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We investigate the capability of attosecond transient absorption spectroscopy to characterize the dynamics of
inner-shell-excited systems. In the transient absorption spectroscopy setup considered, wave packets are prepared
by an attosecond XUV pulse and probed by a femtosecond NIR pulse. By using this, we study coherent electron
dynamics in core-excited xenon atoms. In particular, we clarify which aspects of the dynamics can be revealed
when the wave packets are probed using an NIR pulse and analyze why the inner-shell hole dynamics is more
difficult to probe than the dynamics of the excited electron. We perform a theoretical analysis of the transient
absorption signal as a function of the time delay between the XUV pump and NIR probe pulses, treating the
excitation pulse perturbatively and the probe pulse nonperturbatively. We also demonstrate that an additional
NIR dressing field can dramatically influence the transient absorption spectrum. Our theoretical predictions are
compared with experimental results, suggesting that a precise characterization of the NIR pulse is necessary for
a qualitative and quantitative comparison.
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I. INTRODUCTION

Transient absorption spectroscopy [1–4] is a powerful and
versatile technique for studying real-time dynamics in the gas,
liquid, solid, and plasma phases. In its simplest form, it is
based on measuring, as a function of the pump-probe delay,
the spectral properties of a probe pulse transmitted through
a sample excited by a pump pulse [5–19]. Various physical
processes can be studied, depending on the intensity and pho-
ton energy, and the specific combination of pump and probe
pulses. Strong-field ionization by an optical pump pulse, when
the extreme ultraviolet (XUV) pulse serves as a probe, pro-
vides spectroscopic information on the residual ion, such as
ion quantum-state distributions [20,21] and orbital alignment
[22,23]. At lower field strengths, when the XUV pulse is the
pump and the optical field acts as the probe, laser-dressing and
molecular alignment effects may be investigated [24–32].

The advent of attosecond light pulses [33–37] has opened
up the possibility of studying fundamental questions related
to quantum dynamics of electrons at their natural timescale.
In particular, attosecond transient absorption spectroscopy
(ATAS) [29,38–40] gives access to ultrafast dynamics of
bound and autoionizing electronic states in atoms, molecules,
and solids. An attosecond pulse coherently populates bright
(dipole-allowed) electronic states, thus creating an electronic
wave packet. Such a coherent superposition of quantum states
gives rise to a dynamical evolution of the system being inves-
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tigated. The characteristic timescales at which the system’s
physical properties vary correspond to the inverse of the
frequency spacings among the coherently excited states of
the wave packet. There have been a number of pump-probe
studies investigating coherent valence- or Rydberg-electron
dynamics in atoms [40–47]. The electronic coherence was
observed under different conditions ranging from one-photon
one-electron excitations, over multiphoton one-electron ex-
citation, to one-photon two-electron excitation. In most
scenarios, the key to probing the wave packet is light-
induced interference of the investigated states, which leads
to characteristic modulation of the experimentally accessible
quantity, e.g., the emitted photoelectrons or the transmitted
photons. However, so far the characterization of electronic
wave packets has been limited to the excited valence or Ry-
dberg electron, whereas more deeply bound electrons (or the
corresponding holes) can serve as important markers in site-
selective and element-specific studies of complex targets.

Here we explore the possibility of the experimental ob-
servation of core-excited wave-packet coherence by ATAS of
xenon. By using an attosecond XUV pulse we initiate a core-
excited wave packet. In order to probe the wave packet and
monitor its evolution in time, we employ a time-delayed ultra-
short laser pulse in the near-infrared (NIR) regime and detect
the resulting modification of the transmitted XUV spectrum.
The main goal of our study is to explore XUV-NIR transient
absorption spectra and to elucidate whether excited-electron
dynamics or inner-shell hole dynamics is encoded in the time-
resolved spectra. In our previous work [48] we provided an
elementary explanation of the signals one can obtain in ATAS
experiments based on a perturbative treatment for both pump
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and probe pulses. In the current work, we present a nonpertur-
bative treatment for the probe pulse to accommodate a wide
range of experimentally accessible pulse properties. Finally,
we compare our theoretical predictions with experiment.

II. THEORY

A. Attosecond transient absorption spectroscopy

Taking into account the rather small pulse energies of cur-
rently available attosecond sources, we perform our analysis
of the transient absorption signal as a function of the time
delay between the attosecond excitation pump pulse and the
femtosecond probe pulse, treating the XUV pulse perturba-
tively. Unlike our previous work [48], we do not restrict
ourselves to a weak probe field but treat it nonperturbatively,
which allows us to capture nonlinear processes driven by
the NIR field. Furthermore, numerical treatment of the NIR
pulse enables us to employ the exact temporal shape of the
pulse used in experiments, which is crucial for a quantitative
comparison with the experimental data.

