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Attosecond transient-absorption dynamics of xenon core-excited states in a strong driving field
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We present attosecond transient-absorption experiments on xenon 4d −1 6p core-level states resonantly driven
by intense (1.6×1014 W/cm2 ) few-cycle near-infrared laser pulses. In this strongly driven regime, broad induced
absorption features with half-cycle (1.3-fs) delay-dependent modulation are observed over the range of 58–65 eV,
predicted as a signature of the breakdown of the rotating-wave approximation in strong-field driving of AutlerTownes splitting [A. N. Pfeiffer and S. R. Leone, Phys. Rev. A 85, 053422 (2012)]. Relevant atomic states are
identified by a numerical model involving three electronic states, and the mechanism behind the broad induced
absorption is discussed in the Floquet formalism. These results demonstrate that a near-infrared field well into the
tunneling regime can still control the optical properties of an atomic system over a several-electron-volt spectral
range and with attosecond precision.
DOI: 10.1103/PhysRevA.95.031401

Coherent light-matter interactions modify the transparency
of atoms and molecules [1]. Attosecond spectroscopy has
paved the way for resolving temporal evolution of this laserinduced phenomenon, a topic related to the ultrafast control
of optical properties of materials [2,3]. In a recent series of
attosecond transient-absorption experiments, researchers have
measured the subcycle absorption dynamics of rare gas atoms
in resonant driving fields [4–10]. These experiments utilize
attosecond extreme ultraviolet (XUV) pulses to launch the
system into the Rydberg states and femtosecond near-infrared
(NIR) pulses to induce couplings among electronic states.
The experiments so far have been performed in the
relatively weak driving regime (< 1×1013 W/cm2 ) where one
can observe the absorption peak shift triggered by one-photon
coupling between different parity states (i.e., Autler-Townes
splitting [11]) and half-cycle oscillations triggered by twophoton coupling between same parity states [6–10]. Theories
suggest that in the strong driving limit where the rotating-wave
approximation breaks down, half-cycle oscillations appear in
addition to a large energy splitting even in the absence of the
two-photon coupling [12]. However, here we experimentally
demonstrate that this mechanism is possible in real atomic
systems in the presence of other competing processes, such as
strong-field ionization.
In this Rapid Communication, we perform attosecond
transient-absorption spectroscopy on xenon 4d −1 6p states
and experimentally investigate the absorption dynamics in the
tunneling regime. The attosecond temporal resolution and the
wide spectral coverage of our apparatus allow characterization
of the entire absorption structure and the subcycle delay
dependence in the strongly driven system; the latter feature
was unresolved in a previous femtosecond experiment [13].
When driven at a field intensity of 1.6×1014 W/cm2 , the
system shows both neutral and ionic state features. The
neutral absorption peak originally at 65 eV is broadened
down to 58 eV accompanied by half-cycle delay-dependent
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oscillations. Three-state model numerical simulations are
performed, and the broad feature is identified as originating
from the strong driving between 4d −1 6p and 4d −1 6s states.
The mechanism behind the broad induced absorption and its
subcycle delay dependence is intuitively explained within the
Floquet formalism. Avoided crossings between Floquet states
are found to play a significant role in the absorption dynamics
of strongly driven systems.
A schematic of the experimental setup is shown in Fig. 1(a).
Few-cycle carrier-envelope-phase stabilized NIR pulses (5 fs,
750 nm, 0.9 mJ, and 1 kHz) are generated by spectrally
broadening the output of an amplified titanium sapphire laser
system in a neon-filled stretched hollow core fiber. Isolated
attosecond pulses are generated by directing part of the NIR
beam through polarization assisted amplitude gating optics
[14] and then performing high harmonic generation (HHG) in
argon gas. The photon energy is centered at 67 eV [Fig. 1(b)],
and the pulse duration is estimated to be 170 as by attosecond
streaking from neon [15] [Fig. 1(c)]. The NIR and XUV beams
are combined on an annular mirror, and then focused by
a gold-coated toroidal mirror into an absorption gas cell of
length 2 mm. Aluminum filters are placed after the HHG gas
cell and the absorption gas cell to block the transmitted NIR
pulse. Active-delay stabilization is implemented to achieve
long-term stability of the interferometer by locking the phase
of a spatial interference pattern from a 473-nm continuous
laser beam [16]. Figure 1(d) shows the delay jitter recorded
in the present measurement; the root-mean square of the jitter
is measured to be < 40 as. The transient spectra are recorded
by the change in optical density (OD), OD = − ln(I /Iref ),
where I and Iref represent the transmitted XUV intensity with
and without the NIR pulse, respectively. At each delay step,
the instantaneous OD is averaged over 250 frames, and in
each frame, I and Iref are acquired for 100 laser pulses.
Figure 2(a) shows delay-dependent transient-absorption
spectra at a field intensity of 1.6×1014 W/cm2 . The Keldysh
parameter from the present conditions of ground-state xenon
(ionization potential = 12.13 eV [17]) is γ = 0.85, indicating
that the field intensity is in the tunneling regime [18]. Negative
time delays correspond to the XUV pulses arriving prior to the
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FIG. 1. (a) Schematic of the experimental setup. The red and
blue beams represent NIR and XUV pulses, respectively. (b) XUV
spectra with (blue shaded) and without (green shaded) xenon in the
absorption gas cell. (c) An example of a streaking trace. The XUV
pulse duration is retrieved to be 170 as. (d) Recorded delay jitter over
the pump-probe measurement. The rms of the jitter is < 40 as.

