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Rabi oscillation in few-photon double ionization through doubly excited states
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We theoretically investigate few-photon double ionization of helium in intense XUV laser fields by numerically
solving the time-dependent Schrodinger equation. Our results show that the familiar single-ring structure in the
joint electron momentum spectra is split into the double-ring and previously unobserved triple-ring structures at
some specific photon energies. By tracing the electron population evolution of the corresponding states, we found
that the triple-ring structure is induced by the coupled Rabi oscillations among the ground, a singly excited, and
a doubly excited states. The intermediate detuning causes the asymmetry of the triple-ring structures, which can
be controlled by changing the laser intensity and frequency.
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I. INTRODUCTION

Electron correlation plays a vital role in the multielectron
process of atoms or molecules, and has attracted considerable
attention in the past decades [1-3]. As the simplest multi-
electron system, helium shows great superiority in exploring
electron correlation and has been widely studied both in the
energy [4,5] and time domain [6-8]. With the development
of laser technologies, few-photon double ionization of He
has been experimentally accessible and become a paradigm
for studying the dynamics of electron correlations. Recently,
the details of the electron correlations in few-photon double
ionization of He have been well explored [9-11]. For example,
it has been shown that two-photon double ionization (TPDI)
occurs through two pathways, sequential and nonsequential
TPDIs, depending on the photon energy of the laser fields.
The electron correlation plays different roles in these path-
ways. In the sequential regime (fiw > I, I, is the second
ionization potential of He), the two electrons eject almost
independently, while in the nonsequential regime (fiw < 1),
the two electrons have to share energy to achieve double
ionization. For ultrashort attosecond pulses, theoretical studies
displayed that the electron correlations cannot be neglected
even in the sequential TPDI regime, due to the attosecond
temporal confinement of the emission of the two electrons
[10-13]. Recently, numerous studies have performed to reveal
and identify the detailed features of electron correlations in
two- and few-photon double ionization [14—17].

Another important paradigm for studying correlated-
electron dynamics is the doubly excited state (DES). Since
the pioneering experiment [ 18] whose results are incompatible
with the picture of two independent electrons, the electron
correlation of DES has been extensively studied both experi-
mentally and theoretically. Most of those studies are focused
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on the spectral domain [19-23]. Recently, investigation of the
dynamics of DES in time domain with the ultrashort laser
pulses has attracted increasing interest. For instance, it has
been theoretically demonstrated that the correlated electron
motion in the DES can be revealed by measuring the fully
dimensional momentum spectra of the ejected electrons [6] or
interference structures in the easily accessible single-electron
spectra [24]. The process of few-photon double excitation of
He has recently been experimentally traced with the free-
electron laser fields [25] and the autoionization dynamics of
the DES of He has been monitored using the attosecond pulses
in the pump-probe experiment [8]. Very recently, the time
evolution of the correlated electron wave packet in DES of
He was reconstructed in the attosecond transient absorption
spectra [26]. The buildup of the Fano profiles, which is
the consequence of autoionization decay from DESs [27],
is experimentally traced with the photoelectron spectroscopy
[28] and extreme ultraviolet absorption spectroscopy [29].
These studies provide profound understanding on the dynamics
of the correlated electrons in DESs.

In this paper, we theoretically study the correlated elec-
tron dynamics of DESs in few-photon double ionization by
solving the reduced-dimensional time-dependent Schrédinger
equation (TDSE). The results show that the joint electron
momentum distributions from double ionization change from
the single-ring to double-ring and a surprising triple-ring struc-
tures at some specific resonant photon energies. By checking
the energy levels of the model atom and tracing the electron
population evolution of the corresponding states, we identify
that the double- and triple-ring structures are two kinds of
Autler-Townes splitting [30-32]. The rapid Rabi oscillations
among the ground state, a DES, and a singly excited state
(SES) result in the Autler-Townes splitting of the involved
states, leading to the double- and triple-ring structures in the
momentum distributions. We mention that single-electron Rabi
oscillation between the bound states has been observed and
widely studied, both in strong-field single [33-37] and double
ionizations [38]. However, the two-electron Rabi oscillation
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involving DESs has been seldom observed. Our study predicts
the strong correlated behaviors of the two-electron Rabi oscil-
lation in few-photon double ionization.

