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Direct manipulation of atomic excitation with intense extreme-ultraviolet laser fields
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The coherent excitation and manipulation of a two-level system with ultrashort intense extreme-ultraviolet
laser fields is investigated theoretically, based on numerically solving the time-dependent Schrédinger equation.
We are particularly interested in the dynamical phase excursion of the energy states over the course of the
interaction and the resulting spectral modifications. Fitting the absorption line shapes with the Fano profile
quantifies the asymmetry parameter and the corresponding dipole phase offset, capturing the phase difference
of the state coefficients after the interaction. Nonperturbative analytical calculations using rectangular driving
pulses are employed, yielding physical insights into the dependence of the dipole phase shift on the external
field. The validity of the formulas is validated by comparing their predictions with numerical results, which
proves to be robust against the variation of laser parameters. The present investigation of strong-field dressing
effects complements recent attosecond transient absorption studies assuming weak excitation, and marks a
ubiquitous phenomenon that should be generally considered for the interaction of matter with intense laser

fields.

DOLI: 10.1103/PhysRevA.105.043113

I. INTRODUCTION

Time-resolved absorption spectroscopy using ultrashort
laser pulses has turned out to be a versatile tool for probing
and steering electronic dynamics. High-harmonic generation
(HHG) sources have enabled table-top measurements in the
extreme-ultraviolet (XUV) region with unprecedented time
resolution. Among the many experimental explorations, laser-
induced spectral change has been a branch of particular
interest. By changing the time delay between the excitation
and subsequent modification, the first transient absorption
experiment using isolated attosecond pulses to probe the
autoionization process demonstrated control over the shape
of Fano resonances in 2010 [1]. The follow-up experiment
resolved the subcycle ac Stark shift and broadening of the
absorption lines of singly excited states of helium [2], proving
that bound electrons are able to respond near instantaneously
to a perturbing laser field. Ott et al. introduced a universal
temporal-phase formalism, and revealed the transformation
of natural Fano absorption lines into Lorentzian ones and
the inverse by adjusting the intensity of the coupling laser
[3]. Furthermore, through arranging the transient-absorption
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scheme in a nonconcentric geometry, the spatial redirection
of the XUV pulse has been reported [4,5].

Along with experimental progress, a range of theoreti-
cal investigations arise. In addition to directly performing
the large-scale ab initio description of transient absorption
[6-8], endeavors have also been made to devise simplified
models which are capable of reproducing the essential spec-
troscopic characters and seizing the underlying mechanism
[2,9-15]. When the coupling laser is not too strong to ionize
the medium, the spectral modification is generally concep-
tualized as the result of a phase excursion A¢; = [drAE;
(atomic units are used unless otherwise noted) on the in-
volved states. These additional phases originating from the
corresponding transient energy shift AE; of state j change
how the dipole moment oscillates, thereby altering the way
the generated radiation adds to the incoming field that pro-
motes the transition. Modifications of resonant profiles in
the absorption spectrum occur, which in turn contain infor-
mation of the dipole oscillation of the system across time.
Modeling the energy displacement is thus the central task
in this picture, and several approaches have been employed
depending on the situations of concern. Ponderomotive energy
is justified for loosely bound states [3] and the imprinted in-
formation has been utilized in turn to characterize the duration
and intensity of laser pulses in situ [16]. The ac Stark shift
using second-order perturbation theory works well when the
coupling field is far off resonant [2,10]. For a near-resonant
coupling pulse, computing the energy difference between the
dressed bright state and the bare state with the rotating-wave
approximation (RWA) in the adiabatic Floquet picture is more
appropriate [12].
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Most attosecond transient absorption experiments to date
employ XUV pulses from table-top HHG sources, whose
intensity is relatively low for enabling perturbative treat-
ments. However, modifying the resonant spectral features
directly with a single intense driving pulse is possible in
the near-infrared (NIR) regime [17,18]. Pioneering works
have also proposed the manipulation of autoionization states
with intense short-wavelength fields [19-21], which has been
demonstrated recently with the employment of state-of-the-
art free-electron lasers (FELs) [22]. However, the underlying
mechanism for the distortion of the absorption line shapes
[22,23] is not unique to multielectron resonances but general
for any transitions. The present work focuses on the funda-
mental resonant interaction of broadband laser pulses with a
two-level system, which embodies a simplification of many
physical processes. Modulations of the natural absorption line
shape are evaluated with respect to a series of pulse param-
eters, which are further elucidated by an analytical analysis.
It is noteworthy to mention that the employed laser field is
sufficiently intense to transfer a substantial fraction of pop-
ulation between the states, which necessitates a treatment
beyond the perturbation theory. The ponderomotive shift and
the adiabatic RWA model mentioned above also fail to capture
the strong-field dressing effects as clarified below. The direct
manipulation of atomic excitation with intense XUV laser
fields is complementary to recent attosecond transient absorp-
tion studies treating XUV excitation perturbatively, marking
a different way to control electronic dynamics at short wave-
lengths.