We employ the electric dipole approximation and assume
that the pump and probe pulses are both linearly polarized
along the z axis. Following the logic presented in Ref. [38],
we start by solving the time-dependent Schrödinger equation

i
∂

∂t
|�, t〉 = Ĥ (t )|�, t〉, (1)

Ĥ (t ) = Ĥ0 − E0 − εd (t )Ẑ − εx(t )Ẑ, (2)

where Ĥ0 is the unperturbed Hamiltonian of the electronic sys-
tem, E0 is its ground-state energy, Ẑ is the z component of the
electric dipole operator, and εd (t ) and εx(t ) are the amplitude
of the dressing (NIR) and attosecond (XUV) electric fields,
respectively. Assuming that the effect of the attosecond pulse
can be treated perturbatively, the solution of Eq. (1) is

|�, t〉 = |�d , t〉 + |�d , t〉(1) + · · · , (3)

where |�d , t〉 is the optically dressed electronic state vector in
the absence of the attosecond pulse and |�d , t〉(1) is the first-
order correction with respect to the attosecond pulse, evolving
in the dressing field εd (t ). We employ the time-evolution op-
erator Ûd (t, τ ) to determine the optically dressed state vector
|�d , t〉:

|�d , t〉 = Ûd (t, τ )|�0〉. (4)

Here τ is a time before the system is optically dressed and
|�0〉 is the initial state. The dipole moment of the electronic
system along the z axis can be expressed as

D(t ) = 〈�, t |Ẑ|�, t〉 = Dd (t ) + D(1)(t ) + · · · . (5)

The term Dd (t ) describes harmonic generation driven by the
dressing pulse only and D(1)(t ) is the dipole moment correc-
tion to first order with respect to εx(t ):

Dd (t ) = 〈�d , t |Ẑ|�d , t〉, (6)

D(1)(t ) = i
∫ t

−∞
dt ′εx(t ′)〈�d , t |ẐÛd (t, t ′)Ẑ|�d , t ′〉 + c.c.

(7)

B. Wave-packet time-propagation method

Assuming that the attosecond pulse is shorter than all rel-
evant electronic timescales [38], we approximate it by a delta
function εx(t ) = Axδ(t − t0), where t0 is the moment when the
attosecond pulse interacts with the system. Hence,

D(1)(t ) =
{

0, t < t0
iAx〈�d , t |ẐÛd (t, t0)Ẑ|�d , t0〉 + c.c., t � t0.

(8)
We will assume throughout that the dressing field εd (t ) is not
strong enough to excite the ground state of the system. There-
fore, 〈�d , t | ≈ 〈�0| and |�d , t0〉 ≈ |�0〉. As a consequence,

D(1)(t ) =
{

0, t < t0
iAx〈�̃, t0|Ûd (t, t0)|�̃, t0〉 + c.c., t � t0,

(9)

where

|�̃, t0〉 = Ẑ|�0〉 (10)

is the initial state of the electronic wave packet right after
excitation by the XUV pump pulse at t = t0. Thus, introducing
the autocorrelation function

C(t, t0) = 〈�̃, t0|�̃, t〉, (11)

where

|�̃, t〉 = Ûd (t, t0)|�̃, t0〉 (12)

reflects the time evolution of the XUV-excited system in the
dressing field, the dipole moment is given by

D(1)(t ) =
{

0, t < t0
iAxC(t, t0) + c.c., t � t0.

(13)

We compute the autocorrelation function C(t, t0) by
employing the following numerical strategy. Unitary wave-
packet propagation (in the absence of Auger decay) is ensured
by approximating the relevant time-evolution operator for a
time step from t to t + �t through

Ûd (t + �t, t ) ≈ e−iĤd (t+�t/2)�t , (14)

which has an error that, to leading order, scales as �t3. Note
that the Hamiltonian in Eq. (14),

Ĥd (t ) = Ĥ0 − E0 − εd (t )Ẑ, (15)

does not include the XUV field.
As described in more detail in Sec. II C, we calculate a

finite set of inner-shell-excited eigenstates {|�I〉} and expand
the inner-shell-excited wave packet in this subspace:

|�̃, t〉 =
∑

I

aI (t )|�I〉. (16)

Upon combining Eqs. (14) and (16), we obtain an expression
for the propagation of the vector of expansion coefficients

a(t + �t ) = e−iHd (t+�t/2)�t a(t ), (17)

where (a)I = aI and (Hd )IJ = 〈�I |Ĥd |�J〉, with I and J in-
dices that run from 1 to N , where N is the size of the finite
set.

We solve Eq. (17) using the initial condition

aI (t0) = 〈�I |�̃, t0〉 = 〈�I |Ẑ|�0〉. (18)
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Diagonalization of the instantaneous Hamiltonian matrix in
each time step is done in MATLAB [49], which uses LAPACK

routines [50] to compute the eigenvalues Ẽk and eigenvectors
vk . Hence,

a(t + �t ) =
∑

k

e−iẼk (t+�t/2)�tvk (t + �t )v†
k (t + �t )a(t ).

(19)
Via

C(t, t0) =
∑

I

a∗
I (t0)aI (t ) (20)

we obtain the autocorrelation function required for the evalu-
ation of Eq. (13).

Once the XUV-induced dipole moment in the presence
of laser dressing is available, the XUV cross section can be
calculated

σ (ω) = 4πω

c
Im

[
D̃(1)(ω)

ε̃x(ω)

]
, (21)

where D̃(1)(ω) and ε̃x(ω) are the Fourier transforms of D(1)(t )
and εx(t ), respectively. The computed XUV cross sections
presented in Sec. III are converged with respect to the time
step �t and with respect to the basis set {|�I〉}.

