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Two-photon double ionization of metastable 1,3S 1s2s helium
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We investigate the process of two-photon double ionization (TPDI) of the metastable helium 1,3S 1s2s states.
The process has been simulated within a fully ab initio numerical framework, solving the time-dependent
Schrödinger equation in full dimensionality for the two interacting electrons, in a B-spline-based methodology.
The presence of doubly excited (autoionizing) states in the direct TPDI regime causes resonance-enhanced
multiphoton ionization, and we demonstrate this effect by accessing the 1,3P 2s2p doubly excited states. Fully
converged theoretical calculations are presented, and a well-defined cross section is extracted for the direct
TPDI process and compared in the context of its analogous process in the helium ground state. In addition,
the resonance-enhanced two-photon double-ionization mechanism is explored, and we discuss how this process
differs from both direct and sequential ionization processes.
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I. INTRODUCTION

The problem of double photoionization of two-electron
systems has undergone substantial investigations since the
early work of Byron and Joachain [1]. The idea that one photon
could eject two electrons from a bound system could only be
attributed to the electron-electron interaction between a bound
electron and an escaping photoelectron. The electron-electron
interaction makes the multielectron wave function inseparable
in the general case, and a detailed understanding of it,
even in the simplest systems, is of great interest. Develop-
ment of intense XUV sources through high-order-harmonic
generation (HHG) [2,3] and free-electron lasers (FEL) [4,5]
has provided experimentalists with the necessary tools to in-
vestigate double-ionization processes in few-electron systems.
From a theoretician’s point of view, the exponential increase
in computing power during the last decades and the ability
to perform large-scale multiprocessor numerical simulations
have paved the way for exact theoretical treatment from
first principles of such processes. When agreement between
theoretical work and experiments was achieved for the problem
of double photoionization of helium [6,7], much of the activity
shifted to the problem of two-photon double ionization (TPDI).
TPDI processes are not, in general, dependent on the electron-
electron interaction if the ionizing laser has a photon energy
which permits a sequential ejection of the electrons, i.e., single
ionization of the target by one photon followed by ionization
of the residual ion system by the second one. However, for a
limited interval of photon energies, the total energy supplied
to the system by two photons is only large enough to ionize
both electrons if they are ejected simultaneously. This is
called the direct or nonsequential regime. For example, in
the case of TPDI of He(1s2), in the photon energy interval
from 39.5 to 54.4 eV, TPDI is energetically allowed but
cannot occur sequentially. This interval is of special interest
as here the direct TPDI process can be studied separately from
the sequential one. Being the simplest two-electron system,
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helium was the first target of considerable theoretical [8–25]
and experimental [26–31] interest. Other two-electron systems
have also been investigated, including TPDI of fixed-in-space
H2 [32–38].

It is clear that the processes of one- and two-photon double
ionization have been studied to a great extent in several target
systems, but mostly when the electrons originate from the
system ground state. More recent activities include other initial
states, for instance, the triplet and singlet He(1s2s) states
[39]. Also, double ionization due to single-photon impact has
been investigated [40–42], along with TPDI in the sequential
photon-energy regime [43] and TPDI of the 3S 1s2s triplet
state by two-color photons [44]. The two-photon breakup of
He(1s2s) is of particular interest since its dynamics differs
significantly from the ordinary TPDI of He(1s2). Indeed, in
the latter case TPDI is dominated, in zeroth-order perturbation
theory for the electronic structure, by a two-photon transition
of the type 1s2 → 1skp → k′pkp [20,23]. The nature of direct
TPDI of He(1s2) can be understood from the fact that the
electron-electron repulsion is strongly present in the initial 1s2