NIR pulses. Spectral assignments given on the right side of
the panel are based on previous synchrotron-based chargedparticle measurements [19,20]. At long negative delays
(<−10 fs), one observes the effects of weak satellite pulses,
primarily Autler-Townes splitting of the 4d −1 np series. The
appearance of Autler-Townes splitting indicates the known
resonant couplings in the 4d −1 np series induced by the NIR
pulses. Ionic signals are seen at positive delays below 57 eV.
Half-cycle buildup of the ion population is resolved, which
is characteristic of strong-field ionization. The strong-field
dynamics beyond the quasistatic picture can be characterized
from this signal [21].
The most interesting feature in Fig. 2(a) is the broad induced
absorption near zero delay, which spectrally extends from 58 to
65 eV. This broad bandwidth can only partially be understood
−1
from the inherent short lifetime of the autoionizing 4d5/2
6p
state ( = 110 meV, τ = 6 fs) [19] and any additional lifetime shortening by strong-field ionization [9]. Variation of
the pump-probe time delay yields half-cycle (1.3-fs) periodic
modulation of the absorption signals over the entire spectral
range. Averaged peak energies of the signals in the range of
62–65 eV are represented in Fig. 2(b) by the white line. The
peak energies as well as the peak amplitudes are found to be
modulated with half-cycle periodicity. As will be discussed
later, this peak energy oscillation reflects the phase-dependent
response of Floquet states in strong driving fields.
To identify the electronic states involved in the creation
of the broad induced absorption, the absorption spectra
are simulated by numerically solving the time-dependent
Schrödinger equation for a three-state model. Atomic units
are used throughout the following discussion.
The Hamiltonian of the three-state model takes the form
⎛
⎞
0
0
dg1 E(t)
⎜
⎟
d01 E(t) ⎠, (1)
H (t) = ⎝dg1 E(t) ω1 − i1 /2
ω0 − i0 /2
0
d01 E(t)
where ωi is energy of state i, dij are transition dipole moments,
E(t) is the electric field, and i is the lifetime of the

FIG. 2. (a) Experimental transient-absorption spectrum as a
function of delay τ . The peak intensity of the NIR pulse is
1.6×1014 W/cm2 , and the delay step τ is 200 as. Assignments
of the signals are given on the right side of the spectrum.
(b) Averaged center of the peak from 62 to 65 eV overlaid on the
absorption spectrum. (c) Transient-absorption spectrum simulated
with the three-state model. The simulation does not include satellite
NIR pulses that cause line-shape modulation at negative delays in the
experimental results. The right panel shows energy levels, transition
energies, and transition dipoles used in the simulation.

