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Enhancing Autler-Townes splittings by ultrafast XUV pulses
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We study the photoelectron spectra of hydrogen and helium ionized by intense ultrafast two-color XUV laser
pulses by numerically solving the time-dependent Schrodinger equation. The photon energy of the pump pulse
is tuned to the 1s-2p excitation energy, inducing Rabi oscillations between these bound states and forming
an Autler-Townes (AT) doublet of dressed states. When ionized by a time-delayed ultrafast XUV pulse with
duration shorter than the Rabi oscillation period, we find novel and drastically enhanced AT splittings in the
photoionization spectrum. We identify their origin in terms of the temporal interference of two attosecond wave
packets whose spectral distribution is controlled by the interplay between Rabi frequency and bandwidth of the
probe pulse. These time-dependent features in the spectra can be much larger than the standard AT spacing
induced by the pump pulse alone and can be controlled by the time delay and the duration of the probe pulse.
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One of the most prominent features of strong coupling
between the radiation field and matter are Rabi oscillations
[1-7]. Irradiating a material system with intense radiation
at the resonance frequency between two of its bound states
allows for an efficient and reversible transfer of population
[8-10]. Rabi oscillations have been identified in a large va-
riety of physical systems including ultracold atoms [11,12],
Rydberg atoms [13], molecules [14—16], metal nanostructures
[17], Josephson-junction circuits [18], and quantum dots [19]
and for a wide range of frequencies from radio frequencies
to the ultraviolet. Recently, Rabi oscillations have also been
observed in the extreme ultraviolet (XUV) regime [20,21],
enabled by the development of the coherent high-intensity
XUV pulse sources [22-25]. The real-time observation of the
Rabi oscillations has been realized by detecting the resonance
fluorescence [14,19], the state-dependent index of refraction
[26], the birefringence [27], the differential reflectivity spectra
[17], and the photoelectron spectra [28,29]. Rabi oscillations
of the populations of two bound states are closely connected to
the formation of a doublet of “dressed” quasienergy states sep-
arated by an energy spacing given by the Rabi frequency g,
AE = hQpg. Spectral features of such doublets are referred to
as Autler-Townes (AT) splittings [30]. One important appli-
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cation of the AT splittings is the electromagnetically induced
transparency (EIT),which has been utilized to laser cooling
the long strings of atoms [31] and to slow light [32]. EIT in
the XUV regime has been realized by multicolor, multiphoton
XUV+IR ionization of helium [33]. AT splittings have been
identified in a large variety of settings [34—42] including in
multiphoton ionization [40—42], in double ionization [43,44],
and even in the absence of population oscillation of the initial
ground state when an ionic core transition is resonantly driven
[45.46].

Conventional AT splittings appear for multicycle driving
fields with (near) constant amplitude and duration long com-
pared to the Rabi period Tz = 27 /Q2g, and are well described
by Floquet theory [47]. Here we explore a novel regime of
time-resolved Rabi oscillations resulting in time-dependent
energy spacings accessible by ultrashort XUV pulses. We
consider an intense (10'* W/cm?) pump pulse resonantly
tuned to transition from the ground state to an excited state
(in the following numerical examples to the 1s-2p transitions
of hydrogen and helium) giving rise to Rabi oscillations of
coherent population transfer. We probe the time-resolved pop-
ulation dynamics by an ionizing ultrashort XUV probe pulse
whose duration is shorter than the Rabi period Tz. Remark-
ably, the resulting time-resolved ionization spectrum features
time-delay dependent AT splittings that can considerably ex-
ceed their steady-state counterpart. We identify the origin of
these spectral features observed in our numerical solutions of
the time-dependent Schrédinger equation (TDSE) in terms of
temporal interferences between two attosecond wave packets
which leave a pronounced time-delay dependent mark on the
spectrum. We present a simple analytical model for these
dynamical AT splittings which quantitatively predicts the en-
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hanced energy spacing as a function of the Rabi frequency Qg
and the spectral width Aw of the ultrashort XUV pulse.

