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Based on numerical solutions of the time-dependent Schrédinger equation, we theoretically investigate the photoelec-
tron spectrum of hydrogen atoms ionized by a pair of ultrashort, intense, and orthogonally polarized laser pulses with a
relative time delay in a pump—probe configuration. The pump pulse resonantly excites electrons from the 1s and 2p levels,
inducing Rabi oscillations. The resulting dynamically enhanced Autler—Townes (AT) splitting is observed in the photo-
electron energy spectrum upon interaction with the second probe pulse. In contrast to the previous parallel-polarization
scheme, the proposed orthogonal-polarization configuration enables the resolution of dynamically enhanced AT splitting

over a considerably wider range of probe photon energies.
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1. Introduction

Rabi oscillations, ' i.e., periodic modulation of popula-

tions in a two-level system, find a large number of applications
8,91

14]

in various physical systems including ultracold atoms,!
Rydberg atoms, '% molecules,!' =131 metal nanostructures,

(151 and quantum dots,['®! for a

Josephson-junction circuits,
wide range of frequencies from radiofrequencies to the ul-
traviolet. Recently, Rabi oscillations have also been ob-
served in the extreme ultraviolet (XUV) regime,!!”!8] en-
abled by the development of the coherent high-intensity XUV
pulse sources.![!%?? The real-time observation of the Rabi

oscillations has been realized by detecting the resonance
11,16 23]

14]

fluorescence, ! ! the state-dependent refractive index,!

the birefringence,**! the differential reflectivity spectra,!

and the photoelectron spectra.[2>-26]

[27] the Rabi oscillations induced by

In the Floquet theory,
a periodic driving field can result in the energy level split-
ting in the two-level system, which is referred to as Autler—
Townes (AT) splitting.?8) One important application of the
AT splitting is the electromagnetically induced transparency
(EIT), which has been utilized to laser cooling the long strings
of atoms?°! and to slow pulses.[*°! EIT in the XUV regime has
been realized by multicolor, multiphoton XUV+IR ionization
of helium. 3!l AT splitting has been identified in a large vari-

ety of settings>~ including multi-photon ionization, 38401

[4142] and even in the absence of popula-

double ionization,
tion oscillation of the initial ground state when an ionic core
transition is resonantly driven.[*3#4! Recent findings have un-

veiled that the interplay between non-resonant two-photon

fCorresponding author. E-mail: jiang.wei.chao@szu.edu.cn
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processes and resonant one-photon processes plays a pivotal
role in generating asymmetry within the AT doublet observed
in photoelectron spectra.[*>40] The asymmetry of the AT split-
ting can also be influenced by the energy-dependent bound-
free transition dipoles,*’! the AC Stark shifts of atomic en-