autoionizing state i. The electric fields of the NIR and
the XUV pulses are defined as a product of a Gaussian
envelope and a sinusoidal carrier wave. The energy levels
and 1 are taken from the literature [19,22], and 0 is
optimized in the simulation to match the experimental results.
The transition dipoles are computed using the relativistic
multiconfiguration Dirac-Hartree-Fock computation package
GRASP2K [23]. The time evolution of the dipole moment d(t)
is Fourier transformed to compute the absorption cross section
σ (ω) ∝ ω Im[d̃(ω)/Ẽ(ω)] [24]. The experimental observable
OD is obtained assuming the Beer-Lambert law.
Figure 2(c) shows the simulated absorption spectra. The
broad induced absorption is well reproduced in both the delay
and the spectral domains. The hyperbolic sidebands around
the main peak at large negative delays are the collapse of
the Lorentzian absorption line shape due to the truncation of
the dipole oscillation by the NIR pulse [25]. The simulation
results lead to the conclusion that the 4d −1 6p(1 P1 ) and the
4d −1 6s(1 D2 ) states are responsible for the creation of the
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broad induced absorption, and it is confirmed that the strong
driving field can induce half-cycle oscillations even at a field
well into the tunneling regime.
To gain physical insight into the broad absorption feature,
we employ the Floquet theory and describe the evolution of
the system in terms of Floquet states [24,26]. A two-level
Hamiltonian driven by an external harmonic field is given
as H (t) = H0 − A(t) cos(ωt + ϕ), where H0 is a field-free
Hamiltonian, A is the dipole coupling amplitude, and ϕ is a
global phase. When A is constant in time, the Hamiltonian
becomes periodic with a periodicity of T = 2π/ω. In the
case of a time-dependent A(t), we can define instantaneous
Floquet states for each instant in time [27]. According to the
Floquet theorem, the periodicity guarantees the existence of the
solutions that have the form | (t) = |φj (t)e−i j t , where εj
are quasienergies and |φj (t) = |φj (t + T ) are Floquet states
that have the same periodicity as the external field. It can be
shown that Floquet states satisfy the eigenvalue equation that
resembles the time-independent Schrödinger equation,
H|φj (t) =

j |φj (t).

(2)

The modified Hamiltonian H = H − i dtd is linear and Hermitian in an extended Hilbert space [28]. When |φj (t) is a
solution of Eq. (2), then the following substitution:
 (n)
(n)
φ (t) = |φj (t)einωt ,
(3)
j = j + nω,
j
also gives an equivalent solution with an integer n representing
the associated photon number of each Floquet state. Note that
the introduction of Floquet states |φj(n) (t) in the extended
Hilbert space is different from the Fourier expansion of
Floquet states. As can be seen from Eq. (2), Floquet states
and quasienergies are generalizations of stationary states
and energies of time-independent Hamiltonians. Since H is
Hermitian, Floquet states constitute an orthonormal basis set
in the extended Hilbert space. In the present xenon model,
generalized parity transformations |0 → |0, |1 → −|1,
and t → t + T /2 keep the Hamiltonian identical. Due to these
symmetries, the Floquet states possess even and odd parities,
such as the field-free states [29]. Dipole transitions from the
ground state are allowed only for even-n states.
Approximate analytical expressions of quasienergies
for
two-level
systems
are
known
as
0,1 =
1
{−ω
2

± [ω − J0 ( 2A
) + 2 J12 ( 2A
)]}, where  is the
ω
ω
transition energy between the two field-free states and Ji (x)’s
are Bessel functions of the first kind [30,31]. Figure 3(a)
shows the quasienergies computed for the xenon model in
resonant driving fields. The solid lines represent even-n states,
whereas the dotted lines represent odd-n states. It can be
seen that the external driving field creates an evenly spaced
energy structure, and the interaction between the degenerate
(n = 0) Floquet states causes energy splittings. In the
weak-field limit, the energy splitting scales linearly with the
driving field amplitude, and this behavior is equivalent to
Autler-Townes splitting (orange arrows). When the driving
field amplitude reaches A ≈ 2, corresponding in the present
xenon model to a field intensity of I = 9×1013 W/cm2 ,
the neighboring (n = ±2) Floquet states sharing the same
parity exhibit avoided crossings (blue arrows).
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FIG. 3. (a) Quasienergy diagram of Floquet states as a function of
driving field intensity. Solid and dotted lines represent even-n states
and odd-n states, respectively. The atomic parameters are modeled
for xenon. The bottom axis is plotted as a square root of the field
intensity I , corresponding to a linear scale in the dipole coupling
amplitude A. (b) Absorption cross section |σ (ω)| as a function of the
driving field intensity simulated in the three-state model. The delay
between the XUV and the NIR pulses is set to zero.