state, and then the simultaneous ejection of the electrons will
occur due to this additional repulsion energy. Furthermore, in
the direct TPDI regime (39.5 < �ω < 54.4 eV), autoionizing
states are located above the sequential threshold from the
ground state of helium. As such, autoionizing states play
a minor role in direct TPDI of He(1s2). Direct TPDI from
He(1s2s) (either singlet or triplet) involves, in zeroth-order
perturbation theory, the channels 1s2s → 1skp → k′pkp and
1s2s → 2skp → k′pkp. Using a perturbative treatment of the
laser-atom interaction and a zero-order representation of the
electronic states, it can be easily shown that these channels
play a major role in the sequential TPDI regime [43], but
they happen to cancel each other in the direct regime if
the electron-electron interaction is neglected. On the other
hand, autoionizing states like 2s2p can be directly populated
through one-photon absorption. Therefore, and considering
that the dipole coupling between the latter state and the
initial 1s2s state is strong, the two-photon transitions of the
types 1s2s → 2s2p → k′pkp, 1s2s → 2s2p → k′sks, and
1s2s → 2s2p → k′skd are expected to play a major role for
photon energies below the sequential threshold. This will give
rise to what is known as resonance-enhanced multiphoton

1050-2947/2014/89(4)/043427(9) 043427-1 ©2014 American Physical Society

http://dx.doi.org/10.1103/PhysRevA.89.043427


A. S. SIMONSEN, H. BACHAU, AND M. FØRRE PHYSICAL REVIEW A 89, 043427 (2014)

ionization (REMPI) when the central frequency of the driving
field makes intermediate states resonant with the initial state.
As we shall see, resonance-enhanced ionization cannot be
treated as either a direct or a sequential process in the general
case.

In this work, we present a theoretical investigation of the
problem of two-photon double ionization of the metastable
1,3S 1s2s states of helium. Employing a well-tested numerical
scheme, we solve the time-dependent Schrödinger equation
for the two-electron system in interaction with linearly
polarized XUV laser pulses on the few-femtosecond time
scale. The singlet and triplet states are studied systematically
for different photon energies and laser pulse durations, and
differences and similarities between these symmetries are
noted. Both total (generalized) cross sections and energy-
and angular-resolved differential cross sections are obtained
in the direct (nonsequential) regime. Furthermore, the impact
of the resonance-enhanced two-photon double-ionization (RE-
TPDI) process, where doubly excited states play the role
of the intermediate states, is studied in some detail. For
instance, we show that whereas only one channel of total
orbital angular momentum dominates in the direct regime,
the resonance-enhanced process comprises two competing
channels, indicating a different mechanism of ionization.

Atomic units where me, �, e, and a0 are scaled to unity are
used throughout the paper unless stated otherwise.

II. THEORY AND METHODOLOGY

Our approach rests upon solving the time-dependent
Schrödinger equation (TDSE) numerically to a high degree
of accuracy for two-electron systems. The computational
details of our scheme are described in [19], and it has been
applied successfully to the study of various laser-induced
processes in two-electron systems [19,20,24,36,45–47]. A
short summary of the numerical details will be reiterated here
for the convenience of the reader. The main idea revolves
around representing the radial parts of the two-electron wave
function in B splines, while handling the angular parts with
the commonly used spherical expansion,

�(r1,r2,r̂1,r̂2,t) =
∑
i,j,k

ci,j,k(t)
Bi(r1)

r1

Bj (r2)

r2
Yk(r̂1,r̂2), (1)

where Yk(r̂1,r̂2) are the generalized spherical harmonics and
k enumerates all combinations of l1, l2, L, and M satisfying
the following condition:

|l1 − l2| � L � l1 + l2. (2)

The full time-dependent Hamiltonian operator for the helium
atom interacting with an electromagnetic field is expressed
as the sum over one-electron contributions in addition to the
electron-electron repulsion,

Ĥ =
∑
i=1,2

(
−∇2

ri

2
− 2

ri

+ A(t) · pi

)
+ 1

|r1 − r2| . (3)

Here A(t) represents the vector potential of the classical
electromagnetic field within the dipole approximation. We
model the laser pulse as a linearly polarized oscillating field

with a sine-squared carrier envelope,

A(t) = A0 sin2

(
tπ

T

)
cos(ωt)û. (4)

A0 relates to the maximum electric field amplitude E0 as
A0 = E0/ω, with ω being the central angular frequency of
the driving field. T corresponds to the full time duration of
the laser pulse, whereas û is the unit vector pointing in the
direction of polarization. In the simulations, the pulse duration
is varied for different photon energies and is given in numbers
of optical cycles. At peak intensity, the laser pulse reaches
I0 = 1013 W/cm2, which produces a sufficiently strong signal
in the double continuum while still being in the perturbative
regime.