48491 and the relative phase of the driving laser

ergy levels,|
fields.[%

The AT splitting in the photoelectron spectra is typically
characterized by the generalized Rabi frequency, denoted as
W = VQ2 + Aw?, where Ao represents the detuning of the
field relative to the energy difference of the two-level system,
and € is the resonant Rabi frequency. The resonant Rabi fre-
quency £ is directly proportional to the electric field ampli-
tude Fy and the dipole transition matrix element between the
involved levels. In the pump—probe scheme, where the pho-
toelectron is ionized by an ultrashort probe pulse, we observe
dynamically enhanced AT splitting, as reported in Ref. [51].
For the dynamically enhanced AT splitting, the energy spac-
ing is not only determined by the Rabi frequency but also in-
fluenced by the spectral width of the probe laser pulse. Con-
sequently, a much larger peak splitting is predicted compared
to the standard AT splitting. In the previous study,!! two
parallel-polarized XUV pulses are selected as the pump and
the probe, respectively. In this configuration, the energies of
the photoelectrons from solely absorbing the pump photons
may overlap with those from the probe photons. To differ-
entiate the probe signals from the pump signals, careful se-
lection of the probe photon energy is essential in the parallel-
polarization configuration.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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In this study, we illustrate the circumvention of restric-
tions on the probe photon energy imposed by the parallel-
polarization configuration through the utilization of two or-
thogonally polarized pump—probe XUV fields.>>=°! Photo-
electrons originating from both the pump and probe pulses
are predominantly ejected along the polarization directions of
each pulse, resulting in emission along two orthogonal di-
rections. Our data collection focuses on the photoelectrons
along the polarization direction of the probe pulse, where sig-
nals from the pump pulse are negligible. Consequently, the
presence of photoelectrons from the pump pulse does not sig-
nificantly interfere with those from the probe pulse, allowing
for the observation of dynamically enhanced AT splitting in a
wider photon energy region. For simplicity, hydrogen is cho-
sen as the target atom. The photon energy of the pump pulse
is fixed at 0.375 a.u. to resonantly excite Rabi oscillations be-
tween the ground 1s state and the excited 2p state. Photo-
electron spectra are obtained by numerically solving the time-
dependent Schrodinger equation (TDSE) in its full dimen-
sionality. Results from the orthogonal-polarization configu-
ration are compared with those from the parallel-polarization
configuration at various probe photon energies. Our findings
conclusively demonstrate the superiority of the orthogonal-
polarization configuration in observing dynamically enhanced
AT splitting compared to the parallel-polarization configura-
tion.

This paper is organized as follows. In Section 2, we
briefly introduce the numerical methods of the TDSE and re-
view the physical mechanism of the dynamically enhanced AT
splitting. In Section 3, we compare the results of orthogonal
and parallel polarization configurations in varying the photon
energies, time delays of the two XUV pulses, the bandwidth of
the probe pulse, and the Rabi frequency. Finally, in Section 4
we present our conclusions.

Atomic units are used throughout this paper unless ex-
plicitly stated.

2. Theory
2.1. Numerical solutions of the TDSE

The wave function of the electron in external fields is de-
scribed by the following TDSE:

i%wu@:[f¥+vmfuwyﬂwwﬁ,(u
where V(r) = —1/r is the Coulomb potential, and A(z) is the
laser vector potential. In Eq. (1), the electron—laser interaction
is given in the velocity gauge.

In our calculations, the laser pulses propagate along y-
axis and are polarized in the xz plane. The linearly polarized
vector potential of either the pump (i = 1) or the probe pulse

(i =2) can be expressed as
Ai(r) = Aoifi(1) sin(wit)[cos(6;)e; +sin(6))e.],  (2)

where Ap; is the amplitude of the vector potential, @; is the
photon energy, and 6; is the angle between the polarization
direction and the positive z-axis. The electric field E(¢) is re-
lated to the vector potential A(¢) by E(r) = —dA/dzt. In the
parallel-polarization configuration, both the pump pulse and
the probe pulse are polarized along the z-axis (0; = 6, = 0).
In the orthogonal-polarization configuration, the polarization
direction of the pump pulse is along the z-axis (0; = 0), while
the probe pulse is along the x-axis (6, = 7/2).

The envelope of the pump pulse is described by a sin-
squared (S) function, and the envelope of the probe pulse is
described by either a sin-squared or a Gaussian (G) function.
The sin-squared envelope is given by

{sin2 [Zrid 2], no- T <o <no+ B,
fi s (l) _ Tis 2 ) 2 2
0, elsewhere,

3)

where #; ¢ is the center of the pulse, and T; 5 is the total duration
of the sin-squared pulse envelope which is related to the full
width at half-maximum (FWHM) duration 7; s = 2.747T; pwum-
The time delay T between the pump and the probe pulses is
given by T =1t — 1. The Gaussian envelope is explicitly
written as

(t— ti7c)2}

2
i,FWHM

fic(t)=exp|—2In2 4
We expand the wave function ¥ (r,¢) to the spherical har-
monics |Im),

w() =Y Y Bl ®
=om=—1 T

where Ry,,(r, 1) is the radial part of the wave function, which is
further discretized utilizing the finite-element discrete variable
representation (FE-DVR).[®0-62] In the parallel-polarization
configuration, only m = 0 is relevant due to the cylindrical
symmetry of the system. However, the cylindrical symmetry
is broken in the orthogonal-polarization configuration, requir-
ing the inclusion of the nonzero magnetic quantum number m.
We employ the split-Lanczos propagator!®!:63-631 to solve the
time evolution of the wave function.

