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Attila Tóth ,1 Sándor Borbély ,2 and András Csehi 3,*

1ELI-ALPS, ELI-HU Non-Profit Limited, Dugonics tér 13, H-6720 Szeged, Hungary
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We study the temporal interference of photoelectrons emitted during the rising and falling edges of intense
femtosecond laser pulses, that can ionize atoms via near-resonant transitions. Due to the near-resonant coupling
with the laser pulse, the emerging atomic dressed states repel each other, giving rise to the Rabi splitting that
is primarily controlled by the laser intensity and detuning. Our numerical and analytical analysis reveals that
dynamic interference is observed when the Rabi splitting of the dressed states is maximized while the ionization
of the atom remains small. We demonstrate that these two conditions are fulfilled when the atom is driven off
resonantly within the one-Rabi-cycle regime at perturbative laser intensities. As a result, the single peak of the
photoelectron spectrum found in the weak-field limit is replaced by a pronounced multipeak pattern.
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Dynamic interference (DI) of photoelectrons, a simple
double-slit interference at the atomic scale, is of fundamental
importance in the physics of atoms and molecules interacting
with short and intense light pulses [1–3]. A clear manifesta-
tion of DI in the photoelectron spectrum is the transformation
of the single photopeak into a multipeak pattern upon increas-
ing light-matter coupling. This is attributed to the interference
of electron amplitudes generated with the same energy but
with a certain time delay, at the rising and falling edges of
the laser pulse.

Dynamic interference has been widely studied in direct
one-photon ionization processes [4–7], namely when the pho-
ton energy ω is larger than the Ip ionization potential, ω > Ip

(atomic units are used unless otherwise stated). Due to the
high photon frequency [extreme ultraviolet (XUV)], the laser
pulse supports many optical cycles, and as a consequence the
dynamical (ac) Stark shifts of the atomic levels adiabatically
follow the envelope function [8]. These dynamical level shifts,
induced by the laser pulse, were found to play a crucial role in
DI. To observe DI, the relative Stark shift of the initial bound
and final continuum states has to be maximal while the deple-
tion of the initial state is small [2]. For ground-state atoms,
dynamic interference occurs in the strongly nonperturbative
region, and turns out to be closely intertwined with the onset
of atomic stabilization [3].

Similar interference patterns have been observed [9,10]
and predicted [11–13] in the low-frequency regime, namely
when the photon energy is smaller than the ionization po-
tential (ω < Ip). In below-threshold ionization the laser can
couple resonantly two bound states of the atom leading to
Rabi oscillations [14]. These oscillations are best understood
by way of the example of a two-level atom (with ω0 transition
energy and μ transition dipole moment) interacting with a
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monochromatic electric field of ω angular frequency and E0

amplitude [15]. The atom being initially in the ground state
is periodically excited to the upper level with probability
P(t ) = �2

W 2 sin2(W t/2). Here, W = √
�2 + �2 is the general-

ized Rabi frequency with � = ω − ω0 detuning and � = E0μ

Rabi frequency. Due to the near-resonant coupling with the
laser, two atomic dressed states are formed, the energy sepa-
ration (Rabi splitting) of which equals W . In the case of laser
pulses, the Rabi dynamics is somewhat altered (e.g., Gaussian
pulses induce ∼1.5 times more oscillations than flattop pulses
with the same area), and furthermore, the splitting of the
dressed-state energies becomes time dependent according to
the envelope function. Upon absorption of further photon(s)
from the same pulse, the Rabi oscillations are damped due
to ionization, and the Autler-Townes (AT) doublet is formed
in the spectrum [16]. The structure of the AT doublet is very
sensitive to different physical circumstances such as the num-
ber of Rabi cycles completed by the system [17–22], the ac
Stark shifts of the involved atomic levels [23,24], the energy
dependence of the bound-continuum transition dipoles [25],
the shape of the pulse envelope [22,24], the phase of the
driving field [26–28], or the interplay between the resonant
and nonresonant ionization pathways [15,29].

There has been a debate over whether the multipeak pattern
found in the AT doublet after resonance ionization results
from the interference of electron amplitudes generated at the
rising and falling edges of the laser pulse [19], or if it is
the manifestation of Rabi oscillations between the resonantly
coupled states [22]. The analysis carried out in the stationary
phase approximation (SPA) suggested that the spectra calcu-
lated with half pulses do not possess any intensity modulation,
and led to the conclusion that the multipeak pattern obtained
with the full pulse is the result of dynamic interference [19].
The absence of such intensity modulations is most probably
due to omitting one of the dressed states in the analytical
spectrum formula. When both dressed states are included,
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the intensity modulations are retained in the spectra calcu-
lated with half pulses in the SPA [30]. This is supported by
accurate numerical calculations [22]: When applying a half
Gaussian pulse, or a flattop pulse (that has no rising nor falling
edge), pronounced intensity modulations are still present in
the spectra. Therefore, the multipeak pattern of the AT doublet
obtained with the full pulse cannot be attributed exclusively to
dynamic interference.