C. Calculation of atomic parameters for Xe

To build a reliable atomic model it is crucial to use re-
alistic parameters for the states involved. Even though there
are many experimental data available regarding electromag-
netic transitions in various atomic species, these data are not
sufficiently complete. Therefore, we employ first-principles
atomic-structure software to calculate the missing informa-
tion.

In the present work, we employ flexible atomic code (FAC)
[51] to calculate the atomic structure and transition dipole
matrix elements. We construct a set of orbitals based on
the Dirac-Fock-Slater effective local potential for the ground
configuration of neutral Xe and diagonalize the Hamiltonian
matrices for core-excited states that are constructed from ini-
tial and final nonrelativistic electron configurations.

We build our model by using energies from experiment
[52,53], whenever available, and complementing them with
energies from FAC calculations. Only a few Xe 4d excited
dark states have been observed experimentally. For those
known levels, our FAC calculations differ almost uniformly
from experimental values by ∼1.7 eV, so we shift all calcu-
lated energies accordingly. All transition dipole moments are
taken from our FAC calculations.

In our Xe model we distinguish between bright (dipole-
allowed) and dark (dipole-forbidden) states with respect to
excitation from the ground state. We include the states with
principal quantum number n � 8 for the bright and n � 20
for the dark states and confirm that our results are converged
with them. The parameters of the states are listed in Table I (a
subset of the dark states are listed for brevity). Assuming the
lifetime of all excited states to be defined by the Auger decay
of a 4d hole, we replace the energy eigenvalues Ẽk in Eq. (19)
with Ẽk − i�/2. Here � = 0.111 eV is the decay width of a
4d hole, corresponding to a lifetime of ∼6 fs [54]. Thus, the

state vector |�̃, t〉 that underlies the autocorrelation function
C(t, t0) undergoes exponential decay.

As a consequence of its large spectral bandwidth, the at-
tosecond XUV pump pulse can excite the Xe atom from its
ground state JP = 0+ to any of the bright states JP = 1−,
creating a wave packet with a high degree of coherence. We
assume the probe laser field not to be strong enough to affect
the Xe ground state. However, it can couple a bright state 1−
to a dark state J+, by exchanging one NIR photon with the
atom, or it can couple to another bright state 1− by exchanging
two NIR photons. Since the ground state 0+ and the dark
states J+ have the same parity, the latter cannot be excited
via one-photon absorption from the ground state (i.e., the
corresponding transition dipole moments are zero); however,
in the presence of the dressing laser field, they can give rise
to accessible light-induced states (LISs) [55–57]. The LISs in
the absorption spectrum are then interpreted, in the frequency
domain, as the intermediate states of processes that involve the
absorption or emission of an additional dressing NIR photon.

In Fig. 1 we show the computed XUV cross section of Xe
without any additional electromagnetic field (gray curve) and
dressed by a field with a photon energy of ∼0.7 eV and a peak
intensity of ∼5 × 1010 W/cm2 (black curve). In the absence
of a dressing field, the attosecond XUV pulse coherently pop-
ulates the Xe bright states 4d9np1 (n � 6). When the atom
gets dressed by the laser field, transitions to LISs become
available. Dipole-allowed LISs can be observed as additional
absorption lines. When the bright and dark states are not
one-IR-photon resonant with each other, the LIS energy is one
IR photon away from the dark state. However, when they are
in resonance, the result is an Autler-Townes doublet, where
the energy is determined light-induced Rabi splitting [58].
Similarly, in the nonresonant case, there are in general AC
Stark shifts. In Fig. 1(b) the arrows show the parent dark state
for the most important LISs. Accessibility of LISs and their
corresponding particle-hole wave-packet dynamics depends
on the phase properties of the NIR laser field, which provides
rich manifolds of dynamics to be explored with time-delayed
ATAS.

III. RESULTS

A. Wave-packet dynamics induced by XUV only

From the dependence of the XUV transient-absorption
cross section σ (ω, τ ) on the time delay τ between the attosec-
ond XUV and the NIR laser field, one can study the dynamics
of inner-shell-excited particle-hole wave packets induced by
the XUV pulse (superpositions of odd-parity states only). In
the following, we take the Fourier transform of σ (ω, τ ) with
respect to τ . Figure 2 shows 2D maps of the square root of
the resulting XUV one-photon cross section

√|σ̃ (ω,ω′)| for
photon energies ω that cover the main 4d excited states. Here
and below ω′ is the Fourier energy associated with τ .

As a probe field, we use a Gaussian-shaped NIR field

εd (t ) = AIRRe
[
e−[4 ln(2)/χ2

IR](t−t0 )2
eiωIRt

]
, (22)

with an amplitude of AIR = 0.0012 a.u. The central frequency
ωIR is chosen as 0.7 eV in Figs. 2(a)–2(c) and 1.7 eV in
Figs. 2(d)–2(f) and the pulse duration χIR is one optical cycle

043102-3



DARIA KOLBASOVA et al. PHYSICAL REVIEW A 103, 043102 (2021)

TABLE I. Energies and transition dipole moments of the 4d excited states of Xe used in our ATAS calculations, significant for convergence.
The states listed below the ground state (GS) are dark states, whereas the states listed horizontally in the first row are JP = 1− bright states.
The values in parentheses are for np1/2; otherwise they are for np3/2.