2.2. Dynamically enhanced AT splitting

The physical mechanism leading to the dynamically en-
hanced AT splitting has been discussed in detail in Ref. [51].
Here we briefly review the formulas describing the dynami-
cally enhanced AT splitting. The dynamical AT splitting can
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be observed in the photoelectron energy spectrum of absorb-
ing one probe photon from the pump-pulse dressed atom. The
photoionization probability by the probe pulse is given by

P(E;7) = |d(E) / diar (DAs(t — D)= 2. (6)

Here, A, is the time-dependent vector potential of the probe
pulse whose temporal center is located at = 7, while the cen-
ter of the pump pulse is at = 0. The dipole matrix element
d(E), which represents the transition between the ground state
Y and the continuum state ¥ with energy E, is defined as
dE)= ('{’E|a% |¥s) for a parallel pump—probe configuration,
and as d(E) = (‘I’E|%|‘P13) for an orthogonal pump-probe
configuration. In Ref. [51], the ejection angle of the photo-
electron has been integrated. It is worth noting that in real ex-
perimental setups, electron spectrometers typically either fea-
ture a finite acceptance angle or employ angular integration
for momentum-resolved systems (e.g., velocity map imag-
ing).
be collected, potentially introducing a source of discrepancy

Consequently, pump-related photoelectrons will also

between TDSE calculations and experiments. In this study,
we restrict the ejection direction along the polarization direc-
tion of the probe pulse to avoid the disturbing from the pump
signal. Here @z = E + I, is the energy separation between
the ground and the continuum states with ionization potential
I,=05au

The important term a;5(¢) in Eq. (6) is the time-dependent
amplitude of the ground state. In the absence of the strong
pump pulse and for the weak probe pulse in the perturba-
tive ionization regime, the ground state amplitude stays con-
stant, i.e., aijs(f) = 1. The strong coupling of the pump
pulse between the ground and the first excited states leads to
Rabi oscillations of a15(¢). Assuming a pump pulse A;(7) =
Aop,1(¢) cos(; 1) and applying the two-level approximation, the
amplitude a4(¢) is explicitly given in Ref. [66] as

ais(t) = cos(Qrt/2+ ¢), (7

where the phase ¢ depends on the turning-on time of the pump
pulse.

It is exactly the Rabi oscillation of the amplitude a;4(r)
that results in the standard AT splitting in the photoelectron
energy spectrum for significantly long probe pulse. The cor-
respondence of the time variation of a;s(¢) and the spectral
AT splitting can be visualized by rewriting Eq. (7) as aj5(¢) =
1 expli(Qxt/2+¢)] + 1 exp[—i(2:t/2+ ¢)] and inserting it
into Eq. (6),

P(E;7) = ‘L(zE) [ / dr Ap(r — 7) e l(@ert QR /21 0]

. 2
+/th2(t—T)elK“’E"_QR/Z)’_“’q‘ . ®)

In the two time integrals in Eq. (8) the usual energy conserva-
tion condition is modified from @g; — @y = 0 to g, += Q2 /2 —

@, = 0. For a enough long probe pulse whose spectral width
is far smaller than the Rabi frequency Aw, < €, the interfer-
ence of the two time integrals in Eq. (8) is negligible, resulting
in two well-separated peaks with separation 2 in the photo-
electron energy spectra. For the more realistic pump pulse, the
Rabi frequency is not a constant but adiabatically varies as the
envelope of the pump pulse changes,

Qi (1) = Fo,1 f1(1)(2p|z|1s), &)

where Fp; is the peak amplitude of the electric field of the

pump pulse, and (2p|z|1s) = 2535\65 for hydrogen.*” The peak
separation of standard AT splitting equals the effective Rabi
frequency which is smaller than the peak Rabi frequency
Qro = Fo,1 (2plz|1s).