Motivated by the aim to demonstrate a clear fingerprint of
dynamic interference in resonance ionization, we focus here
on the one-Rabi-cycle regime, namely when the atom com-
pletes no more than one Rabi flopping during the interaction
with the laser pulse [Figs. 1(a) and 1(b)]. In this regime, a
single peak is expected in the photoelectron spectrum, and
the impact of further Rabi floppings is safely ruled out. To be
specific, we consider the 1s → 2p → continuum ionization
pathway of the hydrogen atom, which has been the subject of
numerous studies over the past years [19,20,22,25,29,31,32].
Linearly polarized Gaussian laser pulses along the z direction
are applied in the numerical calculations,

E (t ) = E0g(t ) cos(ωt ), (1)

with the envelope function g(t ) = e−t2/T 2
. Here, T is the pulse

duration parameter that is closely related to the full width at
half maximum FWHM = T

√
2 ln 2.

To provide quantitative conditions for dynamic interfer-
ence in below-threshold ionization, we introduce a minimal
effective model that is able to accurately describe the un-
derlying physics. The total time-dependent wave function of
the electron is written in the basis of the (bound and contin-
uum) eigenstates of the atom, classifying them into essential
(1s, 2p, ε) and nonessential (m),

�(t ) = c1s(t )|1s〉e−iω1st + c2p(t )|2p〉e−iω2pt

+
∫∑

cm(t )|m〉e−iωmt +
∫

cε(t )|ε〉e−iωεt dωε. (2)

Here, ε denotes all the continuum states that are populated
during the dynamics, and m denotes all the states (bound
and continuum) that have a net population close to zero.
Inserting Eq. (2) into the time-dependent Schrödinger equa-
tion (TDSE) i�̇ = [H0 + zE (t )]�, one obtains the minimal
effective model after some algebra and well-justified ap-
proximations [for details of the derivation, see Supplemental
Material (SM) [30]],

iċ1s = S1sg
2(t )c1s + 1

2
�g(t )c2p, (3a)

iċ2p = 1

2
�†g(t )c1s +

[(
S2p − i

�

2

)
g2(t ) − �

]
c2p, (3b)

iċεs/εd = 1

2
�s/d g(t )c2p − (� + δ)cεs/εd . (3c)

The most relevant parameters of this model, such as the �

detuning, the � Rabi frequency, and the � ionization rate,
scale with the zeroth, first, and second powers of E0, respec-
tively. The Sk Stark shifts of the bound levels are expected to
play a crucial role in multiphoton transitions [24], but here we
kept them to improve the accuracy of the model. Finally, in
Eq. (3c), �l is the Rabi frequency and δ is the corresponding
detuning for the transition from |2p〉 to the continuum state
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FIG. 1. Sequential two-photon ionization of hydrogen by Gaus-
sian pulses of T = 30 fs duration set to near resonance with the 1s-2p
transition (ωres = 3/8 a.u. ≈ 10.204 eV). Shown are the populations
of the 2p state (a) when the pulse has expired and (b) when the pulse
is maximal. The white dashed lines indicate the boundary between
the laser parameter regions where the atom completes a single or
multiple Rabi cycles. (c) Ratio of the 1s-2p Rabi splitting (W ) and
the ionization rate of the 2p state (�). The necessary condition for
dynamic interference [Eq. (6)] is well satisfied in the whole param-
eter range considered (W � �). The open circles indicate the laser
parameters at which the spectra are calculated in Figs. 3(c) and 3(d).

|εl〉 (that has energy ωε and parity l = s, d). As will be clear
below (in Fig. 3), for the laser parameter values considered
here, the spectra calculated from Eqs. (3a)–(3c) as w(ωεl ) =
|cεl (t → ∞)|2 are nicely supported by those obtained from
the accurate numerical solution of the TDSE (details of the
full calculations are given in SM [30]). This allows us to use
the model for assessing the conditions for DI.

