterns disappear (c3) as even-
tually the depletion of the ionic state [Heþð1sÞ] closes the
corresponding interference channel (see Fig. 1). The result-
ing joint energy spectra shown in Fig. 2 are dominated by
two-photon absorption processes, leading to a dominant
signal near the line E1 þ E2 ¼ 2ω − Ip2. At higher inten-
sities [see, e.g., frame (a3)], weak traces of the three-photon
double ionization signal near E1 þ E2 ¼ 3ω − Ip appear
which mirror the grid structure.
In order to trace the origin of the interference pattern and

to identify the contributing paths we analyze the results of
the full TDSE calculation in terms of a simplified semi-
analytical model that resembles, to some extent, the virtual-
sequential model for two-photon ionization of helium
[29–34], and employs Coulomb-Volkov states [68]. Even
though explicitly treating only two-photon absorption, it
nevertheless can account for the dressing by nonperturba-
tive high-order corrections and for the depletion of the
initial state and strong-field distortion of the final state.
Accordingly, we decompose the double ionization process
into a virtual sequence of two one-photon absorption

events. The differential change in ionization amplitude
during the absorption of the first photon (P1) can be
expressed as (atomic units are used unless otherwise stated)

daP1k1
¼ −hψk1;1sj

∂
∂z1 þ

∂
∂z2 jψ0ia0ðτ1ÞAðτ1Þdτ1; ð1Þ

where ψ0 and ψk1;1s are the neutral ground state and the
single ionization continuum state of helium, respectively,
coupled by the dipole matrix element, a0ðτ1Þ is the
occupation amplitude of the ground state which is allowed
to vary when the depletion and ac Stark shifts are taken into
account, and Aðτ1Þ is the vector potential of the laser pulse
with polarization direction along the z axis. The final state
of the photoionized electron is described by a Coulomb-
Volkov state with the Volkov phase

Φk1
ðtf; τ1Þ ¼

Z
tf

τ1

�
k21
2
þ kz1Aðτ0Þ

�
dτ0; ð2Þ

accumulated between the emission time τ1 and the con-
clusion of the pulse at tf. Analogously, the amplitude for
the subsequent second photoabsorption event (P2) is
given by

aP2k2
ðtf; τ1Þ ¼ −hψk2

j ∂∂z jψ1si

×
Z

tf

τ1

a1sðτ2; τ1ÞAðτ2Þexp½−iΦk2
ðtf; τ2Þ�dτ2;

ð3Þ

where ψ1s and ψk2
are the ground state and continuum state

of Heþ, respectively, and a1sðτ2; τ1Þ is the amplitude of the
ground state of Heþ at time τ2 when Heþ is exposed into
the laser field at time τ1.
Combining now the two ionization steps, we obtain the

amplitude of the double ionization as

aDk1;k2
ðtf; t0Þ ¼ hψk1;1sj

∂
∂z1 þ

∂
∂z2 jψ0ihψk2

j ∂∂z jψ1si

×
Z

tf

t0

a0ðτ1ÞAðτ1Þ exp½−iΦk1
ðtf; τ1Þ�

Z
tf

τ1

a1sðτ2; τ1ÞAðτ2Þ exp½−iΦk2
ðtf; τ2Þ�dτ2dτ1 þ k1 ↔ k2; ð4Þ

which is referred to in the following as the strong-field
dressed two-photon double ionization (SFD-TPDI) model.
In the limit of low intensities, the SFD-TPDI model reduces
to second-order perturbation theory for two-photon double
ionization. Since the two electrons are initially in the
antisymmetric and maximally entangled spin singlet state,
ð1= ffiffiffi

2
p Þðj↑↓i − j↓↑iÞ, which is preserved during the in-

teraction with the XUV pulse, the double ionization
amplitude in the orbital degrees of freedom [Eq. (4)] is

even under (k1 ↔ k2) and the two exchange-symmetric
partial amplitudes add up coherently. Details for the
evaluation of the dipole transition matrix elements were
discussed in previous studies [29–34,40].
Time-dependent amplitudes for the ground-state occu-

pation a0ðτ1Þ and the single ionization a1sðτ1; τ2Þ entering
Eq. (4) can be obtained by independent calculations, e.g.,
using the perturbation theory [51] or the high-frequency
Floquet theory (HFFT) [69] for the dynamical Stark shift
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and decay rate. In the present implementation of the model
we extract these amplitudes directly from the solution of the
TDSE (see Supplemental Material [59]). Overall, the SFD-
TPDI model reproduces the interference patterns seen in
the TDSE solutions quite well (Fig. 3). For a quantitative
comparison, we calculate both the one-electron spectra
determined by integration of the energy distribution of the
second electron PðE1Þ ¼

R
∞
0 PðE1; E2ÞdE2 and the total

two-electron energy spectra PðEÞ ¼ R
PðE1; E − E1ÞdE1.