State JP 4d−1
5/26p1 4d−1

3/26p1 4d−1
5/27p1 4d−1

3/27p1 4d−1
5/28p1 4d−1

3/28p1

E (eV) 65.110 67.039 66.375 68.345 67.150 69.150

GS 0 −0.182 −0.138 (0.052) −0.106 −0.015 (−0.083) −0.072 −0.020 (−0.054)

4d−1
3/26s1

1/22+ 63.707 −0.039 −8.989 (3.521) 0.0 −0.032 (−0.796) 0.0 −0.042 (−0.302)

4d−1
5/26s1

1/22+ 65.670 9.548 0.075 (0.092) 1.047 0.0 (0.0) 0.444 0.0 (0.0)

4d−1
3/27s1

1/22+ 65.830 0.088 −8.029 (2.757) −0.038 −3.805 (−19.266) 0.001 −0.466 (−1.829)

4d−1
5/27s1

1/22+ 67.878 9.200 −0.127 (−0.066) 19.236 −0.069 (0.050) 2.324 −0.003 (0.0)

4d−1
3/28s1

1/22+ 66.539 0.022 −1.810 (0.695) 0.061 −2.735 (−17.592) −0.034 −11.786 (−30.662)

4d−1
5/28s1

1/22+ 68.587 1.948 −0.029 (−0.013) 19.052 0.062 (−0.078) 32.021 −0.045 (0.050)

4d−1
3/29s1

1/22+ 66.858 0.012 −0.944 (0.369) 0.014 −0.703 (−3.565) 0.046 −9.644 (−28.448)

4d−1
5/29s1

1/22+ 68.907 1.004 −0.016 (−0.007) 3.561 0.011 (−0.016) 31.964 0.037 (−0.067)

4d−1
3/210s1

1/22+ 67.029 0.008 −0.620 (0.244) 0.007 −0.367 (−1.793) 0.010 −2.084 (−5.374)

4d−1
5/210s1

1/22+ 69.078 0.657 −0.010 (−0.004) 1.765 0.006 (−0.008) 5.581 0.006 (−0.013)

4d−1
5/25d1

3/22+ 65.439 1.051 0.0 (0.0) 1.622 0.005 (−0.008) 2.274 0.002 (−0.006)

4d−1
5/25d1

5/22+ 65.439 4.693 0.0 (0.0) 7.310 0.023 (−0.037) 10.330 0.010 (−0.027)

4d−1
3/25d1

5/22+ 65.647 0.098 −4.935 (−2.958) 0.052 5.944 (−6.669) 0.034 6.723 (−10.642)

4d−1
3/25d1

3/22+ 67.408 −0.029 −0.513 (5.785) 0.0 −8.621 (−2.275) 0.0 −12.389 (−0.935)

4d−1
5/25d1

5/20+ 67.410 3.624 0.0 (0.0) 5.637 0.018 (−0.028) 7.956 0.008 (−0.019)

4d−1
3/25d1

3/20+ 67.513 −0.043 3.149 (−1.040) −0.022 0.629 (5.027) −0.014 1.960 (6.746)

4d−1
5/26d1

3/22+ 66.495 0.252 0.0 (−0.001) −2.938 0.0 (−0.029) −1.495 0.0 (0.019)

4d−1
5/26d1

5/22+ 66.495 2.068 −0.030 (−0.010) −21.661 −0.023 (0.082) −10.576 0.0 (0.0)

4d−1
3/26d1

5/22+ 66.495 0.038 −2.063 (−1.384) −0.115 −17.572 (20.009) 0.016 −6.607 (11.368)

4d−1
3/26d1

3/22+ 68.475 −0.013 −0.045 (2.271) 0.025 26.151 (9.130) −0.001 14.159 (3.112)

4d−1
5/26d1

5/20+ 68.475 1.565 −0.007 (−0.014) −16.526 −0.093 (−0.147) −8.097 0.056 (0.095)

4d−1
3/26d1

3/20+ 68.475 0.005 1.230 (−0.302) −0.167 −2.861 (−15.956) 0.100 −3.272 (−7.981)

4d−1
5/27d1

3/22+ 66.750 0.371 −0.004 (−0.002) 0.688 0.001 (−0.001) −9.928 −0.004 (−0.017)

4d−1
5/27d1

5/22+ 66.755 1.355 −0.021 (−0.008) 2.617 0.005 (−0.012) −34.973 −0.002 (0.064)

4d−1
3/27d1

5/22+ 66.769 0.028 −1.402 (−1.053) 0.016 2.515 (−2.204) −0.085 −27.138 (36.900)

4d−1
3/27d1

3/22+ 68.801 0.0 −0.240 (1.523) −0.004 −2.564 (−0.616) 0.010 43.188 (10.952)

4d−1
5/27d1

5/20+ 68.807 1.057 −0.010 (−0.009) 2.025 0.006 (0.002) −27.479 −0.104 (−0.139)