II. NUMERICAL METHOD

The most accurate description of double ionization of He
is numerically solving the full-dimensional TDSE. Though
this has become accessible with the progress in the computing
technology [7,11,14,39,40], the computation resource demand
is huge. In the past years, numerous theoretical studies have
resorted to the reduced (1+41)-dimensional model, where the
two electrons are allowed to move along the laser polariza-
tion direction [41-43]. It has been shown that this reduced
model can capture the main physics for the interaction of the
two-electron system with strong-field laser with significantly
reduced computational costs [43,44]. Therefore, in this work,
we employ the (1+1)-dimensional model to study few-photon
double ionization of He. In this model, the time evolution
of the two-electron system in the laser field is obtained
by numerically solving the equation (atomic units are used
throughout until stated otherwise)

0
l'&q’(xl,xz,t) = H(x1,x2,0)®(x1,x2,1). (D

Here ®(xy,x;,t) is the time-dependent two-electron wave
function and H(x;,x,t) is the corresponding Hamiltonian of
the two-electron model He in the laser field. In the length gauge
the Hamiltonian is written as

H(xy.x2,0) = —3(V] 4 V3) 4 Vie(x1) + Vie(x2)
+ Vee(x1,X2) — (x1 + X2)E(1), 2

where the subscript i = 1,2 is the electron label. The
Vie(xi) = =2/ xi2 +a? and Vee(x1,X2) =

—2/4/(x1 — x2)? + b? represent the nuclear-electron and

electron-electron interactions, respectively. The soft-core
parameters a = 0.707 and b = 0.582 are chosen to reproduce
the first ([, =0.90 a.u.) and second (Ip; =2.00 a.u.)
ionization potentials of He [43]. E(¢) is the electric field of
laser pulse with a total pulse duration of 30 fs. The laser pulses
have a trapezoidal envelope which is switched on and off
linearly over 3 fs, respectively. The bandwidth of the pulses is
less than 0.005 a.u. This TDSE was solved with a split-operator
spectral method [45,46] starting from the ground state of He
obtained by the imaginary-time propagation method [47]. A
large box size of 1600 x 1600 a.u. with the spatial step of
0.15 a.u. is used, and the time step in our calculations is 0.1
a.u. With a splitting technique [48-51], the two-electron wave
function is smoothly split into the inner {|x;| < s or |x3| < s}
and outer {|xi[,|x2| = s} regions at time ¢; with s = 150 a.u.
We note that our results are insensitive to the choice of s
ranging from 100 to 200 a.u. In the inner region, the wave
function is propagated under the full Hamiltonian [Eq. (1)].
In the outer region the Coulomb interactions between the
particles are neglected and the wave function is propagated
under the Volkov Hamiltonian. Its evolution from #; to the end
of the laser pulse (f — 00) can be performed analytically in

potentials

the momentum space

cDo,p(OO;tj)
— / CD"”(tj)e*ilplxl+p2xz+A(tj)(x1+Xz)]dx1dx2
2
. /°° [p1 + A + [p2 + A(D]
X exp { —i drt ¢,
tj 2
3)

where A(t) is the vector potential of the laser pulse and &, ,(¢;)
is the wave function of the outer region in the coordinate
space at ¢;. The wave function near the outer edge of the total
space box is absorbed with the masking function technique
[52], so that the unphysical reflection and transmission are
suppressed. After the end of the laser pulse, the wave functions
are propagated freely for an additional 15 fs to get conver-
gent results. Finally, the correlated momentum spectrum is
given by

|, p(00)|* = |Z; D, p(00,1))]*. @)

III. RESULTS AND DISCUSSIONS
A. Joint electron momentum distributions

Figure 1 shows the joint electron momentum distributions
for double ionization of the model He by 30 fs laser pulses with
different frequencies. In Fig. 1(a), the photon energy is w =
2.2 a.u., higher than the sequential double-ionization thresh-
old. Thus the two electrons could get ionized sequentially
by absorbing one photon each. The momentum distribution
shows the ring structure. The main distribution is clustered
in distinct islands satisfying the emission of the first electron
with energy of @ — I,,; and the second electron with the energy
of w — I,,. This is the typical distribution of the sequential
TPDI [10,11,53]. In Fig. 1(a) there is also weak but visible
distribution between these islands, which indicates nonse-
quential TPDI also occurs at photon energy higher than the
second ionization potential. The joint momentum distribution
provides much information about the details of the nonse-
quential ionization processes. For example, for the distribution
in the first and third quadrants where the two electrons emit
into the same direction, the nonsequential ionization signal
exhibits a repulsion behavior along the diagonal p; — p, = 0.
This indicates the effect of postionization interaction where
Coulomb repulsion between the two simultaneously ionized
electrons affects the final momentum distribution [12,53]. For
the distribution in the second and fourth quadrants [Fig. 1(d)],
the signal around the diagonal p; + p, = 0 indicates the
mechanism of the second ionization during core relaxation
in nonsequential ionization, where the second electron get
ionized when the first electron still stays around the core and
shares the dielectron interaction energy in the initial state [12].
Our results are consistent with previous studies at different
photon energies in the sequential regime [11,53].