In order to locate the singly excited 1,3S 1s2s states, we
apply an implicit restarted Arnoldi method to the field-free
Hamiltonian matrix where a shift parameter is adjusted in
order to accelerate the convergence of the target energy
eigenvalues. The time-dependent part of the problem is
solved by propagating the TDSE with the Cayley-Hamilton
propagation scheme,(

S + i�t

2
H(t + �t)

)
c(t + �t) =

(
S − i�t

2
H(t)

)
c(t),

(5)

where S is the overlap matrix and H is the Hamiltonian matrix
in the basis described in Eq. (1). c(t) is the vector of expansion
coefficients, and the process of time propagation is started with
the initial vector c0(t = 0) corresponding to a field-free atomic
eigenstate. Equation (5) is solved for the necessary amount of
time steps in order to simulate the full extent of the laser-atom
interaction and to obtain the final wave function �f .

The next challenge is to extract the physical observables,
which relate to the process of TPDI, from the final wave
function. First, the bound (initial state) component is removed.
Then, the double-ionized wave packet is extracted by project-
ing the final wave function onto products of Z = 2 Coulomb
waves. The basic idea is to approximate the probability
amplitude for a given angular channel and for a given set
of continuum energies by the overlap between the final wave
function and the product state spanned by two one-electron
continuum states,

Pl1,l2,L,M (E1,E2)

= 〈
ψZ=2

E1,l1
(r1)

∣∣〈ψZ=2
E2,l2

(r2)
∣∣�l1,l2,L,M

f (r1,r2,t = τ )
〉
, (6)

where τ is some time after the conclusion of the laser pulse.
Indeed, the electron-electron correlation is not built into such
product states, but in the asymptotic regime where the electrons
are spatially well separated, the electron-electron interaction
plays a minor role. The accuracy of this method has been
investigated (see, for instance, [16,24]), and it is found that
the associated error is small and can be controlled by a
technique known as postpropagation. The idea is simply to
expose the final wave function to field-free time propagation
in order to let the ionized electrons drift apart and hence
reduce the importance of the electron-electron repulsion in
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the continuum components. The fully angular- and energy-
resolved probability amplitude is then obtained as [11,16,48],

P (E1,E2,�1,�2)

=
∑

l1,l2,L,M

e− iπ
2 (l1+l2)+i(σl1 +σl2 )

×Y L,M
l1,l2

(�1,�2)Pl1,l2,L,M (E1,E2), (7)

where σl = 
(1 + l − iZ/
√

2E) is the Coulomb phase shift.
The relationship between the probability amplitude and the
(differential) generalized cross section for a two-photon
process is given by

σ =
(

ω�

I0

)2 |P |2
TEff

, (8)

where I0 is the intensity of the field at maximum amplitude and
the quantity TEff is the effective pulse duration. For a pulse with
a sine-squared carrier envelope it is given as TEff = 35T/128
[49]. Any future use of the term “cross section” refers to this
generalized one.

III. RESULTS AND DISCUSSION

The initial 1,3S 1s2s helium states were obtained in a radial
box extending up to 280 a.u. with 290 B-spline functions
in each radial coordinate. The two-electron wave function
is resolved in all single-electron orbital angular momentum
combinations (l1,l2) up to l1 = l2 = lmax = 12. We obtain the
binding energies E = 58.39 eV and E = 59.19 eV for the
singlet and triplet 1s2s states, respectively. The eigenenergies
of the 1s2s and 2s2p states as well as the autoionization
properties of the latter are summarized in Table I. In terms of
convergence, we have systematically adjusted the discretiza-
tion parameters in order to ensure that the results are not
sensitive to the basis. It turns out that lmax = 6 is sufficient
in order to obtain converged total cross sections. As expected,
the angular-resolved results are much more sensitive to the
number of angular channels included. In fact, only between
lmax = 10 and lmax = 12 do the angular distributions seem to
be quantitatively identical, while lower lmax is able to capture
the qualitative shape. The B-spline density has been varied as
well, and the results are found to be converged. The box size is
adjusted in order to fit the continuum wave packets produced
during the propagation of the TDSE, and longer laser-atom
interactions necessitate larger radial boxes. Also, as explained
in Sec. II, the process of extracting the double-continuum
component is associated with an error which is controlled

TABLE I. Energies and widths of the states accessed in the two-
photon double-ionization process. The energies and widths of the
autoionizing states are found in [50].