II. METHOD

Our primary interest is to determine the disturbance of
atomic energy levels by an intense driving field, and the result-
ing absorption line-shape changes. Thereby, the description
of the quantum system in terms of a wave function is more
favorable compared with the density-matrix formalism. We
first outline the numerical method for treating the dynamical
evolution of a two-level system subjected to an intense laser
field. By expanding the wave packet in terms of the field-free
states |W(1)) = c;(t)e 1) + cp(t)e™>'~T1/2|2), the varia-
tion of the system to the external field is directly encoded in
the state coefficients c; (¢) and ¢, (¢), which could be computed
by solving the time-dependent Schrodinger equation formu-
lated as

ic1(1) = —pE@)e =5 e (1), (1a)
ic)(t) = —pE@)E 3 ey (1), (1b)

Here, 1 denotes the dipole matrix element and w, = w, — w;
is the transition frequency. The electric field is expressed as
E(t) = F(t)e™" + c.c., where F(t) represents the envelope
and wy the central frequency. The RWA can be further applied
to simplify these differential equations, but we opt for a nu-
merical procedure without it so as to be more accurate, which
serves as the baseline for the latter analysis. The single-atom
dipole moment can be written as

d(t) = pei ()3 (e 2t cc. )

A complete theoretical description of the optical ab-
sorbance requires solving the Maxwell wave equation to
account for pulse reshaping during propagation through the
medium. However, when the target sample is only moder-
ately dense, a full consideration yields similar results with
the single-atom calculation, only scaled by the target density
[24]. The suppression of propagation effects is beneficial for
directly extracting the microscopic response from the absorp-
tion spectrum, which is solid to be computed by [6]

A(w) x —wIm[d(w)/E(w)], 3)

with d(w) and E(w) denoting the Fourier transform of
the dipole response and the electric field for positive fre-
quencies, respectively. Our Fourier transform convention is
d(w) = (1/3/2m) [*_ d(t)e ™ dt.

The asymmetry of the resonant line shape within the ab-
sorption A(w) is quantified by fitting the Fano profile

(q+e)

A =
(€)=a 1+ €2

+b “)
with the Fano asymmetry parameter ¢ and the reduced energy
€(w) =2(w — w,)/T. a and b are fitting parameters for the
amplitude and offset, respectively, which are trivial in our dis-
cussions. The dipole phase offset is related to the asymmetry
parameter by ¢; = 2 arg(g — i) and in turn g = — cot(¢,/2)
[3].

In the temporal domain, the dipole moment consists of two
parts: the response during the driving pulse and the ensuing
free decay of coherence after the pulse ends. Provided that
the decay time of the resonance is much longer than the
pulse duration, the main contribution comes from the second
process, and the dynamic phase shift accumulated during the
interaction can be regarded as an imposed global phase offset.
In the limit of perturbative excitation, the dipole emission is
7 phase shifted with respect to the excitation pulse. The two
fields interfere destructively and result in a spectral hole at
resonant energy, which manifests as a symmetric Lorentzian
profile in the absorption spectrum. When the electronic wave
packet is altered during the interaction, a Fano-like dispersive
line shape arises, and the field-induced phase changes of the
state coefficients can be quantified through the asymmetry
change of the absorption profile.