The linearly polarized vector potential of either the pump
(i=1) or the probe pulse (i = 2) is expressed as A;(t) =
Ay i fi(t) sin(w;t), where Ap; is the amplitude, w; is the fre-
quency, and f;(¢) is the normalized envelope of the pulse.
The electric field follows from F;(t) = —dA;(t)/dt. The pump
pulse is chosen to be resonant with the ls-2p transition in
atomic units w; = E3, — Ej; (= 0.375 a.u. for hydrogen), its
effective duration controlled by f(¢) to be long compared
to the Rabi period Tg. The frequency of the probe pulse
(wp, = 1.3 a.u.) is chosen to enable direct photoionization of
the ground state to a region of the continuum spectrum well
separated from above-threshold ionization peaks induced by
the pump pulse. The pump pulse generates oscillations with
frequency [41]

Qr(t) = Fo,1 f1(1)(2plz|1s), (1

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

pump pulse, and (2p|z|ls) = 24235«6/5 for hydrogen. For the

pump laser pulse with peak intensity 10'* W/cm?, the max-
imum Rabi frequency Q2 at the peak of the envelope is
estimated to be 0.04 a.u., corresponding to Tz = 3.8 fs. The
pump pulse alone can ionize the hydrogen atom by absorbing
one photon in the dressed 2p state or by (at least) two photons
in the dressed 1s state [Fig. 1(a), left inset]. The pump pulse
thus not only drives coherent population transfer but also in-
duces damping and decoherence into the Rabi flopping. At the
present pump intensities, the two-photon ionization path from
the 1s state is negligible compared to the one-photon path
from the 2p state [48]. The one-photon ionization spectrum
caused by the long pump pulse from the field dressed 2p
state near £ = 0.25 a.u. maps out the standard AT splitting
with AExr = 0.029 a.u., which is slightly smaller than Qg,
as expected for the envelope f;. The replica of the peak-split
spectrum with AEar = 0.03 a.u. can be observed near the
two-photon ATI peak from 2p state near £ = 0.625 a.u.
Novel spectral features appear when the Rabi oscillations
are probed by a time-delayed ultrafast nonresonant XUV
pulse with time delay t whose duration is short compared to
the Rabi period Tk thereby mapping out their temporal dynam-
ics. The probe pulse transfers the population of the ground
state to the continuum by one-photon absorption, producing
photoelectrons at energy around E = 0.8 a.u. [Fig. 1(a)] with
the spectrum displaying a pronounced dependence on t. In
Fig. 1 we have used a cos® envelope of the probe pulse
fo(t) = cos®(wyt /2N) with the number of cycles N varying
between 15 and 40 corresponding to effective pulse durations
between 7, = 630 as and 1.7 fs. Horizontal cuts through the
ionization spectra at E = 0.8 a.u. [Fig. 1(a)], accordingly, map
out the oscillating occupations of the Is level directly ex-
tracted from the TDSE [Fig. 1(b)]. For the present pump pulse,
the population of the ground state oscillates for about two
Rabi cycles with zero population at two points in time around
t = —95 and 74.8 a.u. and with peak population at around
t = —10.4 a.u. For all three probe pulse durations tested, the
photoelectron spectra accurately reproduce the times where
the population reaches its minima and maxima. As expected,
the Rabi oscillations extracted from the shortest probe pulse
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FIG. 1. (a) The delay-dependent photoelectron energy spectra of
hydrogen atom from numerical TDSE calculations. The pump pulse
has peak intensity of 0.1 PW/cm? and duration of T} = 5.9 fs. The
intensity of the ultrashort (7, = 630 as) probe pulse is 0.05 PW /cm?.
Left inset: Standard Autler-Townes (AT) splittings are observed near
E = 0.25 a.u. reached by one-photon ionization of the excited 2p
state, or by two-photon ionization of the ground state, by w; photons
from the pump field. The spectrum near £ = 0.25 a.u. is independent
of the delay time t. Right inset: Observation of the dynamical AT
splitting by absorption of an w, photon from the probe field. The
spectrum features strong variation with 7. (b) The Rabi oscillation
of the ground state extracted from the TDSE calculation by pro-
jecting the wave function to the ground state compared with the
delay-dependent photoelectron signal at £ = 0.8 a.u., as observed
by horizontal cut through (a). (c) Time-resolved spectra [vertical
cuts through (a)] for two different delay times 7 = —10.4 a.u. and
T = 74.8 a.u. displaying a pronounced AT splitting near £ = 0.8 a.u.