Quantity Singlet Triplet

1s2s energy −58.39 eV −59.19 eV
2s2p energy −18.86 eV −20.69 eV
1s2s-2s2p energy gap 39.46 eV 38.50 eV
2s2p lifetime 17.8 fs 82.3 fs
2s2p width 0.037 eV 0.008 eV

FIG. 1. (Color online) Total (generalized) cross section for the
process of direct two-photon double ionization of the metastable 1S

1s2s state, as obtained for laser pulses of 15- (dotted blue line with
circles), 25- (dashed red line with diamonds) and 40-cycle (solid
black line with squares) duration and peak intensity of 1013 W/cm2.

by the postpropagation technique. As found in similar studies
[16,24], the error is relatively small (of the order of a few
percent) and diminishes rapidly only with a few cycles of
postpropagation.

The lower direct TPDI threshold is given as half the initial
binding energy because the two photons together must supply
the necessary energy to doubly ionize the target. Strictly
speaking, direct TPDI is energetically possible for all photon
energies above this limit, but an upper threshold for direct
TPDI is conveniently defined as the lower threshold for
sequential TDPI. This is natural as the sequential process tends
to dominate the direct one whenever both are open. The upper
direct or lower sequential threshold is defined by requiring
that the first photon has enough energy to produce an ion state
from the initial state and that the second photon is sufficiently
energetic to ionize the same respective ion state. In the singlet
(triplet) case, direct and sequential TPDI open at photon
energies of 29.2 (29.6) and 44.8 (45.6) eV, respectively. The
process of two-photon double ionization is usually classified
according to these two types of ionization dynamics, i.e.,
sequential and direct, but in the He (1s2s) case, one must also
consider a third possibility, namely, RE-TPDI, which does not
behave exactly like the direct or the sequential process. At
first sight, the RE-TPDI process may look very similar to the
sequential one, merely due to the consecutive order of the
photon absorption. However, it should be pointed out that in
the RE-TPDI case, both electrons are still quasibound in the
intermediate autoionizing state, and as such, the electrons are
double ionized simultaneously, similar to the case of the direct
process.

A. Total cross section

Figure 1 shows the total (generalized) TPDI cross section
as a function of photon energy for the singlet case and
for three different pulse durations. Notice how the cross
section seems well defined for photon energies below 34 eV
as the results obtained with different pulse durations align
with each other. However, above 34 eV the cross section is
obtained as a pulse-dependent quantity, and as we shall see,
this is caused by a nearby doubly excited state, namely, 1P

2s2p. In the continuation, we will discuss the two-photon
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FIG. 2. (Color online) Total (generalized) cross section for the
process of direct two-photon double ionization of the 1S 1s2s singlet
(dashed blue line with circles) and 3S 1s2s triplet (solid red line with
diamonds) states, respectively, as obtained for a 40-cycle laser pulse
of peak intensity I0 = 1013 W/cm2.

double-ionization process in both regions, starting with the
region below 34 eV where the cross section is well defined
for the laser pulses considered here.

1. Direct TPDI

Figure 2 depicts the total TPDI cross section for both
the singlet (dashed blue line with circles) and triplet (solid
red line with diamonds) 1s2s states, as obtained for a laser
pulse of 40-cycle duration. Their numerical values are also
given in Table II. The cross sections were extracted 10 optical
cycles after the conclusion of the pulse in order to ensure
that the double-ionized wave-packets comprise well-separated
electrons. The most obvious observation is that the TPDI
cross section obtained in the singlet symmetry is categorically
larger compared to that of the triplet. In addition, the cross
sections in both symmetries are significantly smaller than in
the case of TPDI of the helium ground state [16,19]. The
difference in magnitude can be attributed to the electron-
electron interaction, which is a prerequisite for the double
ionization to occur, and the fact that the electron-electron
correlation is relatively more important in the helium ground
state. The difference in magnitude between the singlet and
triplet yields is explained by the symmetry properties of the
states, which again give rise to a similar effect: In the triplet
case, the wave function vanishes at r1 = r2 due to its spatial
antisymmetry, and as such the importance of the electron-

TABLE II. The total (generalized) cross section vs photon energy
for the process of direct two-photon double ionization of the 1,3S 1s2s

states. The cross section is given in units of 10−54 cm4 s.