A. General solution for resonant case

When the carrier frequency of the excitation pulse ex-
actly matches the transition frequency, the coupled differential
equations (1) can be simplified with the aid of RWA. After
disregarding the counter-rotating terms and the decay term as
the duration of the laser pulse is much shorter than the decay
time of the excited state, we arrive at the following concise
forms:

ic1(t) = =3 Q)2 (1), (5a)
i>(1) = —3Q0)e1 (1), (5b)

The Rabi frequency €2(¢r) = 2uF (t) appearing here is taken
to be real valued. With initial conditions of ¢1(0) = 1 and
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¢2(0) = 0, analytical solutions of Egs. (5) for ¢ > 0 are quite
straightforward,

c1(t) = cos [@], (6a)
2
cy(t) = isin [?} (6b)

where 0(t) = fioo Q(t")dt’ denotes the dimensionless time-
dependent XUV pulse area. These equations directly show
that the evolution of the state coefficients turns out to be inde-
pendent on the details of the pulse shape, but rather depends
solely on its integral. In addition, c; is real valued while ¢,
is imaginary. Their phase jumps by 7 when the trigonometric
function changes its sign but otherwise remains constant.

B. Solution for near-resonant case driven
by a rectangular pulse

When nonzero detuning A = wyg — w, occurs, there is no
general analytical solution for the coupled equations. Ap-
proximate analytical solutions are only available for certain
specific cases. Nevertheless, they contain physical insights
into the evolution of the wave packets. A textbook exam-
ple is the interaction with a near-resonant monochromatic
pulse [25]. Based on the formulas, we will show below
that the analytical predictions driven by a rectangular pulse,
whose amplitude is constant within its duration, prove to be
surprisingly accurate for reproducing the numerical calcu-
lations computed with a Gaussian driving pulse. Given the
initial condition that all population stays in the ground state,
the time-dependent coefficients for 7 > ¢ > 0 when exposed
to a rectangular pulse of duration 7 with a step turn-on at
t = 0 are obtained as

4 Qt in . S

ci(t) = e’A’/z(cos > - lﬁ sin 7), (7a)
Q. Q1

o (t) = iﬁe%’/z sin ER (7b)

The population of the states oscillates at a frequency
Q = +/Q2 4+ A? termed as the generalized Rabi frequency.
In terms of dressed energies, these expressions can be further
written as

Q—A - Q+A -
_ i(Q+A)/2 —i(Q—A)/2
ci(t) = ——e¢ + —=€ N 8a
1 (1) 5 25 (8a)
Q .- Q-
_ i(Q—A)/2 —i(Q+A)/2
t _— - T~ . 8b
oo (t) 5¢ 5¢ (8b)

We note that these equations for the resonant case of A =0
are equivalent to Egs. (6) when the Rabi frequency is constant.
From the structure of the above expressions, two sideband fre-
quencies are present around each field-free energy when the
driving pulse turns on. The ground state contains frequencies
(—A £+ Q)/2, and the excited state (wo & €2)/2 with equal
strength. If the transition is probed by a weak laser from
a third level across any of the two states, then the splitting
of the energy levels can be measured, which is commonly
referred to as the Autler-Townes effect [26]. When the system
is subject to steady illumination, a Mollow triplet appears in
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FIG. 1. Normalized absorption line shapes calculated numeri-
cally (magenta solid lines) with a Gaussian pulse centered at 21.0 eV
(A = —0.2 eV) for peak intensities of (a) 0.1 x 10'> W/cm? and
(b) 35 x 10'> W/cm?. Fitting of them (blue dashed lines) reveals
the asymmetry parameter and corresponding dipole phase shift. Time
evolution of the (c) phase shifts and (d) populations of the ground and
excited states with the same laser parameters as in (b). The labeled
values denote the phase shifts after the interaction.

the fluorescence spectrum [27]. The phase difference between
the state coefficients when the pulse ends is expressed as

Ag = arg[ex(T)ci(T)]
—iAT| ;o & A &
= arg {e |:l sin QT — 5(1 — COos QT):| } )]

Subtracting its counterpart in the weak-field limit (Q — A)
directly yields the phase shift induced by the interaction,
which translates into the change of absorption line shapes.