The dynamically enhanced AT splitting, characterized by
a significantly larger peak separation than gg, becomes ob-
servable under the condition of an ultrashort probe pulse with
T, < Ty (Tx = 27/ Q% denoting the Rabi period). This phe-
nomenon manifests when the temporal center of the probe
pulse aligns with the zero point of the amplitude a;s(¢). One
simple temporal interference picture can be utilized to inter-
pret this dynamically enhanced AT splitting. The amplitude
a15(t) undergoes a sign change, implying a phase jump of 7
precisely at the moment of zero population. This phase change
induces destructive interference in the ionization amplitude,
resulting in the suppression of ionization probability. For a
Gaussian envelope probe pulse, the peak separation can be ef-
fectively approximated, as detailed in Ref. [51].

AE = Oy +2|3E(y) (10)

with 0E given by

[1+In(2)]y+2In(2)y*
4747 £ 2In(2)y+41In(2)y? — 1

SE(7) = —Aw , (D

in which Y= Qg /Aw,. The Rabi frequency €2 takes the value
corresponding to the instantaneous intensity of the pump pulse
at the time r = 7, where the center of the probe pulse is local-
ized.

3. Results and discussion

The dependence of the photoelectron energy spectra on
the probe photon energy is compared for both parallel and or-
thogonal pump—probe configurations in Fig. 1. Given that the
parameters of the pump pulse are fixed and the probe pulse
is relatively weak, the Rabi oscillations between the ground
Is state and the excited 2p state are nearly identical for all
probe energies @, in both parallel and orthogonal configura-
tions. The photoelectron signals resulting from purely absorb-
ing pump photons exhibit negligible variation with changes
in the probe photon energy @,. The most dominant signal,
occurring around E = 2@, — I, = 0.25 a.u., arises from the
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absorption of two pump photons in both parallel and orthog-
onal configurations. Signals corresponding to the absorption
of three pump photons around E = 3w — I, = 0.625 a.u., four
pump photons around E = 4@; — I, = 1 a.u., and five pump
photons around E = 5@, — I, = 1.375 a.u. are clearly visible
in the parallel configuration. However, these high-order sig-
nals, especially those with odd parity such as the three- and
five-photon signals, are noticeably suppressed in the orthogo-
nal configuration. The cylindrical symmetry and the odd parity
of the wave function imply that y(0) = —y/(m — 6), resulting
in zero value of the wave function at angle & = 7 /2. For even
parity of the wave function, the ejection probability at 6 = 77/2
is generally nonzero. Standard AT splitting is distinctly ob-
served in all channels associated with purely absorbing pump
photons.

In Fig. 1, we set the center of the probe pulse at 7 =
74.8 a.u. to coincide with the zero population of the ground
state. Consequently, we anticipate dynamically enhanced AT
splitting in the signal corresponding to absorbing one probe
photon around E = @, — I,. Notably different from the sig-
nals originating from purely absorbing pump photons, the pho-
toelectron energy E associated with probe-photon absorption
exhibits a linear increase with the probe photon energy ;. In
the parallel configuration, higher-order photoelectron signals

E = o = Nwy — I, (where N is a positive integer) resulting
from the absorption of a probe photon and simultaneously ab-
sorbing (+) or emitting (—) N pump photons are clearly identi-
fiable. However, in the orthogonal configuration, most of these
higher-order signals are rendered invisible due to the suppres-
sion of those signals involving the absorption or emission of
pump photons. This significant suppression proves highly ad-
vantageous in resolving the dynamically enhanced AT splitting
in the orthogonal configuration.