4d−1
3/27d1

3/20+ 68.813 −0.004 0.881 (−0.260) 0.009 0.0 (1.536) −0.172 −9.172 (−25.357)

4d−1
5/28d1

3/22+ 66.977 0.940 −0.015 (−0.006) 1.758 0.004 (−0.008) 3.157 0.002 (−0.007)

4d−1
5/28d1

5/22+ 66.975 0.325 −0.005 (−0.002) 0.597 0.001 (−0.002) 1.030 0.0 (−0.001)

4d−1
3/28d1

5/22+ 66.986 0.020 −0.990 (−0.780) 0.012 1.773 (−1.530) 0.009 2.709 (−3.140)

4d−1
3/28d1

3/22+ 69.025 0.0 −0.223 (1.071) 0.0 −1.816 (−0.656) −0.002 −2.976 (−0.137)

4d−1
5/28d1

5/20+ 69.029 0.749 −0.009 (−0.006) 1.394 0.005 (−0.001) 2.477 0.004 (0.002)

4d−1
3/28d1

3/20+ 69.033 −0.005 0.635 (−0.197) 0.0 0.091 (1.163) 0.008 0.211 (1.751)

T = 2π/ωIR in Figs. 2(a) and 2(d), two times T in Figs. 2(b)
and 2(e), and six times T in Figs. 2(c) and 2(f), where T =
2.4 fs for ωIR = 1.7 eV and T = 6.0 fs for ωIR = 0.7 eV.

The dynamics of inner-shell-excited particle-hole wave
packets induced by the XUV pulse leads to oscillations of
the atomic cross section as a function of the time delay with
Fourier energies ω′ corresponding to the energy differences
among the interfering states of the wave packet. This in-
terference appears as diagonal features from one odd-parity
state to another on the 2D map

√|σ̃ (ω,ω′)| in Figs. 2(a)
and 2(d). The peaks around ω′ ≈ 1.3 eV correspond to the

interference of bright states with the same angular momentum
j of the 4d hole but different principal quantum number of the
Rydberg p electron (n = 6 and 7), i.e., the difference between
4d−1

5/26p1 and 4d−1
5/27p1 (66.375 − 65.110 = 1.265 eV) and be-

tween 4d−1
3/26p1 and 4d−1

3/27p1 (68.345 − 67.039 = 1.306 eV).
On the other hand, the peaks around ω′ ≈ 2 eV result from the
interference of bright states with different angular momentum
j of the 4d hole but the same n of the excited p electron (for
example, 1.929 eV for n = 6 and 1.970 eV for n = 7). The lat-
ter peaks are strongly suppressed relative to the former peaks

043102-4



PROBING ULTRAFAST COHERENT DYNAMICS … PHYSICAL REVIEW A 103, 043102 (2021)

FIG. 1. (a) XUV cross section of Xe in the absence (gray) and presence (black) of a dressing field ωIR = 0.7 eV and (b) energy levels of
Xe with one excited 4d electron (gray denotes bright states and black dark states). Arrows designate which dark states correspond to the most
important LISs.

due to weak coupling between states with different angular
momentum j of the 4d hole. Due to dipole selection rules,
the transition from one odd-parity state to another requires an
even number of photons. Therefore, the resonances ω′ ≈ 1.3
and 2 eV are more pronounced in Fig. 2(a), where we use the
photon energy ωIR = 0.7 eV, than in Fig. 2(d) (ωIR = 1.7 eV),
as 2ωIR is closer to those resonances.

The strong peaks around ω′ ≈ 3 eV in Figs. 2(d)–2(f)
rather appear as a horizontal feature. Although one can see
in Fig. 2(d) the diagonals between the states 4d−1

5/26p1 (ω =
65.110 eV) and 4d−1

3/27p1 (ω = 68.345 eV), for the state

4d−1
3/26p1 (ω = 67.039 eV) there is no such diagonal, be-

cause there is no coupled bright state at 2ωNIR away (i.e.,
neither at 64 eV nor at 70 eV is there a coupling partner
included in the simulation). However, its cross section also
reveals fairly strong ω′ ≈ 3 eV oscillations with the time
delay. The reason is the following. When the duration of the
probe pulse becomes longer than the lifetime of the 4d excited
state, the observation of the inner-shell-excited particle-hole

wave-packet dynamics induced by the XUV becomes more
difficult. The laser field creates active valence-electron dy-
namics throughout its duration, which strongly affects the
atomic cross section for all absorption peaks. Accessibility
of those states directly depends on the laser field potential,
which leads to the horizontal features on the 2D map of√|σ̃ (ω,ω′)| in Figs. 2(c) and 2(f). The dominant frequency
of the cross-section oscillations as a function of the time
delay between the XUV and NIR pulses becomes ω′ = 2nωIR

(n = 1, 2, . . .). Thus, the horizontal features are around ω′ ≈
1.4 eV in Fig. 2(c) and ω′ ≈ 3.4 eV in Fig. 2(f). This tendency
already appears for the pulse duration of 2T in Figs. 2(b)
and 2(e). These horizontal 2ω structures become broader with
shorter pulses due to the larger Fourier bandwidth.