In Fig. 1(b), the photon energy is @ = 1.86 a.u., lower than
the second ionization potential. Thus TPDI could only occur
through the nonsequential pathway. This is confirmed by the
inner ring in the momentum distributions of Fig. 1(b) where
the island structure disappears completely. In the first and third
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FIG. 1. Joint electron momentum for double ionization of He by
XUV laser pulses with (a) w = 2.2 a.u.,(b)w = 1.86 a.u.,and (c) w =
0.84 a.u. The laser intensities are (a) and (b) I =5 x 10'® W/cm?
and (c) I =5 x 10" W/cm?. Panels (d)—(f) respectively enlarge the
distribution of (a)—(c) to highlight the single-ring, double-ring, and
triple-ring structures. The pulse durations are 30 fs, respectively.

quadrants, the islands can be clearly seen in the outer ring,
indicating the sequential process of the three-photon double
ionization, i.e., the first and second electrons get ionized by
respectively absorbing one and two photons. In the second and
fourth quadrants, there is irregular structure in the three-photon
double-ionization ring. This corresponds to the ionization
process with shakeup [10,14,54], where He is first ionized to a
series of excited He™ states by absorbing two photons and then
the excited He™ is ionized by absorbing another photon. This
process has been well explored in a recent study [55]. We return
to the inner TPDI ring. For this ring, the distribution is well
concentrated in the second and fourth quadrants, meaning that
the two electrons prefer to emit into the opposite hemispheres
in the nonsequential TPDI, in consistency with a previous
experiment [56]. Closer inspection shows that this distribution
exhibits a double-ring structure, as shown in Fig. 1(e). We
mention that this double-ring structure has been observed in
our previous studies on multiphoton above-threshold double
ionization [42], where it was suggested that the double-ring
structure originates from the Rabi oscillation between the
ground and some DES of He. In the next subsection, we will
explore the origin of this double-ring structure in nonsequential
TPDI.

Figure 1(c) shows the electron momentum distribution for a
lower photon energy of @ = 0.84 a.u., where double ionization
occurs by absorbing at least four photons. The first ring in
Fig. 1(c) corresponds to the four-photon double ionization.
There are two types of structure, the gridlike and the ring
patterns. The gridlike pattern overlays the ring structure. By
checking the position of this gridlike pattern, the four-photon
double-ionization process can be determined, where the first
electron is ionized leaving the second electron in the first
excited state of He™ (with the energy of —0.55 a.u. for our
model He) by absorbing three photons and then the excited
electron is subsequently ionized by absorbing another photon.
This process leads to the final momenta of 0.53 a.u. and
0.76 a.u. for the first and second electrons, respectively. For
the ring pattern, by zooming in the distribution in the first
quadrant, a surprising triple-ring structure is observed. As
we mentioned above, the double-ring structure was predicted
in multiphoton above-threshold double ionization and it was
identified as the Rabi oscillation of the electron pair in strong
laser field [42]. Recently, Rabi oscillation of the single electron
and electron pair in strong laser field has been experimentally
observed [35,38,57]. This Rabi oscillation induces Autler-
Townes splitting of the initial states and thus results in the
double-ring structure in the momentum spectra for single [36]
and double ionization [42]. However, the triple-ring structure
has never been observed. In the following, we will focus on
the underlying dynamics for this triple-ring structure.

B. Identify the double-ionization processes
by checking the energy levels

To identify the double-ionization processes at different
photon energies shown above, we calculate the bound-state
energy levels of the model He using the autocorrelation func-
tion method [43,45,58]. To do this, we propagate an arbitrary
initial wave packet ¥ (x;,x,,0) in the absence of laser field
for a sufficiently long time and record the autocorrelation
function C(¢) = (¥ (x1,x2,0)|¥ (x1,x2,1)). Fourier transform
of C(t) yields the energies of all eigenstates in our model
He atom [43]. In order to clarify the parity of the states, we
choose the initial wave packet ¥ (x;,x,0) as even and odd
functions and separately calculate the autocorrelation function
C(t). Then, the energy levels with even and odd parities are
obtained, as shown in Fig. 2. Here, the ground-state energy is
set as Ey = 0. Blue and purple lines represent the even- and
odd-parity states, respectively. The SESs and DESs lie below
and above the single-ionization threshold of £ = 0.90 a.u.
(indicated by the red solid vertical line). To check the accuracy
of the autocorrelation function method in our calculation, we
also have calculated the energy levels with the complex scaling
method [59]. The results are well in agreement with the data
in Fig. 2.