III. RESULTS AND DISCUSSIONS

A. Analysis of the spectral modification

Our simulations are exemplified by the isolated excitation
and transient modification of the 1s*> to 1s2p transition of
helium, whose spectral signature has been extensively in-
vestigated in recent attosecond transient absorption studies
[10-13,15,24,28,29]. Furthermore, as the lowest excitation
state of helium, the 2p electron is far from being regarded as
free to employ the ponderomotive energy shift. The ground-
state energy w; is taken as zero, and the field-free energy of
the excited state w, is 21.2 eV. The dipole matrix element u
is 0.4, and a decay time 1/T" of 120 fs is assumed. For the nu-
merical results shown below, we use Gaussian driving pulses
of t = 5 fs full width at half maximum (FWHM) duration for
demonstration unless otherwise specified. In our calculations,
the pulse area 6§ of 0—1.57 is chosen to induce notable Rabi os-
cillations between the states, while the laser field (maximum
peak intensity of 50 x 10'> W /cm?) is not too strong to ionize
the upper state so that the two-level consideration retains.

Figures 1(a) and 1(b) show the absorption profiles driven
by a single XUV pulse with a carrier frequency of 21.0 eV
for two typical pulse intensities. The absorption line shape
remains Lorentzian when the pulse is relatively weak in
Fig. 1(a), and the fitting quantifies a negligible dipole phase
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FIG. 2. Dipole phase shifts retrieved from fitting the numerical
absorption line shapes as a function of laser intensity for different
detunings.

shift. By contrast, the stronger pulse induces a remarkable
spectral modification, and an asymmetric Fano-like profile
is exhibited in Fig. 1(b). For the latter case, we plot the
phase evolution of the state coefficients ¢;(¢) = arg[c;(¢)] in
Fig. 1(c), which may be further related to the transient energy
shift of the states during the interaction. The trivial phase evo-
lution when driven by a very weak field has been subtracted,
and the results directly represent the phase excursion induced
by the external field. The extracted dipole phase shift ¢,
through fitting the line shape agrees well with the calculated
value ¢, — ¢, after interaction with the pulse, confirming that
the modification of the absorption line shape indeed originates
from the field dressing of the states. The initial accumulation
of the phase shifts arising from the finite pulse duration pre-
vents us from achieving better agreement, which depends on
the details of excitation and is not captured with the single
asymmetry parameter ¢ of the line shape (or equivalent global
phase offset ¢). The significant modification of the absorp-
tion line shape is accompanied by a remarkable population
transfer between the states, which is presented in Fig. 1(d).
This observation clearly evidences the necessity of going be-
yond the weak-excitation scenario, and approaches based on
the perturbation theory are inherently inapplicable.

After connecting the spectral line-shape change to the
phase shifts of the states, we proceed to explore these phe-
nomena in more general cases by varying the key parameters
of the driving XUV field. Figure 2 shows the extracted dipole
phase offset ¢, as a function of pulse intensity with detunings
ranging from —0.3 to 0.3 eV. For resonant driving pulse,
the phase shift remains zero before experiencing an abrupt
jump to —r at a critical intensity, corresponding to a spectral
line shape change from Lorentzian to inverted Lorentzian;
this novel phase jump stays concealed with the insufficient
pulse intensity employed in Ref. [23]; the —m phase per-
sists as the intensity further grows. By contrast, these values
for near-resonant cases evolve monotonically with increasing
laser intensity. The phase shifts for negative and positive
detuning with an identical amount share approximately the
same amplitude but with opposite signs (positive phase shift
for blue detuning and negative for red detuning), and larger
detuning from the resonance generally induces a smaller
degree of shifts.
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FIG. 3. Retrieved dipole phase shifts as a function of detuning
for fixed laser intensities.

Figure 3 presents how the extracted dipole phase shift
evolves with varying detuning for four representative pulse
intensities. As expected, the weak laser pulse barely modifies
the state coefficients and hence the absorption line shape,
appearing as a zero phase shift across the detuning range. For a
higher pulse intensity, the phase evolves smoothly and crosses
zero at the resonant position, while the induced modification
is still moderate. When the driving pulse is even more intense,
inverse-proportional-function-like curves are exhibited. The
phase declines gradually to —m as detuning increases from
negative to zero, and a steady decrease from 7 follows with
increasing positive detuning.