Photon Singlet cross Triplet cross
energy (eV) section (10−54 cm4 s) section (10−54 cm4 s)

29.9 1.41 0.12
30.6 2.49 0.37
31.3 3.26 0.60
32.0 3.84 0.79
32.7 4.30 0.97
33.3 4.75 1.17
34.3 5.53 1.52

electron repulsion is suppressed, with the consequence that
the TPDI yield declines.

2. Resonance-enhanced TPDI

Turning to photon energies above 34 eV, the ionization
process is influenced by the intermediate 2s2p doubly excited
state. As already mentioned, the presence of doubly excited
states in the middle of the direct regime for TPDI necessitates
a different treatment for photon energies close enough that
such states are populated. The interpretation of “close” in this
context is dependent on the spectral distribution of the laser
pulse, i.e., the photon energy, and also the pulse duration and
shape. One of the most profound differences between the direct
regime for TPDI and the resonance-enhanced counterpart is
how the probability of ionization scales with the duration of
the laser pulse. For the direct case, no intermediate physical
atomic or ionic states are accessed by the first photon, which
is in direct contrast to the RE-TPDI case where intermediate
doubly excited states are significantly populated during the
interaction. The population in bound intermediate atomic
states is, within the lowest order of perturbation theory,
expected to be proportional to T 2 once they are accessed
by the field. For autoionizing states, the picture is more
complicated, and the relationship between the population and
the duration of some photon-driven excitation is dependent
on the time scale of the pulse with respect to the time scale
for autoionization, i.e., the decay rate of the relevant states.
As such, the probability for double ionization by two photons
will, in general, depend on the population in the intermediate
state and scale by some power of the pulse duration larger
than 1. The probability for TPDI of He(1S 1s2s) versus photon
energy is shown in Fig. 3 for three different pulse durations,
15 (dashed blue line), 25 (dotted red line), and 40 (solid black
line) optical cycles of illumination. The RE-TPDI process is
clearly expressed around �ω = 39.5 eV as a resonance peak,
and here the probability scales with the pulse duration beyond
the first order (a similar resonance peak is also present in
the triplet case [44]). As already mentioned, the extent of the

FIG. 3. (Color online) Total TPDI yield vs photon energy for the
1S 1s2s state, as obtained for laser pulse durations of 15 (dotted blue
line), 25 (dashed red line), and 40 (solid black line) optical cycles. The
inset shows the total TPDI yield vs pulse duration (given in optical
cycles) at the resonant photon energy �ω = 39.5 eV. The dashed black
curve shows the best least-squares fit of the form aT 3 + b, illustrating
the cubic relationship between the total ionization probability and the
laser pulse duration.
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resonant regime is pulse dependent; that is, the peak obtained
with the 40-cycle pulse is somewhat sharper compared to
the 25- and 15-cycle peaks. The inset in Fig. 3 displays the
total TPDI probability as a function of pulse duration for the
photon energy �ω = 39.5 eV, which is the resonant photon
energy for the transition 1S 1s2s → 1P 2s2p. Polynomial
regression reveals that the data points are best approximated
by a polynomial fit of the form aT 3 + b, indicating a T 3

dependence. The cubic dependence on pulse duration is a
characteristic of the underlying ionization mechanism. The
mean lifetimes of the 1,3P 2s2p states are of the order of
several tens of femtoseconds (see Table I), which is long
compared to the few-femtosecond duration of the laser pulse.
Therefore, the resonance states appear long-lived and sharply
defined with respect to the duration and spectral width of
the pulse, and as such they behave as true bound states
in the few-femtosecond regime. For very long pulses, i.e., when
the spectral width of the pulse becomes comparable to that
of the intermediate states, the two-photon double-ionization
probability is again expected to scale linearly, and not cubicly,
with the pulse duration, and the notion of a generalized cross
section again becomes a meaningful quantity.