For simplicity, we label the two-electron states with the
noninteracting electron symbol |n,n,) [43,58]. |1,1) refers
to the ground state of He. We pick up several relevant states
in this study, |1,1), |1,4), |2,2), and |2,3), the energies of
which are Eg =0, £y =0.84 a.u., E; = 1.67 a.u., and E5 =
1.86 a.u., respectively. According to the selection rules and
the bandwidth of the laser pulse, the ground-state population
can be transferred mainly to the DESs |2,2) and |2,3) by
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FIG. 2. Energy-levels diagram of the helium atom. The upper and
the lower lines show all even- and odd-parity states, respectively.
Ey, E,, E,, and Ej are the energies of |1,1), |1,4), |2,2), and |2,3),
respectively.

absorbing even and odd numbers of photons, respectively.
Thus, for the photon energy @ = 1.86 a.u., one-photon Rabi
oscillation can occur between |1,1) and |2,3), which results in
the Autler-Townes splitting of the ground-state energy level.
Thus we can identify that the double-ring structure in Fig. 1(b)
corresponds to the double ionization through the DES |2,3).

The photon energy of 0.84 a.u. in Fig. 1(c) exactly equals
the energy difference of the singly excited state E; and the
ground state Ey. Moreover, for this photon energy, the DES
|2,2) is resonant with the ground state with two photons. It
can be expected that the population transfer occurs between
these states. Thus, at this photon energy, the double-ionization
process occurs through several resonant intermediate states,
within which multiple Rabi oscillations appear. This leads to
the triple-ring structure in the electron momentum spectrum in
Fig. 1(c), as will be explained in the next section.

C. Rabi oscillation and Autler-Townes splitting
in few-photon double ionization

It is well known that Rabi oscillations between two bound
states result in Autler-Townes splitting of the energy levels
[30]. Thus doublet peaks appear in the energy spectrum of
ionized electron when the photon energy is in resonance with
the targets [42]. In our case, as shown above, three bound states
are involved in resonance for the photon energy of 0.84 a.u. We
employ a three-level model to show how the triplet structure
appears. In the dressed-state picture, the three states |a,N),
|b,N — 1), and |c,N — 2) are nearly degenerate, where |a),
|b), and |c) stand for the ground state |1,1), singly excited state
|1,4), and doubly excited state |2,2), respectively, and N is the
photon number. In the laser field, the electric dipole interaction
introduces coupling between these states. Following Ref. [60],
we choose the energy of the initially uncoupled dressed states
as zero. The Hamiltonian in the rotating-wave approximation
is written as

0 3Qup O
H = %Qab A % ch ) (5)
0 12 0

where 2., and 2. stand for the one-photon Rabi frequencies
associated with the transition between |1,1) and |1,4), |1,4)
and |2,2), respectively. A is the detuning of the intermediate
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FIG. 3. Evolution of the population for the ground state |1,1), the
SES [1,5), and the DES |2,2) in double ionization of He. The laser
frequency and intensity are 0.84 a.u. and 5 x 10'* W/cm?.

state |1,4) with the laser frequency. By diagonalizing the
Hamiltonian matrix, we have the cubic equation

E
E*— AE* - Z(szzh +Q;,) =0. (6)

Thus the eigenenergies are obtained,

E=0ia+1 /a4 (22, +9). )

For small detuning, A <« €2;,€2;, the three eigenenergies are
equally separated,

E=0,+1,/Q + Q7. (8)

Thus, when coupled Rabi oscillations occur among these
intermediate states during the ionization process, the splitting
of the ground-state energy results in a triplet structure in the
photoelectron spectrum [36], i.e., the triple-ring structure in
the correlated electron momentum spectrum.