1.2
wsy (a.u.)

1.2
wsy (a.u.)

Fig. 1. Photoelectron energy spectra (TDSE) of hydrogen along the po-
larization direction as a function of the probe photon energy for both
parallel (a) and orthogonal (b) pump—probe configurations. Both the
pump and probe pulses have a sin-squared envelope shape. The intensi-
ties of the pump and the probe pulses are 0.1 PW/cm? and 0.05 PW/cm?,
respectively. The FWHM duration of the pump and the probe pulses are
5.9 fs and 630 as, respectively. For such a pump laser pulse, the atom
undergoes about 2 Rabi cycles. The time delay between the two pulses
is T = 74.8 a.u. Vertical white dashed lines mark the cut at probe light
photon energies 1.125 a.u., 1.2125 a.u., and 1.3 a.u., as shown in Fig. 2.

T T T T T T T T T T T T
1091-(al) Parallel —— Pump-+probeT

Pump 1r

[wo=1.125a.u.

% |

10-81

1010 I L SRS I I I I L

T

r(a2) wp=1.2125a.u. 11 (a3) wy=1.3a.u. 1

T T T T T T T T T T T T T T

109 F(b1) Orthogonal B

1 1 1 1 1 1 ! 1

10-10

1

1 (\ 1 : 1 1 1 1 1 1 1

, .
0.405060708091.01.11.2
E (a.u.)

.-l 1 1
0.40.50.60
E (a.u.)

1 1
.70.809101.11.2

o 1
0.405060708091.01.11.2
E (a.u.)

Fig. 2. Photoelectron energy spectra (TDSE, cuts are made along the white dashed lines of Fig. 1, red solid line) for three probe photon
energies @y = 1.125 a.u. (first column), 1.2125 a.u. (second column), and 1.3 a.u. (third column) for both the parallel configuration (first
row) and the orthogonal configuration (second row). In each panel, the spectrum with only the pump pulse present is also shown as a
background reference with black dashed line. The arrow in each panel marks the enhanced AT splitting from absorbing one probe photon.

The photoelectron energy spectra along the probe po-
larization direction at three probe photon energies (@, =
1.125 a.u., 1.2125 a.u., 1.3 a.u.) are presented in Fig. 2. The

spectra in the absence of the probe pulse are also provided

as a background reference. Notably, the photoelectron energy
E = @, — I, resulting from absorbing one probe photon is in
close proximity to the energy E = 3; — I, = 0.625 a.u. as-

sociated with absorbing three pump photons. In the parallel
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configuration, the dynamical AT splitting is unmistakably dis-
cernible only at the probe photon energy w, = 1.3 a.u., and
the interference from the pumping signal makes it challeng-
ing to resolve the anticipated dynamical AT splitting at the
other two probe photon energies. Such difficulties in resolv-
ing the dynamical AT splitting do not manifest in the orthogo-
nal configuration due to the suppression of the pumping pho-
toelectrons with odd parity. In the orthogonal configuration,
the photoelectrons resulting from absorbing one probe photon
are well separated from the signals associated with absorbing
pump photons.

—200 200 —200 200

Time delay 7 (a.u.) Time delay 7 (a.u.)

Fig. 3. Photoelectron energy spectra (TDSE) of hydrogen as a function
of time delay 7 between the pump and the probe pulse for the parallel
[(al), (a2)] and orthogonal configurations [(b1), (b2)] at probe pulse du-
ration (FWHM) of 630 as [(al), (b1)] and 1.7 fs [(a2), (b2)]. Horizontal
white dashed lines indicate the areas used to extract peak separation in
Fig. 4.

0.20 T T T T T T T T y
(a) Parallel

—— TDSE : T pwin = 630 as -
...... TDSE: Ty pwin = 1.7 fs

0.20  (b) Orthogonal ]

30 40 50 60 70 80 90 100 110 120
Time delay 7 (a.u.)