B. Differential cross sections

More information about the underlying two-photon breakup
mechanisms may be revealed by studying the partial-wave
decomposition as well as differential observables. One in-
teresting feature can be observed by considering the relative
importance of the two competing channels L = 0 and L = 2
as a function of photon energy. It was shown in Refs. [11,51]
that the two total angular momentum components contribute
with similar weight in the process of TPDI of the helium
ground state, even for photon energies close to the lower TPDI
threshold. Also, in the case of the helium ground state, the
two electrons absorbing one photon each is suggested as the
primary mechanism of ionization [20,52], leading naturally to
a dominant angular pair pp and L = 0,2. Then other angular
pairs (ss,sd, . . . ) are populated due to the electron-electron
interaction, and the mixture of these configurations leads to
asymmetric angular distributions in the double continuum
[11,53].

The total angular momentum decompositions for the
double-continuum wave packet, with 1,3S 1s2s targets, are
shown in Fig. 4 as a function of photon energy. The competing
channels L = 0 (dashed lines) and L = 2 (solid lines) are
shown for the singlet (blue lines with circles) and triplet
(red lines with diamonds) symmetries in the photon energy
interval from 29 to 44 eV. It is clear that the partial waves
contribute to the double-ionization yield to different degrees
for the various photon energies. Whereas mainly the L = 2
component is important for lower photon energies, both L = 0
and L = 2 are important in the region of the 2s2p resonance.
A physical interpretation for this is found in the different
available ionization routes between the 1,3S 1s2s and the
double continuum with and without the intermediate resonance
states. Below resonance, the 1s electron is favored to absorb
two photons since it is more strongly bound than the 2s

electron, and hence, part of the excess energy is transferred
to the 2s electron via a collisional process which ionizes it. It

FIG. 4. (Color online) Partial-wave decomposition of the double
continuum with respect to the total angular momentum L = 0 and
2 for the process of two-photon double ionization of the metastable
1,3S 1s2s states. The population in each channel is normalized with
respect to the total TPDI yield (see Fig. 3). The singlet and triplet
symmetries are indicated by blue lines with circles and red lines with
diamonds, respectively. The positions of the 2s2p resonances in both
the singlet and triplet symmetries are indicated by vertical lines.

is worth noticing that in the case of two-photon sequential
double ionization of He(1s2s), the channel where the 1s

electron is first ionized also dominates over the one where
the 2s electron absorbs the first photon when both channels
are energetically open for sequential TPDI [43]. Furthermore,
the large L = 2 component in the case of direct TPDI can be
understood from the simpler process of two-photon (single)
ionization of the He+(1s) state, where mainly the l = 2
component in the continuum is populated due to the strong
dipole coupling between the 2p (virtual intermediate state)
and the l = 2 (continuum) states. In contrast, when the 2s2p

state is resonant, the 1s electron absorbs the first photon and
accesses the 2s2p state. Then, the second photon is absorbed
from the 2s2p state by either the 2s or the 2p electron, leading
to a more even distribution in the L = 0 and L = 2 channels.

Even if the total energy and momentum of the system
are conserved in a two-photon double-ionization process, the
individual electrons share the excess energy and momentum
in different ways. As such, we will now focus on differential
observables which are presented in units of cross section for
both the direct and resonance-enhanced processes. Strictly
speaking, in the latter case the cross section is not a well-
defined quantity due to the T 3 scaling of the corresponding
TPDI yield, but we still find it a useful quantity here in order
to compare shapes and relative TPDI yields for the different
processes on an equal footing.

1. Single-differential cross section

Figure 5 shows the single-differential cross section (SDCS)
for four different photon energies for both the singlet (left
panel) and triplet (right panel) symmetries. The SDCS is
resolved in the quantity E1/(E1 + E2), i.e., the relative energy
sharing between the electrons, with E1 and E2 being the
energies of electrons 1 and 2. The general shape of the SDCS is
a U-shaped curve, indicating that equal energy sharing between
the double-ionized electrons is the least probable outcome of
the TPDI process. As it turns out, the U-shape behavior is
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FIG. 5. (Color online) Single-differential cross section (SDCS)
vs E1/(E1 + E2), i.e., relative energy sharing between the outgoing
electrons, for the process of two-photon double ionization of (left)
1S 1s2s and (right) 3S 1s2s. The SDCS is obtained for four different
photon energies and has been scaled with the indicated factors for
comparison.

typical for direct TPDI processes in general and has already
been observed in other two-electron systems [11,36,47].