To confirm the coupled Rabi oscillations, we trace the
population evolutions of these three states. To do this, we first
calculate the involved eigenstates with the spectral method
[45]. We employ a masking function to avoid the contri-
bution of the singly ionized continuum. Then we trace the

S

L 0

~ 10

e -1
10
107
107
107

FIG. 4. Joint electron momentum distribution for double ioniza-
tion of He by laser pulse with w = 0.42 a.u. The laser intensity is
I=5x10"W/cm?.
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FIG. 5. Joint electron momentum distributions for double ionization of He by laser pulses with w = 0.42 a.u. The laser intensities are
(a) 2 x 10" W/cm?, (b) 3.5 x 10" W/cm?, and (c) 10 x 10" W/cm?. The asymmetry parameters (see text) are 0.470, 0.089, and 0.008,

respectively.

population evolution by projecting the wave function during
the interaction with the laser field to these eigenstates at every
t;. Figure 3 shows the population’s evolution of the involved
ground, singly, and doubly excited states. The populations
of these states oscillate at the frequency of 0.028 a.u., very
close to the energy separation of the corresponding triple-ring
structure in the joint momentum distribution of Fig. 1(c). With
the three-level model, this Rabi frequency is calculated to be
about 0.03 a.u. Figure 3 shows that the populations undergo
over four oscillations before the laser field is turned off. This
is sufficient for observation of the Autler-Townes splitting
[31,34,61,62]. The damping of population oscillations results
from depletion of the bound states due to the single and double
ionization.

We also observe the effect of the coupled Rabi oscillations
of the electron pair at other photon energies. Figure 4(a) shows
the joint electron momentum distribution for double ionization
at the photon energy of 0.42 a.u. The triple-ring structure is
obvious. It is shown in Fig. 2 that there is a SES with even
parity, the energy of which is about 0.84 a.u. above the ground
state. Thus the electron could be resonantly excited to this state
from the ground state by absorbing two photons. Also, the DES
|2,2) could be occupied from this singly excited state through
two-photon absorption. Thus the Rabi oscillations between
these states occur, resulting in the triple-ring structure in the
momentum spectrum.

We note that, in the real He, the energy levels of the excited
states are very different from our 1D model. For example,
the doubly excited state is higher than the sequential double-
ionization threshold. Thus TPDI could occur sequentially at
the resonance photon energy for double excitation and the
double-ring structure will be less clear in TPDI. In this case,
rather than the TPDI, one can observe the double-ring structure
in few-photon double ionization where the sequential process
is less prevalent. The triple-ring structure appearing in our
1D model benefits from the existence of an intermediate state
which is simultaneously resonant with the ground and a doubly
excited states. For real He, one could use two-color pulses with

frequencies that are respectively resonant with the states. In this
way the coupled Rabi oscillations involving three states occur
and thus the triple-ring structure could appear.

In Fig. 5, we present momentum spectra for the photon
energy of w = 0.42 a.u. at different intensities. It is shown
that the energy separation in the triplet rings increases as
the laser intensity increases. This is due to the fact that the
Rabi frequencies increase with laser intensity. As shown in
Eq. (7), the energy split increases accordingly. More ob-
viously, the triplet-ring structure is asymmetric at the low
laser intensity and becomes more symmetric at higher laser
intensities. This results from the detuning effect. We quantify
the detuning effect by defining an asymmetry parameter
A= %, where E,, E, E, are the corresponding
energies of peaks in the triplet-ring structure. With Eq. (7),
we have A = 1/\/1 + (Qib + Qic)/AZ. As the laser intensity
increases, the Rabi frequencies increase and thus the parameter
A becomes smaller (A = 0 indicates exactly symmetric triple-
ring structure), i.e., the triple-ring structure becomes more
symmetric.

IV. CONCLUSIONS

We have theoretically studied few-photon double ionization
of He at different photon energies. The joint electron momen-
tum distributions change from the familiar single-ring structure
to the double-ring structure and previously unobserved triple-
ring structure at some specific photon energies. By checking
the energy levels of the model atom, we have identified that the
double-ring structure results from the Rabi oscillation between
the ground and a doubly excited state during laser pulse. For the
triple-ring structure, coupled Rabi oscillations of the electron
pair between the ground state, a singly excited state, and a
doubly excited states occur, which are confirmed by tracing
the population transfer. These coupled Rabi oscillations result
in the triple splitting of the involved bound-state energy levels,
leading to the triple-ring structure in the electron momentum
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distribution. The triple-ring structure is also observed at other
photon energy where the coupled Rabi oscillations between
three bound states are allowed. We also studied the dependence
of this structure on the laser intensity. It indicates that the
correlated behavior of the electron pair can be controlled by
the laser intensity.
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