Fig. 4. Extracted peak separation of the (dynamical) AT splitting AE
from Fig. 3 as a function of the time delay 7 in parallel (a) and orthog-
onal (b) configurations.

The dependence of the dynamical AT splitting on the
time delay 7 between the pump and probe pulse is depicted
in Fig. 3. The probe photon energy is selected to be 1.125 a.u.,
where the photoelectron energy resulting from absorbing one
probe photon exactly matches that from absorbing three pump
photons. The interference of these two channels not only
obscures the dynamical AT splitting but also induces high-

frequency oscillations as a function of the time delay 7 in the

parallel configuration [Figs. 3(al) and 3(a2)]. Expected behav-
iors of the dynamical AT splitting are illustrated in Figs. 3(bl)
and 3(b2) for the orthogonal configuration. A single-peak
structure of the probe-pulse-induced signal is observable for
most time delays, with the dynamical AT splitting only ap-
pearing near the zero population of the ground state around
T=74.8au. and —95 a.u.

To extract the peak separation in Fig. 3, we focus on
two energy regions of the photoelectrons, namely (0.525 a.u.,
0.625 a.u.) and (0.625 a.u., 0.725 a.u.), as indicated by the
dashed lines in the figure. In each region, for each delay
value, we identify the energy value corresponding to the max-
imum ionization probability. The peak separation is then de-
termined as the difference between the two searched energy
values within each region. This method ensures the accurate
extraction of the peak separation for the dynamical AT split-
ting in Fig. 4(b) for the orthogonal configuration. However,
the extracted peak separations in Fig. 4(a) for the parallel con-
figuration, obtained using the same procedure, do not align
with the actual dynamical AT splitting. A shorter pulse dura-
tion (630 as) corresponds to a larger peak separation, while a
longer pulse duration (1.7 fs) allows for the observation of the
dynamical AT splitting over a broader range of time delays. In
the long probe pulse limit, the dynamical AT splitting reduces
to the standard AT splitting, which should be observable at all
time delays.

logioE

0.1 0.2

Aws (a.u.)

Fig. 5. Photoelectron energy spectra (TDSE) as a function of probe
spectral width (Am,) for the sin-squared [(al), (b1)] and Gaussian [(a2),
(b2)] envelopes of the probe pulse in the parallel [(al), (a2)] and orthog-
onal [(bl), (b2)] configurations. In both envelope scenarios, the probe
photon energy is 1.125 a.u., with the scanning bandwidth corresponding
to a probe pulse duration ranging from 200 as to 1.7 fs.

The study of dependence on the probe pulse bandwidth
is further explored in Fig. 5. In this analysis, sin-squared
[(al), (b1)] and Gaussian [(a2), (b2)] envelope shapes are em-
ployed for each configuration. For the sin-squared envelope,

the spectral width is defined as Aw, s = 1.44@, /nc, where n
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represents the number of cycles in the total probe pulse dura-
tion 7> 5. For the Gaussian envelope, the probe pulse band-
width is given by Aw; g = 41n2/T5 pwum. It is observed that,
as the probe pulse bandwidth Aw, increases, the peak separa-
tion AE of the dynamical AT splitting also increases, resulting
in a finger-like structure in the E—Aw, spectra. In the sin-
squared pulse shape, noticeable spectral noises are observed,
while the signals of dynamical AT splitting are much cleaner
for the Gaussian pulse shape. The extracted peak separation
AFE as a function of A, is presented in Fig. 6 for the orthogo-
nal configuration, and is compared with the analytical predic-
tion from Eqgs. (10) and (11). The analytical prediction aligns
almost perfectly with the numerical results for the Gaussian-
envelope probe pulse [Fig. 6(b)]. Despite being derived based
on the assumption of a Gaussian pulse envelope, the agree-
ment of the analytical prediction with the numerical data for
the sin-squared pulse envelope is reasonably good [Fig. 6(a)].