As seen in Fig. 5, the general trend is that for higher
photon energies the probability for asymmetric energy sharing
becomes more and more pronounced, which is revealed as
sharper U shapes. Comparing the left and right panels in
Fig. 5, i.e., the singlet and triplet scenarios, respectively, equal
energy sharing turns out to be much more likely in the singlet
case, indicating a higher degree of energy transfer between
the electrons. This is partially attributed to the nodal behavior
of the triplet wave function at r1 = r2, which suppresses the
ability for energy transfer between the electrons as they are
less likely to be close to each other. There is little evidence of
the resonance-enhanced process in the shapes of the SDCSs.
As such, the presence of the intermediate doubly excited
states does not seem to significantly alter the degree of
electron-electron energy transfer.

2. Triple-differential cross section

Turning to fully energy- and angular-resolved observables,
Fig. 6 depicts the conditional triple-differential cross section
(TDCS), where the energy of electron 2 is integrated out, as
obtained for the singlet (left panels) and triplet (right panels)
symmetries. The photon energy �ω = 32.7 eV, which falls
into the direct regime. In the spectra, the azimuthal angles of
both electrons are fixed at φ = 0, and electron 1 is assumed
to escape with the polar angles θ1 = 0◦, 30◦, 60◦, and 90◦
(from top to bottom in the figure) with respect to the direction
of polarization. The energy of electron 1 is fixed at one-half,
one-fourth, one-sixth, and one-eighth of the total excess kinetic
energy. Comparing the two symmetries, clear differences in
their respective angular distributions are expressed. Focusing
on equal energy sharing first (dashed red curves), direct back-
to-back emission is an important contribution in the singlet
symmetry, but it is completely absent in the triplet case (see
rule C in [54]). A similar observation was pointed out by
Armstrong and Colgan for the case of TPDI in lithium [55].
The phenomenon is also manifested as a selection rule for the
3D continuum, which is the only accessible continuum at equal
energy sharing due to the Pauli exclusion principle (see rule E

FIG. 6. (Color online) Triple-differential cross section (TDCS)
for the process of direct two-photon double ionization of the helium
(left) 1S 1s2s and (right) 3S 1s2s states, obtained with �ω = 32.7 eV,
a 40-cycle laser pulse, and lmax = 12. One of the electrons (electron 1)
is assumed to be emitted at 0◦, 30◦, 60◦, and 90◦ (from top to bottom)
with respect to the laser polarization axis. The energy of electron
1 is fixed at one-half, one-fourth, one-sixth, and one-eighth of the
total excess kinetic energy, and the energy of electron 2 is integrated
out. The dashed vertical lines show the prefixed escape direction of
electron 1, whereas the black arrows in the polar plot indicate the axis
of polarization.

in [54]). When electron 1 escapes with a smaller fraction of the
excess energy, the angular spectra in the singlet vary to some
degree, mostly in the back-to-back directions, but the overall
shape is similar. In the triplet, the selection rules imposed for
equal energy sharing are no longer valid, and back-to-back
emission emerges along the axis of polarization. Moreover,
the TDSC seems almost identical, hence independent of the
energy sharing, when electron 1 is ejected with a dominating
perpendicular component with respect to the laser polarization
direction (θ1 = 60◦ and θ1 = 90◦). As such, ejection of high-
and low-energy pairs of electrons into the triplet continuum
is biased towards scattering directions where both electrons
escape with an angle close to the axis of polarization.

Figures 7 and 8 depict the TDCS at photon energies of
39.5 and 38.5 eV for the singlet (Fig. 7) and triplet (Fig. 8)
symmetries, respectively. The photon energies are chosen to

043427-6



TWO-PHOTON DOUBLE IONIZATION OF METASTABLE . . . PHYSICAL REVIEW A 89, 043427 (2014)

FIG. 7. (Color online) Same as Fig. 6, but for the singlet case
with photon energy of 39.5 eV, which makes the 1S 1s2s → 1P 2s2p

transition resonant. (left) The partial TDCS from the L = 0 channel.
(middle) The partial TDCS from the L = 2 channel. (right) The total
TDCS from both the L = 0 and 2 channels.