Though obvious discrepancies exist, the interference peaks
from the model and the TDSE agree reasonably well with
each other. The peak distance decreases as the pulse
duration increases, reflecting the fact that the time delay
between the ionization bursts becomes larger by length-
ening the pulse. A broad peak around E ¼ 71 eV corre-
sponding energetically to two-photon absorption and a
weaker peak around E ¼ 146 eV corresponding to three-
photon absorption can be clearly identified in the total two-
electron energy spectra PðEÞ [see Fig. 3(b2)]. The peak
splitting, i.e., interference oscillations signifying dynamic
interference between direct double ionization on the rising
and on the falling flank of the pulse, become observable for
ultrashort pulses Tp ¼ 0.5 fs [Fig. 3(a2)]. For longer pulses
Tp¼1 fs they are already strongly suppressed [Fig. 3(b2)].
This is due to the depletion of the neutral ground state
(ja0ðtÞj < 0.01 for longer pulses) precluding the interfer-
ence between the double-electron ejection on the rising
edge and the double-electron ejection on the falling edge.
The effective closing of these two-electron ejection paths
on the falling edge, however, does not remove the inter-
ference pattern in the one-electron spectra PðE1Þ, as shown
in Fig. 3(b1). For the latter, only a non-negligible amplitude
of the ionic ground state at the falling edge is required. The
multitude of pathways including those that involve different

charge states renders dynamic interference in multielectron
systems more robust than in effective one-electron systems.
The role of exchange symmetry can be identified by

switching off the exchange-symmetric contribution [second
term in Eq. (4)], as shown in Fig. 4. The joint distribution
PðE1; E2Þ is obviously now nonsymmetric, PðE1; E2Þ ≠
PðE2; E1Þ. The interference stripes seen in Fig. 4(a) are due
to the interference between paths R1 and F1td. Switching
off, instead, the first term in Eq. (4) would give the mirrored
stripes associated with the interferences between paths R2
and F2td. Adding all paths coherently [Fig. 4(b)] gives rise
to a two-dimensional interference pattern qualitatively
resembling the full TDSE result [Fig. 4(c)]. Differences
are likely due to the neglect of dynamic electron-electron
correlations in the model as well as the omission of an
explicit treatment of third-(or higher) order photoabsorp-
tion processes in Eq. (4). Nevertheless, the model can
reproduce the dominant interference structures shown in
Fig. 2 (see Ref. [59] for more details).
In summary, we have performed the first fully ab initio

study of double ionization of helium by ultrashort high-
frequency XUV pulses with ω large compared to Ip in the
strong-field regime. Sequential double ionization by two-
photon absorption is found to be the dominant ionization
channel, however significantly modified by nonperturba-
tive strong-field effects. The two-photon double ionization
process strongly dominates over the one-photon process
even when the latter is energetically possible. Novel grid-
like interference structures are identified in the joint energy
spectrum of the two photoelectrons for intense and short
XUV laser pulses. These dynamical two-electron interfer-
ences are considerably more robust against depletion of
the initial state than the dynamic interference in single
ionization. This is due to the presence of a multitude of
interference pathways involving the sequential ionization
on the rising and falling edge of the envelope of the XUV
pulse including their exchange symmetric partners. The
present dynamic interferences resulting from an interplay
between ionization bursts temporally separated and pro-
liferation of multielectron ionization paths are expected
to be present also in other two-electron atoms, ions, or

0.1

0.2

0.3
(a2) 0.5 fs

E(eV)
0 40 80 120 160 200

0

0.1

0.2

0.3

0.4

0.5 (b2) 1fs

P
(E

1)
 (

a.
u

.)

0 20 40 60 80 100

0.2

0.4

0.6

0.8

1 (b1) 1fs

P
(E

1)
 (

a.
u

.)

0.2

0.4

0.6
TDSE
Model

(a1) 0.5 fs

P
(E

) 
(a

.u
.)

P
(E

) 
(a

.u
.)

E1 (eV)

FIG. 3. Left column (a1, b1): one-electron spectrum PðE1Þ
resulting from the integration over the energy E2 of the second
electron of the joint distribution PðE1; E2Þ; Right column (a2,
b2): total energy spectrum PðEÞ of the two-electron wave packet
(E ¼ E1 þ E2). The pulse duration is taken to be 0.5 fs (top row:
a1, a2) and 1 fs (bottom row: b1, b2). The photon energy is 75 eV,
and the laser intensity is 1 × 1019 W=cm2. The results from the
SFD-TPDI model [Eq. (4)] are normalized to match the TDSE
results.

FIG. 4. Different levels of approximation to the joint energy
distribution: (a) SFD-TPDI model [Eq. (4)] with exchange-
symmetric term omitted, (b) SFD-TPDI model with exchange-
symmetric term included, and (c) full TDSE calculation. The
photon energy is 90 eV, the pulse duration is 1 fs, and the pulse
intensity is 1 × 1019 W=cm2.
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molecules, e.g., H− or H2. More generally, interference
effects involving multielectron emission facilitated by the
transient suppression of the photoelectric effect may
emerge in more complex atoms and molecules. Future
experiments with intense XUV sources should allow for
tests of the present predictions.
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