In Fig. 3 the Fourier spectrum of the main absorption
peak 4d−1

5/26p1 (ω ≈ 65.1 eV) is presented for a probe-pulse
duration of 4T . Figure 3(a) corresponds to ωIR = 0.9 eV
and Fig. 3(b) to ωIR = 0.7 eV. These energies ωIR of the
laser field were chosen in order to create more interesting

FIG. 2. Square root of the Fourier-transform amplitude of the XUV cross section σ (ω, τ ) of Xe [
√|σ̃ (ω,ω′)|]. The photon energy of the

probe field is (a)–(c) ωIR = 0.7 eV and (d)–(f) ωIR = 1.7 eV. The duration of the probe field is (a) and (d) one period of the field T , (b) and (e)
two periods 2T , and (c) and (f) 6T .
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FIG. 3. Fourier-transformed XUV cross section |σ̃ (ω,ω′)| for
the 4d−1

5/26p1 state of Xe at ω = 65.1 eV. The duration of the laser
pulse is 4T and the photon energy ωIR is (a) 0.9 eV and (b) 0.7 eV.
Gray vertical lines are used to mark bright-state–bright-state reso-
nances and black dashed lines for LIS–bright-state resonances.

wave-packet dynamics and to be able to observe more reso-
nances ω′ ≈ 2nωIR (n = 1, 2, . . .). Different colors are used
for three different cases: (i) coherent excitation; (ii) “incoher-
ent” excitation, where only the 4d−1

5/26p1 state is allowed to be

excited by the XUV field; and (iii) only 4d−1
5/26p1 is allowed

to be excited by the XUV and no interactions are allowed
between the bright states through the dark states. Relatively
short probe-pulse durations provide an energy spectrum that is
sufficiently broad to observe inner-shell-excited wave-packet
dynamics induced by the XUV. The gray vertical lines mark
the bright-bright resonance positions for the 4d−1

5/26p1 state.
The black dashed lines represent the bright-state–LIS tran-
sitions. Although the bright-LIS interference peak at ω′ =
2ωIR is dominant for both values of ωIR, the bright-bright
interference peaks at ω′ = 2 eV [Fig. 3(a)] and ω′ = 1.3 eV
[Fig. 3(b)] can still be seen under coherent excitation. For
incoherent excitation, those bright-bright interference peaks
are absent.

The main challenge with detecting the inner-shell hole
dynamics is that its impact on the NIR-modulated XUV cross

section is much weaker than the impact of the Rydberg-
electron dynamics induced by the probe field. By reducing
the duration of the NIR laser field one can decrease the effect
of the latter dynamics, but it will also increase the width of
the interference peaks in the Fourier spectrum. In order to
observe inner-shell hole dynamics, the optimal laser pulse
duration is comparable to the lifetime of the excited state
(χIR ≈ 1/�). Also, the NIR photon energy needs to be close to
the resonance ωIR = |E−

1 − E−
2 |/2, where E−

1 and E−
2 are the

energies of two bright states with different inner-shell holes
(but the same state for the Rydberg electron). Another im-
portant requirement for observing inner-shell hole dynamics
is sufficiently large dipole moments between the E−

1 and E−
2

states and a dark state E+
i that can couple them.

B. Wave-packet dynamics induced by XUV in the presence
of a dressing field

In this section we study the situation when the XUV pulse
overlaps with a dressing NIR field that is a weak copy of
the probe NIR field (i.e., the dressing field is to be carefully
distinguished from the probe field). Being in temporal overlap
with the XUV pulse, the NIR dressing field enables us to
investigate the coherent coupling and wave-packet dynamics
between both odd-parity and even-parity inner-shell-excited
states [59,60]. The intensity of such a dressing NIR field
usually reaches 1–5 % of the delayed probe NIR field, which
is sufficient to induce significant couplings, as demonstrated
in the following.

Figure 4 shows the square root of the Fourier-transformed
ATAS of Xe for a dressing field with an amplitude of
Ad = 0.2AIR. Note that 20% of the amplitude corresponds to
4% of the intensity. For the short pulses in Figs. 4(a) and 4(d)
the diagonal features, corresponding to the dynamics inside
the wave packet, are created by the XUV pulse in the presence
of the dressing NIR field. Originally, the present dressing field

FIG. 4. Square root of the Fourier-transform amplitude of the XUV cross section of Xe [
√|σ̃ (ω,ω′)|] in the presence of a dressing field.