be equal to the excitation energies of the 1,3P 2s2p doubly
excited states, making the processes examples of RE-TPDI.
The left panels show the relative contribution of the 1,3Se

(L = 0) double-continuum channel, the middle panels show
the contribution from 1,3De (L = 2), and the right panels show
the coherent superposition of the two, i.e., the total TDCS.
For the case of equal energy sharing (dashed red curves), the
overall shape of the angular spectra (rightmost panels) is quite
similar to those obtained in the purely direct TPDI process
(see Fig. 6). However, by allowing electron 1 to escape with a
fraction of the excess energy not equal to one-half, the situation
is quite different: The general effect on the TDCS, caused
by the intermediate 1,3P 2s2p doubly excited states, now
seems to be an overall increased tendency for back-to-back
scattering in both symmetries. The lobes which pertain to direct
back-to-back scattering tend to increase with an increasing
degree of unequal energy sharing, independent of the escape
direction of electron 1. This is associated with a larger relative
population in the 1,3S continuum compared to the one in the
direct TPDI process and can be explained by the fact that in
the resonant case the second photon is absorbed by the 2s or
2p electron in the 1,3P 2s2p state with similar probability. As
such, the L = 0 component plays a more significant role for
the resonant photon energy (see Fig. 4), and its contribution
comprises a back-to-back lobe in the angular distributions for
all values of θ1, as seen in the leftmost columns of Figs. 7 and 8.
An interesting difference between Figs. 7 and 8 is that the
L = 0 and L = 2 components seem to add constructively to

FIG. 8. (Color online) Same as Fig. 7, except for the 3S 1s2s

target state. Here, the photon energy is 38.5 eV, which resonantly
drives the transition 3S 1s2s → 3P 2s2p.

the total TDCS in the singlet case, whereas both constructive
(for θ1 = 0◦ and θ1 = 30◦) and destructive (for θ1 = 90◦)
interferences between the two components are observed in
the triplet case.

IV. CONCLUSION AND SUMMARY

Solving the time-dependent Schrödinger equation from
first principles, we have studied the process of two-photon
double ionization of the helium 1s2s singlet and triplet states,
taking the full electron-electron interaction into account. The
TPDI process has been modeled under two quite different
environments, namely, the direct and the RE-TPDI regimes,
involving intermediate doubly excited (autoionizing) states
in the latter case. Total and differential cross sections are
provided in both the singlet and triplet symmetries for various
laser photon energies. Regarding the direct process, the total
cross section is found to be significantly smaller than the
corresponding one related to TPDI of the helium ground
state. Furthermore, the TPDI cross section of the 1s2s singlet
state is almost an order of magnitude bigger than its triplet
counterpart. This is attributed to the relative importance of the
electron-electron correlation in the different systems, and it is
in accordance with the general rule of thumb that the higher the
initial-state correlation present in a system is, the higher the
cross section expected is. When the 2s2p doubly excited state
is energetically accessible in the laser field, a cubic relationship
between the total probability of double ionization and the pulse
duration is demonstrated in the few-femtosecond pulse regime.
As such, the 2s2p states behave as true bound states on the time
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scale of the laser pulses studied here. Differential cross sections
have also been presented, and resemblances to similar studies
of TPDI in other systems are noted. Whereas the energy-
resolved cross section suggests that asymmetric energy sharing
is the most dominant outcome for both the singlet and triplet
states, the degree of asymmetry is profoundly different when
comparing the two. Triple-differential cross sections are shown
for both the singlet and triplet target states when the driving
field stimulates either direct or resonance-enhanced TPDI.
The TDCS reveals an increasing tendency for back-to-back
emission with asymmetric energy sharing when the 2s2p state
is accessible in the field. This is consistent with a comparison
of the partial-wave decompositions obtained in the direct and
resonance-enhanced TPDI regimes and the fact that the 1,3Se

channel has a back-to-back emission pattern. The ionization
channels 1,3Se and 1,3De compete in the resonant case, whereas

only 1,3De is dominant in the direct process. Hence, in the
resonant case, this may point to two different ionization routes,
i.e., both electrons absorbing one photon each versus the
scenario where one electron absorbs two photons.
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