Figure 3(b) shows the absorption cross section |σ (ω)|
as a function of the NIR field intensity simulated in the
three-state model. Energy splittings are seen for both the main
and the lower-lying signals, following the same lines as the
quasienergy diagram as the field intensity increases. Around
I = 9×1013 W/cm2 , the lower-lying absorption signals become more prominent. This behavior can be explained by the
fact that the characteristics of the neighboring Floquet states
are mixed across the avoided crossings and the n = ±2 Floquet
states become brighter after the first avoided crossings. The
quasienergy structure provides a straightforward interpretation
of the absorption signals in strong driving fields. The spectral
distribution of the broad induced absorption can be understood
as being created by the large energy splitting beyond the
avoided crossings.
We next consider the delay-dependent dynamics. Fourier
transformation of the transient-absorption spectra in the delaywindow −5 < τ < 5 fs are shown in Figs. 4(a) and 4(b) for
the experimental and the simulation results, respectively. In
addition to the half-cycle dependence (ω = 3 eV) over a broad
range of photon energies, a weaker quarter-cycle dependence
(ω = 6 eV) is predicted at 61 eV in the simulated spectra.
Figures 4(c) and 4(d) show the delay dependence of the
absorption signals at 63 eV simulated in the three-state model
for two different global phases ϕ = 0 and ϕ = π/2, respectively. The vertical dotted lines are drawn to help compare
the timing of the oscillations. We find that the variation of
the phase caused in the delay-dependent oscillations at this
photon energy is twice as large as the variation of the global
phase. The effects of the global phase can clearly be factored
out in the Floquet formalism [32,33]. Substituting the solution
(n)
| (t) = |φj(n) (t)e−i j t into the time-dependent Schrödinger
equation leads to
i
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∂  (n)
φj (t) = H0 − j(n) φj(n) (t)
∂t


A  (n+1)
φj
(t) eiϕ + φj(n−1) (t) e−iϕ .
−
2

(4)

RAPID COMMUNICATIONS

KOBAYASHI, TIMMERS, SABBAR, LEONE, AND NEUMARK

FIG. 4. (a) and (b) Fourier spectra along the delay interval
−5 < τ < 5 fs of the absorption measurements in the (a) experiments
and (b) simulation. (c)–(e) Delay-dependent absorbance at 63-eV
photon energy simulated in the three-state model for different pulse
conditions: (c) ϕ = 0- and 5-fs pulses, (d) ϕ = 0- and 1-ps pulses,
and (e) ϕ = π/2- and 5-fs pulses. Vertical lines are drawn to help
compare the phase of the oscillations.

The ϕ dependence of the equation can be removed by
introducing phase-shifted Floquet states,

 (n)
φ̃ = φ (n) einϕ .
j
j

(5)

This equation highlights the role of ϕ, namely, that it adds a
phase shift of nϕ to the nth Floquet state.
The delay and the global phase can directly be connected
by ωτ = ϕ in a monochromatic wave case. However, since we
use few-cycle broadband pulses in the experiments, the effects
of the finite pulse duration need to be taken into account.
The absorption signal simulated for a long-limit 1-ps driving
pulse is shown in Fig. 4(e). No difference is seen regarding
the half-cycle delay dependence compared with the 5-fs pulse
results, and the variation of the pulse envelope is excluded
from the mechanism of the delay dependence.
We may anticipate that the phase of the Floquet state
is read out by the probing XUV pulse and imprinted onto
the dipole moment. As exemplified by the Lorentz-to-Fano
line-shape switching [34], varying the dipole phase modulates
the absorption line shape. Indeed, the experimental results in
Fig. 2(b) display periodic absorption line-shape modulation.
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