is the closest to the full TDSE results. The damping of the
amplitude of the Rabi oscillation originates from the strong
coupling from the bound states to the continuum by the pump
pulse.

Unexpected new spectral features appear as a function of
the time delay between pump and probe [Fig. 1(c)], display-
ing a pronounced splitting of the photoionization peak near
E = 0.8 a.u., identified in the following as dynamically en-
hanced Autler-Townes splittings. A single peak near E = 0.8
a.u. appears when the probe pulse is located around the peak
(r = —10.4 a.u.) of the ground-state population. This peak is,
however, split into a doublet when the probe pulse is located
at the time of the minima in the population (v = 74.8 a.u.).
The size of the splitting AE is strongly dependent on the
delay t and can considerably exceed the expected steady-state
AT splitting (Fig. 2). It is most pronounced for the shortest
probe pulses employed (7> = 630 as) but still clearly visible
for somewhat longer pulses (7, = 1.7 fs) as the probe pulse
duration is still shorter than the Rabi period Tk.

To uncover the origin of the dynamical enhancement of the
AT splitting, we have developed a simplified semianalytical
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FIG. 2. The spacing AE of the dynamical AT splitting as a func-
tion of the time delay 7. The blue horizontal line marks the maximum
Rabi frequency Qg = 0.04 a.u. indicating the size of the standard AT
splitting. The TDSE results are compared with the model results (see
the text). The parameters of the pump pulse are the same as in Fig. 1.
The probe pulse has peak intensity of 0.05 PW /cm?, and duration of
T, = 630 as or 1.7 fs.

model. Our starting point is the expression for the energy-
differential and delay-time dependent ionization probability in
first-order perturbation theory in the weak probe field [49-52]

2

P(E;7)= /dt d(E)a (1)Ay(t — T)e™5 | 2)

where the temporal center of the probe pulse is located at
t=1,dE)= (‘lela%Wls) is the dipole matrix element be-
tween the ground state W, and the continuum state W, and
wg; = E + 1, is the energy separation between the two states
with ionization potential [, = 0.5 a.u. The nonperturbative
influence of the pump pulse is included by the time-dependent
amplitude a,(¢) of the ground state displaying Rabi oscilla-
tions. For probe pulses very short compared to Tg, T, <K T,
Eq. (2) can be simplified to

2

P(E;7) = lays(r) /dtd(E)Az(t)ei“’“’ ; 3

indicating that the delay-time variation of the ionization prob-
ability directly mirrors the oscillation of the ground state
occupation |a;s(t)|%. Equation (3) provides an intuitive expla-
nation for the close agreement between the energy-differential
ionization probability at E = 0.8 a.u. and the TDSE solution
for |ays()|* [Fig. 1(b)].

For a  monochromatic pump pulse A()=
Ap,1(t)cos(wit), the evolution of the amplitude of the
ground state is in two-level approximation [53]

a15(t) = cos(2gt/2), 4

for which the pump pulse is assumed to be turned on at ¢ = 0.
The amplitude a;,(¢) changes the sign, i.e., the a;,(¢) will go
through a phase jump of & at the time of the zero crossing
of the population. This phase jump leads to a destructive
interference in the ionization amplitude and the suppression
of ionization probability even if the ultrashort limit 7, <« Tx
is not yet reached [Fig. 3(a)]. This temporal path interference
is key to the dynamical AT splitting AE observed by an
ultrashort pulse with spectral width Aw o 1/T; [Fig. 3(b)].