T T T T T T T T
0.24 - (a) sin? evolope 3

0.16 [

AEFE (a.u.)

0.08 |-

0.24

AEFE (a.u.)

0.08 1

0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
Aws (a.u.)

Fig. 6. Extracted peak separation AE (TDSE) of the dynamical AT split-
ting as a function of probe spectral width (Am,) for both sin-squared (a)
and Gaussian (b) envelopes of the probe pulse. The analytical estimates
from Egs. (10) and (11) are also presented. The orthogonal configura-
tion is used.

The validity of the analytical Eqgs. (10) and (11) is further
scrutinized in Fig. 7 for different Rabi frequencies g, con-
trolled by the intensity of the pump pulse. As the intensity
of the pump pulse increases and the Rabi frequency varies,
the zero population of the ground state emerges at different
times. Therefore, the time delay 7 between the pump and the
probe pulse is adjusted as the pump pulse intensity increases
to ensure the center of the probe pulse coincides with the time
of near-zero ground-state population. The time of the near-
zero ground-state population is selected as close to the center
of the pump pulse as possible. The Rabi frequency is cal-
culated using the instantaneous intensity of the pump pulse
where the center of the probe pulse is localized. Two Gaussian
probe pulses with different photon energies w, = 1.125 a.u.
and 1.3 au., but the same spectral width Aw, = 0.05 a.u.,
are utilized to induce the dynamical AT splitting. We have
chosen the orthogonal configuration to make the AT splitting
at @y, = 1.125 a.u. resolvable. The extracted peak separation
from the two probe pulses agrees with each other quite well.

In contrast to the standard AT splitting, the peak separation
AFE of the dynamical AT splitting increases nonlinearly with
the Rabi frequency Qr. The analytical estimate aligns well
with the extracted separation AE for Rabi frequencies Qg be-
low 0.08 a.u. As the Rabi frequency QR increases further, the
difference between the analytical estimate and the numerical
results becomes larger. This distinction can be understood as
a consequence of the population depletion from the ground 1s
and excited 2p states, exceeding 35% as the Rabi frequency
QR exceeds 0.08 a.u.
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L 1 1 1 1
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i (a.u.)

Fig. 7. Extracted peak separation AE (TDSE) of the dynamical AT split-
ting as a function of Rabi frequency Qg in the orthogonal configuration.
The probe pulse has a Gaussian envelope, intensity of 10> W/cm?, and
spectral width of 0.05 a.u. Data at two probe photon energies (1.125 a.u.
and 1.3 a.u.) are shown. The analytical estimate from Eqgs. (10) and (11)
is presented. The population depletion of the ground and the first ex-
cited states is given to measure the difference between the analytical
estimate and the numerical results.

4. Conclusion

In summary, we present our theoretical investigation on
the dynamical Autler—Townes (AT) splitting in two distinct
pump—probe configurations: one with parallel polarizations
of the probe and pump pulses, and the other with orthog-
onal polarizations. Accurate numerical results are obtained
through the solution of the time-dependent Schrodinger equa-
tion (TDSE), supplemented by insights from a simplified
model clarifying the underlying physical mechanisms. Our
findings highlight the superior performance of the orthogonal
configuration in resolving the dynamical AT splitting. The ef-
fective suppression of photoelectrons with odd parity, emitted
perpendicular to the polarization of the pump pulse, facilitates
the clear isolation of the intriguing photoelectron signal asso-
ciated with dynamical AT splitting. This separation signifi-
cantly extends the range of probe photon energies suitable for
observing the dynamical AT splitting, as compared to the par-
allel pump—probe configuration. Furthermore, we observe that
population depletion in the two states coupled by the pump
pulse can markedly influence the peak separation of the dy-
namical AT splitting. This effect becomes more pronounced
at higher pump pulse intensities, challenging the accuracy of
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analytical estimates valid primarily at low pump pulse inten-

sities. The present predictions can be verified experimentally
with the help of the free-electron laser (FEL) facilities.
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