These observations can be understood with the aid of the
analytical formulas given above. Each state transforms into
two dressed states when the driving pulse is on. In XUV-NIR
transient-absorption scenario, the NIR pulse strongly couples
a two-level system, which is probed by the XUV pulse; the
stronger part in Eq. 8(a) accounts for the Stark-shifted bright
state, while the weak part explains the appearance of a light-
induced state. By virtue of the adiabatic RWA model, the
phase gain calculated from the energy difference between the
dressed state and the bare state works well for capturing the
line-shape changes of the bright state in transient-absorption
spectra [12]. Nevertheless, directly employing it in the present
case is impractical as the transient splitting occurs on a
timescale considerably shorter than the ensuing free decay,
and no spectral shift and splitting manifest in the absorption
spectrum as a result of the Fourier transform. It has also been
pointed out before, implicitly or explicitly, that the estimation
of the light-induced energy shift via the generalized Rabi
frequency breaks down when driven by ultrashort laser fields
[22,23]. This becomes clear as each term on the right-hand
side of Eqs. (8) is unable to fully account for the phase
change of the corresponding state coefficients, and the dipole
phase shift resulting from the whole contribution should be
evaluated through Eq. (9). The phase evolution for the on-
resonance condition becomes much more intuitive with the
help of Egs. (6) general for any pulse shape. The ground-state
coefficient changes its phase by 7 (i.e., its amplitude changes
sign) when the pulse area crosses m with increasing pulse
intensity, and remains constant for other cases. By contrast,
the phase of the excited state coefficient stays unchanged for
the employed pulse area range of 0—1.57. Equations (6) also
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FIG. 4. Dipole phase shifts (a) retrieved from numerical spectra using a Gaussian driving pulse and (b) calculated analytically with a
rectangular pulse. In the calculation, the pulse area of the rectangular pulse is chosen to be identical to that of the Gaussian pulse. To enable
comparison, the intensity at which the pulse area equals 7 is indicated with dashed lines.

imply that the phase change of the coefficient from O to &
occurs instantaneously in the time domain, which has been
validated by numerical calculation with RWA (not shown).
This observation indicates that the returning electrons to the
ground state after completing half a Rabi cycle carry an addi-
tional phase of 7, and the picture of the transient energy shift
breaks down. The result without RWA assumes a short rise
time, proving the deviation stems from the dropped counter-
rotating terms in the original differential equations (1). The
dipole phase shifts resulting from the analytical model for
the detuning range are shown in Fig. 4 together with the
values retrieved from the numerical absorption spectra. In our
analytical calculation, the amplitude of the electric field is
chosen to match the peak electric field of the Gaussian pulse
in the numerical calculation while keeping an identical pulse
area, yielding a rectangular pulse duration 7 = 74/ /(21n 2).
A heartlike (or fountainlike) overall profile is exhibited, which
is symmetric around the resonant position. The analytical
predictions accord closely with the extracted results, serving
as a quantitative guide to how the laser-induced phase and the
resulting absorption profile evolve with varying driving pulse
intensity and central frequency.

B. Effect of laser duration

As mentioned, all results discussed so far have been cal-
culated with a relatively short pulse duration. In addition to
the intensity and central frequency, the pulse duration is an-
other important factor of the driving pulse that merits careful
consideration. Below we intend to show the robustness of the
analytical model against the variation of the driving pulse
duration. In Fig. 5(a), we compare the dipole phase shifts
obtained by numerical and analytical calculations, and by
fitting the numerical absorption line shapes as a function of
input Gaussian pulse duration. Considering the narrow spec-

tral bandwidth for even longer laser pulses, the pulse duration
is chosen up to 10 fs. For a fixed peak pulse intensity, a
longer pulse duration corresponds to a larger pulse area. The
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FIG. 5. (a) The dipole phase shifts calculated analytically and
numerically, and extracted from the numerical absorption spectra
with varying pulse duration. The pulse intensity and central photon
energy of the driving laser are fixed at 35 x 10'> W/cm? and 21.1 eV,
respectively. (b), (d) Numerical absorption line shapes (magenta
solid lines) and fitting of them (blue dashed lines) for the case of
5 and 10 fs pulse duration. The corresponding electric fields (magni-
tude) in the frequency domain are shown in (c) and (e).

043113-5



YU HE et al.