The photon energy of the probe field is (a)–(c) ωIR = 0.7 eV and (d)–(f) ωIR = 1.7 eV. The duration of the probe field is (a) and (d) one period
of the field T , (b) and (e) two periods 2T , and (c) and (f) 6T .
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FIG. 5. Fourier-transformed XUV cross section in the presence
of a dressing field with amplitude Ad = 0.2AIR for the 4d−1

5/26p1 state
with ω = 65.1 eV fixed. The duration of the laser pulses is 4T and
the photon energy ωIR is (a) 0.9 eV and (b) 0.7 eV. Gray solid lines
mark bright-bright resonances, black solid lines mark bright-dark
resonances, and black dashed lines indicate LIS-bright resonances.

provides a coupling with one photon ωIR between the bright
and dark states, such as bright state 4d−1

3/26p1 (4d−1
5/26p1) and

dark state 4d−1
3/26s1 (4d−1

5/26s1). Although the intensity of the
dressing field is weak, it leads to a very strong coupling in
the case of ωIR = 1.7 eV. For example, the diagonal features
around 1.3 eV in Fig. 4(d) are more prominent than those in
Fig. 2(d). For the long pulses in Figs. 4(c) and 4(f), the hori-
zontal features emerge around 1.4 and 2.1 eV in Fig. 4(c) and
1.7 and 3.4 eV in Fig. 4(f), which correspond to ω′ = nωIR

(n = 1, 2, 3, . . .).
To analyze these oscillations in more detail we present in

Fig. 5 the Fourier-transformed ATAS at the main absorption
peak 4d−1

5/26p1 in the presence of the dressing field. The
photon energy ωIR and pulse duration are the same as used
in Fig. 3. In contrast to Fig. 3, the resonances between bright
states and dark states are visible (black solid lines), which are
caused by the coherence between odd-parity and even-parity
atomic eigenstates. The strongest oscillations have Fourier
energies ω′ = nωIR (n = 1, 2, 3, . . .) for both photon energies
shown. The strength of these oscillations depends on whether
the harmonics of ωIR are energetically close enough to drive
an interference between two excitation paths, as well as on
the strength of the dipole moments of the states involved in
the interaction.

C. Experimental setup

In the experiment, we use a helium-filled, differentially
pumped hollow-core fiber (Femtolasers Kaleidoscope) and

chirped mirrors (PC70, Ultrafast Innovations) to generate al-
most octave-spanning NIR pulses at a central photon energy
of ωIR = 1.6 eV and 1-mJ pulse energy from a commercial
Ti:sapphire laser system (Femtolasers HE/HR). The pulses
are characterized using the DScan technique [61,62], which
reveals a pulse-intensity duration of 4.3 fs. The coherent XUV
light is produced from high-harmonic generation (HHG) in
neon driven by the NIR pulses and has a continuous spec-
trum over the range of 40–70 eV photon energy. The NIR
and XUV pulses copropagate, and an aperture controls the
NIR power without affecting the central XUV beam. Using a
piezoelectrically driven split mirror, which is combined with
a spatial filter unit, we introduce a time delay of sub-30-as
stability between the NIR and XUV pulses. Afterward, both
beams are reflected off a toroidal mirror, which refocuses the
beams into the target gas cell, after which an XUV spec-
trometer is used to measure the spectrum of the transmitted
XUV light with 45-meV resolution [63]. The thin-foil alu-
minum filters used in the spatial filter unit to block the NIR
light are known to contain microholes that allow a small
fraction of the NIR pulse to pass. This leakage is temporally
locked to the XUV radiation and constitutes a weak replica
of the main NIR pulse with typically a few percent of its
power, realizing the dressing-pulse geometry as described in
Sec. III B.

When the XUV pulse interacts with the xenon atom at
photon energies above 65 eV, electronic transitions from the
4d core shell to unoccupied np levels (n � 6) are triggered
(note that transitions to n f levels are suppressed in Xe [64]).
For each principal quantum number n, a fine-structure doublet
of absorption lines is created due to spin-orbit interaction [65]
of the hole. Here we focus on the absorption lines at 65.11
and 67.04 eV for the case of n = 6, because these are the
strongest transitions of the series. These core-excited states
decay rapidly via the Auger process, leading to lifetimes of
less than 6.5 fs, which corresponds to natural linewidths of ap-
proximately 0.1 eV, respectively, with the natural line shape,
to a good approximation, being described by a Lorentzian pro-
file [54,65]. Compared to the 1.31-eV splitting of the Xe+ 5p
hole states that have also been encountered in previous experi-
ments [21,66,67], the spin-orbit splitting of these core-excited
states is substantially stronger and amounts to 1.93 eV (for
n → ∞, the energy splitting converges to 1.97 eV [65]).
Note that the above absorption lines correspond to the en-
ergies used in our calculation as listed in Table I (4d−1

5/26p1

and 4d−1
3/26p1).

FIG. 6. Square root of (a) experimental and (b) and (c) simulated XUV spectra
√|σ̃ (ω,ω′)|. In simulation 1, the nominal pulse shape from

the experiment is used. In simulation 2, a modified pulse shape is used as described in the text.
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FIG. 7. Experimental and simulated XUV cross sections at ω = 65.1 eV in the (a) Fourier-energy and (b) time-delay domains.

D. Comparison with experiment

Figure 6 presents a comparison of the experimental and
simulated Fourier-transformed XUV cross sections as a func-
tion of ω and ω′. A slice of the XUV cross section at ω =
65.1 eV is plotted in the ω′ and τ domains in Fig. 7. In
simulation 1, we employ the laser pulse ε(t ) measured ex-
perimentally in front of the HHG gas cell. In simulation 2,
we use a modified pulse with a much stronger 2-eV energy
component (see a comparison of the pulse shapes in Fig. 8 and
a description of how to construct the pulse shape at the end of
this section), which gives partly better agreement with the ex-
perimental results. The intensity of the probe field defines the
depth of the cross section σ (ω, τ ) attenuation [in Fig. 7(b)],
and the intensities of the probe and dressing fields together
determine the strength of oscillations with the time delay τ .
Guided by this correlation, we have chosen the strength of the
probe field as AIR = 0.0009 and 0.0012 a.u. for simulations 1
and 2, respectively. The intensity of the dressing pulse is 5%
of the intensity of the probe laser field in both cases.