Dynamic interference is expected to dominate the spec-
trum if (1) the energy splitting of the dressed states is large
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FIG. 2. Conditions for dynamic interference in the one-Rabi-cycle regime for different laser intensities and detunings. (a) Detuning
dependence of condition 1 [Eq. (4)] : Resonant pulses do not and off-resonant pulses do satisfy condition 1. (b) Detuning dependence of
condition 2 [Eq. (5)]: Although condition 2 is well satisfied at any detuning value, far off-resonant driving leads to marginal excitation and
ionization probabilities. (c), (d) Intensity dependence of conditions 1 and 2, respectively, for a fixed detuning value (�rel = −5%): (c) For
increasing intensity, condition 1 is always satisfied; (d) condition 2 might be violated at very strong couplings. The threshold for condition
2 is underestimated by the simple analytical formula of Eq. (5) (solid blue line with circles, ∼1 × 1014 W/cm2) in contrast to the numerical
prediction Pion(t = 0) < 1/2 (solid red line, >1 × 1014 W/cm2).

enough compared to the pulse bandwidth (for a proper en-
ergetic resolution), and furthermore, if (2) the depletion of
the atom remains moderate (to have ionization at both edges
of the pulse). To quantify condition 1, the right-hand sides
of Eqs. (3a) and (3b) are diagonalized to obtain the Rabi
splitting W =

√
�2 + (δS − �)2 which is slightly modified

by the δS = S2p − S1s relative Stark shift [33]. Utilizing the
bandwidth of the applied Gaussian pulse, δω = 4

√
ln 2/T ,

condition 1 is written as

W >
4
√

ln 2

T
. (4)

Since no exact analytic solution is known to the problem of
a two-level atom driven by a detuned Gaussian laser pulse
[34], to quantify condition 2, we estimate the ionization prob-
ability with a flattop pulse that has the same area as the
Gaussian counterpart, namely a duration of T

√
π . Making

use of the maximal occupation of the excited level �2

W 2 , and
that −�

2

∫ ∞
−∞ g2(t )dt = −�

2 T
√

π for flattop pulses, the ion-
ization probability at the center of the pulse can be estimated
as Pion(�, I0) 	 �2

W 2 [1 − e− �
4 T

√
π ]. This simple analytical ex-

pression for Pion(�, I0) safely overestimates the exact value
at any � and I0. Thus Pion(�, I0) is expected to provide a
lower bound for the depletion condition. Finally, condition 2

[Pion(�, I0) < 1/2] is written as

�T <
4√
π

ln

(
2�2

�2 − (δS − �)2

)
. (5)

In general, for far off-resonant driving [(δS − �)2 > �2] the
excitation probability and thus the ionization yield is marginal
and hence condition 2 is automatically fulfilled. On the other
hand, within the domain of Eq. (5) [(δS − �)2 < �2] the
right-hand side can be simplified by taking its minimal value
(�T < 4 ln 2/

√
π ). Then the necessary condition for DI is

found from Eqs. (4) and (5),

W >

√
π

ln 2
�, (6)

implying that the Rabi splitting should dominate over the
ionization rate. As seen in Fig. 1(c), Eq. (6) is fulfilled for
all values of the relative detuning (�rel = �/ωres) and peak
laser intensity considered (W � �). Besides Eq. (6), how-
ever, the individual criteria in Eqs. (4) and (5) has to be
satisfied too. As seen in Fig. 2(a)—and also from a further
evaluation of Eq. (4)—resonant pulses do not satisfy condition
1, though they satisfy condition 2. As a consequence, the
spectra calculated for � = 0 and for different laser intensities
in the one-Rabi-cycle regime [keeping the pulse area constant,
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FIG. 3. Photoelectron spectra of hydrogen after sequential two-photon ionization, induced by (a), (b) resonant and (c), (d) off-resonant
pulses in the one-Rabi-cycle regime. (a), (b) Resonant pulses (ω = 0.375 a.u.) do not satisfy condition 1 [Eq. (4)] and thus the spectra possess
no intensity modulations. Here, the laser parameters are chosen to keep the pulse area constant (θ = 2π ). (c), (d) For off-resonant pulses
(�rel = −5%), the atom still completes no more than one Rabi cycle (see Fig. 1), and furthermore, conditions 1 and 2 are simultaneously
fulfilled (see Fig. 2), allowing dynamic interference to come into play. This is manifested in the pronounced intensity modulations of the spectra
for increasing coupling strength (both in the s and d channels). Here, the laser intensities are chosen according to I0(k) = 10k/5 × 1013 W/cm2

(k = 0, 1, . . . , 5). For better visualization the spectra are shifted apart from each other, and the spectra in the s channel are multiplied by a
factor of |μ2pε0d |2/|μ2pε0s|2 to have identical peak heights in the perturbative limit. The vertical dashed lines indicate the nominal positions
of the spectra ωε0 = ω1s + 2ω expected in the weak-field limit. The solid lines represent the full solution of the TDSE in the length gauge
(multilevel method [30]) while the model solutions [Eqs. (3a)–(3c)] are shown by the dashed curves.