PHYSICAL REVIEW A 105, 043113 (2022)

magnitude of the dipole phase shift rises initially as the pulse
duration increases, showing a similar trend with increasing
intensity as shown in Fig. 2. Further increases of the duration
witness an abrupt phase change of . Taking a closer look at
Eq. 7(a), one can easily conclude that the excited state coef-
ficient changes its phase sharply by = when the generalized
pulse area Qr exceeds the critical value of 27, corresponding
to a rectangular pulse duration 7' = 11.55 fs for the employed
laser parameters and a Gaussian pulse duration t of 7.67 fs,
in excellent accord with our observation. The general agree-
ment with the numerical calculations over the pulse duration
range validates again the efficiency of the analytical model,
addressing the influence of strong laser fields to the energy
states and the pulse aftermath in the absorption spectrum.
It is worth mentioning that when the driving pulse is rather
long, its electric field in the frequency domain differs consid-
erably in the vicinity of the resonance owing to the narrow
bandwidth. The spectral characteristic resulting from Eq. (3)
deviates from the well-defined Fano-like profile, especially in
the wings, making the extracted phase shift less accurate.

C. Effect of chirp

Until now only the dynamics driven by Fourier transform-
limited laser pulses has been considered. However, the chirp
characteristic of the laser pulse, either intrinsic due to the
nonlinear generation process or acquired in the course of
passing through the optical path, is difficult to eliminate and
will affect the light-matter interaction [30-32]. Finally, we
briefly consider the simplest case of a linearly chirped driving
pulse, i.e.,

E(t) = F(1)e ™+ ¢ c.c. (10)

The instantaneous frequency of the laser pulse is related to
the chirp rate ¢ by w = wg + ct. We restrict our discussion
to laser pulses with a central frequency wy exactly match the
transition frequency w,, such that the red- and blue-detuned
parts are symmetrically located around the pulse center with
equal strength. Figure 6 presents the dipole phase shifts ex-
tracted from numerical absorption line shapes for a fixed pulse
duration of 5 fs and a set of chirp parameters. Recalling
our above conclusion that the red- and blue-detuned pulses
with an equal detuning amount induce the same amplitude
of the dipole phase shift but with reverse signs, and taking
the chirped laser pulse as a series of “chirp-free” subpulses
in time with varying carrier frequency, a phenomenological
understanding of the process is present. When the driving
pulse is weak that the depopulation of the ground state is
slight, the phase excursion induced by the red-detuned part
counteracts that of the blue-detuned part, making no net phase
shift left after the interaction. The increase of the amplitude
of the dipole phase with intensity implies the deviation from
the approximation. The chirp-free subpulses interact with the
atoms sequentially in the time domain and face different initial
conditions, making the involved dynamics more complicated
than the simple analysis. Nevertheless, the induced dipole
modifications in most cases are largely suppressed compared
with the chirp-free excitation case as shown before in Fig. 2.
Further rises of the pulse intensity witness a sharp dipole
phase step of around & for small chirp rates, which may be
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FIG. 6. (a) The extracted dipole phase as a function of pulse
intensity for a set of chirp parameters. (b) Example of the evolution
of a chirped electric field and its instantaneous frequency with time.

linked to the higher contribution of small-detuned frequency
parts contained in the driving pulse. Such a manipulation
scenario should be experimentally feasible, as chirped XUV
pulses are routinely produced through the high-harmonic gen-
eration [33], or the FEL generation process when aiming at a
broad photon bandwidth [32].

IV. CONCLUSIONS

In summary, the direct manipulation of bound-state dy-
namics with intense XUV fields has been demonstrated.
The asymmetry change of the absorption profile encodes
field-induced phase shifts of the dipole oscillation and the
associated states. The dipole phase offset reveals an abrupt
change when the (generalized) pulse area meets certain con-
ditions. Our results validate that the analytical model captures
much of the line-shape dynamics, in terms of the phase ex-
cursion of the involved state coefficients, allowing one to
make a quick estimation of the laser modification from given
pulse parameters by using Eq. (9). To facilitate the extraction
of dynamics and enable better agreement with the analytical
model, the utilization of broadband driving pulses with a
temporal duration much shorter than the lifetime of the reso-
nance is favorable. The presented scheme is generally relevant
for accessing and controlling electronic dynamics at short
wavelengths, which circumvents the need for another pulse,
as commonly done in transient absorption studies. Further
manipulation of the dynamics could be afforded by chang-
ing the atomic density, which goes beyond the single-atom
approximation. The extension of the present work to involve
more energy levels is potentially valuable for more realistic
cases, albeit with a scaling in complexity.
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