The diagonal streaks in Fig. 6(a) are reproduced in
Figs. 6(b) and 6(c). All three panels in Fig. 6 show pronounced
4d−1

5/26p1 (ω = 65.110 eV) and 4d−1
3/26p1 (ω = 67.039 eV)

peaks at ω′ ≈ 1.4 eV. The associated time-domain dynam-
ics are a consequence of dressing-field-mediated coupling
between the 6p and 6s Rydberg-electron states. Without the
dressing field, the 1.4-eV beating disappears. The oscillation
at ω′ ≈ 2 eV, which is observed in experiment, is not repro-
duced in simulation 1. Looking at the τ dependence of the
XUV cross section in Fig. 7, we observe that the discrepancy
between simulation 1 and experiment appears near τ = 0 and
at negative delay, i.e., when the XUV pulse overlaps with
or comes after the NIR pulse. When the XUV pulse comes
first (τ > 0), both simulations are in good agreement with
experiment.

The discrepancies at negative τ might be an indication that
the NIR field interacting with the Xe atoms differs from the

NIR field characterized in front of the HHG gas cell. This
could be caused by laser field interaction with the optics or
plasma in the HHG gas cell. Field ionizing media (FIM) are
known to be able to add a chirp to the trailing part of a
laser pulse [68]. Owing to the phase modulation induced by
plasmas in FIM, the laser frequency increases with time (pos-
itive chirp) at the leading edge and then decreases (negative
chirp) back to the original frequency in the remaining part
of the pulse [69]. Guided by this, we apply the chirp effect
to the experimentally measured spectral amplitude A(ω) and
spectral phase φ(ω),

ε±
ch(ω) = A(ω)e−iφ(ω) exp{±iaω2}. (23)

Then we add together their inverse Fourier transforms ε±
ch(t ),

applying the switching function f (t ) = 1
2 {1 + 2

π
arctan t−b

c },
Ech(t ) = f (t )ε−

ch(t ) + {1 − f (t )}ε+
ch(t ). (24)

Here a, b, and c are free parameters. The magnitude of the
FIM-induced chirp depends on the properties of the HHG gas
cell, including the percentage of ionization of the HHG target
gas. If this phenomenon leads to an enhancement of the pulse
spectrum in the vicinity of 2 eV, laser-mediated coupling to
4d−1ns1 (n > 10) and 4d−1nd1 (n � 8) Rydberg states will
be activated. In our simulation 2 we use the parameters a =
15 fs2, b = 0 fs, and c = 0.8 fs. This choice gives improved
agreement with the experimental results and is consistent with
Refs. [70,71], where a dynamic blueshift from a carrier wave-
length of 750 nm (1.65 eV) to some 550 nm (2.25 eV) was
observed in HHG in Ne. Even though our guess regarding
the pulse-phase modifications in the HHG gas cell does not
provide perfect agreement with experiment for the XUV cross
section in the negative delay domain (τ < 0), it reproduces the
main features of the XUV cross section and gives fairly good
agreement in the Fourier-energy domain (Figs. 7 and 8). This
makes it plausible that the FIM-induced chirp effect may have
affected the experimental data.

FIG. 8. Pulses used in simulations 1 and 2, in the (a) Fourier-energy and (b) time domains.
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IV. CONCLUSION

We demonstrated that various aspects of coherent electron
dynamics can be revealed when wave packets prepared by an
attosecond pump pulse are probed using an NIR pulse. We
found that inner-shell hole dynamics is much more difficult to
detect than Rydberg-electron dynamics, because the dynamics
of the inner-shell hole is defined mostly by the degree of co-
herence of the wave packet initially created by the XUV pulse,
whereas Rydberg electrons get strongly dressed by the NIR
pulse, thereby producing strong quantum coherence effects
that are reflected in the ATAS. Typically, the transition dipole
moment between states with different angular momentum j
of the hole is much weaker than for states with the same j.
This makes the evolution of wave-packet components with
different hole j mostly independent of each other and thus not
so sensitive to the presence of the probe field. Our analysis
suggests that, in order to detect inner-shell hole dynamics

using an NIR probe field, it is necessary to minimize the effect
of the laser field on the Rydberg levels, which can be done by
decreasing the field exposure time and by using fields that are
far off-resonance.

We show that the presence of a dressing field or a slight
modification of the spectrum of the probe pulse can dramat-
ically change the simulated ATAS results. Thus, our work
also suggests that a precise NIR pulse characterization in
the target region behind the HHG gas cell is necessary for a
qualitatively and quantitatively accurate interpretation of ex-
perimental ATAS data, due to the high sensitivity of Rydberg
electrons to the NIR electric fields.
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