θ = ∫ ∞
−∞ E0μg(t )dt = E0μ

√
πT =2π ] do not possess any in-

tensity modulation in Figs. 3(a) and 3(b).
On the contrary, for off-resonant driving both conditions

are fulfilled simultaneously [Figs. 2(a) and 2(b)], but the price
one pays is that the ionization probabilities become marginal
[Fig. 2(b)]. This is easily compensated by increasing the laser
intensity, which further facilitates the fulfillment of condition
1 [see Fig. 2(c)]. Driving the system off resonantly (�rel =
−5%) with strong pulses (I0 > 1013 W/cm2) enables dynamic
interference to come into play, as clearly demonstrated by the
pronounced intensity modulations of the spectra in Figs. 3(c)
and 3(d). For such laser parameter values the depletion condi-
tion is still satisfied [Fig. 2(d)], meanwhile the Rabi splitting
well exceeds the pulse bandwidth [Fig. 2(c)]. Though the
threshold for condition 2 is underestimated by the simple ana-
lytical model (∼1 × 1014 W/cm2), the numerical simulations
provide a more accurate prediction (>1 × 1014 W/cm2). The
conditions for DI are thus clearly satisfied on the boundary of
the linear regime, en route to the nonperturbative region, and
as a result the single photopeak of the spectrum, found in the

weak-field limit, turns into a multipeak pattern (both in the s
and d channels).

The time evolution of the spectrum during the interaction
with the laser pulse is shown in Fig. 4 for the strongest cou-
pling considered [uppermost spectrum in Figs. 3(c) and 3(d)].
On the rising edge of the pulse (t < 0) the splitting of the
dressed states is increasing as the pulse envelope function and
accordingly electrons are emitted with different kinetic ener-
gies. For early times, the spectrum is symmetric around the
nominal spectrum position ωε0 = 5.7824 eV, and then gradu-
ally gets shifted towards lower energies. On the falling edge of
the pulse (t > 0)—in the second arm of the interferometer—
the energy splitting decreases and the kinetic energy gained
by the emitted electrons equals that gained at the rising edge.
As all the conditions are satisfied, dynamic interference be-
comes operational, giving rise to strong intensity modulations
in the spectrum, which develop at the falling edge, and remain
observable after expiration of the pulse [1].

In summary, we have provided quantitative conditions for
dynamic interference in below-threshold ionization, on the

L061101-4



DYNAMIC INTERFERENCE IN BELOW-THRESHOLD … PHYSICAL REVIEW A 108, L061101 (2023)

0.0

0.2

0.4

0.6

0.8

1.0

p
op

ul
at

io
n

(a) 1s

2p

ionization

−80 −40 0 40 80

time (fs)

5.4

5.5

5.6

5.7

5.8

el
ec

tr
on

en
er

gy
(e

V
) (b)

0

1

ab
un

da
nc

e

FIG. 4. (a) Time evolution of the electronic state populations and
(b) of the corresponding total photoelectron spectrum of hydrogen,
induced by a single Gaussian laser pulse of T = 30 fs duration,
ω ≈ 9.694 eV carrier frequency (�rel = −5%), and I0 = 1 × 1014

W/cm2 peak intensity [see the uppermost spectra in Figs. 3(c) and
3(d)]. On the rising edge of the pulse but before its maximum (t < 0)
the spectrum is nearly symmetric, and its maximum is gradually
shifted away from the nominal spectrum position (ωε0 = ω1s + 2ω,
white dashed line). On the falling edge of the pulse after its maxi-
mum (t > 0), pronounced intensity modulations start to develop in
the spectrum, similarly to that reported previously for one-photon
ionization [1]. The presented results are obtained by the multilevel
method [30].

basis of accurate numerical simulations, a minimal level de-
scription, and analytical considerations. These conditions can
be considered a natural extension of those found previously in
direct one-photon ionization [2]. We have shown that dynamic
interference becomes operational when the Rabi splitting of
the atomic dressed states well exceeds the pulse bandwidth
while the depletion of the atom is small. This is achieved when
the atomic transition is driven off resonantly at sufficiently
strong coupling. Focusing on the one-Rabi-cycle regime, the
impact of Rabi floppings could be eliminated, allowing dy-
namic interference to dominate the spectrum. The pronounced
intensity modulations of the spectrum were shown to develop
upon a transition from the linear towards the nonperturbative
regime. Interestingly, these spectral modulations are weakly
modified by the ac Stark shifts of the involved bound and con-
tinuum levels [30]. It is an intriguing question how dynamic
interference modifies the spectrum beyond the one-Rabi-cycle
regime, where multiple Rabi oscillations are also manifested
in the AT doublet. Furthermore, it is of great interest for future
studies how nonperturbative phenomena, such as the competi-
tion of multiphoton ionization pathways [15], or stabilization
[3] in the below-threshold regime [35,36], affect the temporal
interference effect discussed in this Letter.
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