According to Eq. (2), the photoelectron spectrum resulting
from the transition at t directly mimics the square of the
Fourier transform of the time dependent signal

At;7) = a (DAL (1 — 7). &)
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FIG. 3. Time domain (a) and spectral domain (b) view of the
ionization path interference resulting in dynamically enhanced AT
splitting.

When the probe pulse is temporally localized near the zero
point of a,(t), the signal A(t;7) in Eq. (5) contains two
time-delayed pulses with opposite signs [Fig. 3(a)] and, thus,
generates two ionization bursts phase shifted relative to one
another by m. The Fourier spectrum of the signal A(t;7),
F(w; 1) = C| [ dtA(t; T)e" |2 shown in Figs. 1(c) and 2
perfectly reproduces the large separation, delay dependence,
and pulse-duration dependence of the dynamical AT splitting
observed in TDSE calculations. The delay dependence and the
pulse-width dependence of the AT splitting can be easily un-
derstood in terms of this temporal interference: only when the
ultrashort probe pulse is near the zero point of the population,
the ionization is split into two time-delayed electron emission
bursts. Indeed, the width of the temporal window in Fig. 2 is
a fraction of the pulse width (~0.875).

For an analytical estimate of the spectral separation of the
two AT peaks, we approximate the ground-state amplitude by
Eq. (4) and express the photoionization probability in terms
of the coherent superposition of the two time-delayed electron
wave packets,

P(E;T) = Yd(E))?
X |F (wg; + Qr/2) + e F(wp; — Qr/2)1%,
(©6)

where [F (w) is the Fourier transform of the probe laser pulse
defined as F(w) = ffooo dtA;(t)e'™ . The two terms in Eq. (6)
can be understood as the electron wave packets emitted from
photon-dressed 1s states with energies E = —1, — Qg/2 and
E = —I, + Qg/2, respectively [Fig. 3(b)]. The peak positions
of the two terms taken separately are located at E = w; — I, —
Qp/2 and E = w; — I, + Qg/2, respectively. However, the
coherent superposition Eq. (6) leads to a peak shift controlled
by the delay t and the spectral width Aw of the probe pulse.
At the Rabi phase Q2gt = 7 where the population of 1s state is
zero, the interference of the two terms is completely destruc-
tive at energy £ = 0.8 a.u. and the peak position is determined
by the difference F(wg; + Qr/2) — F(wg; — Qr/2). Assum-
ing for simplicity a Gaussian pulse with envelope f»(¢) =
exp(—21n2 ;—) F () is explicitly given by

_ Ao’z 8
T Aw\ In2)

F(w)

Y
exp [—2111(2)—(“’Aw“;2) } (7)
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FIG. 4. (a) and (b) The photoelectron spectra as a function of the
spectral width Aw of the probe pulse for two different envelopes.
The pump pulse is the same as in Fig. 1, the intensity of the probe
pulse is 5 x 10"* W/cm?, and the time delay T is 74.8 a.u. The
effective energy spacing AE of the split peak extracted from (a) and
(b) are plotted as a function of Aw at fixed Qz = 0.35 a.u. in (c) and
as a function of Q2 at fixed spectral width Aw = 0.05 a.u. of the
probe pulse in (d). In the TDSE calculations of (d), the Rabi fre-
quency 2 is varied by varying the intensity of the pump pulse, and
the probe pulse with intensity 1 x 10'> W/cm? is always temporally
located at the zero crossing of the population of the initial 1s state.

where the spectral width Aw is related to the pulse width 7,
by Aw =41In2/T,.

Using Eq. (7) we find after some algebraic manipulations
for the dynamical AT splitting

AE = Qg + 2[8E(y)I, ®)

with §E the solution of a transcendental equation which can
be approximated in first iteration by

[1+In(2)]y +2In(2)y?
4+ £ 2In(2)y +4In(2Q)y2 —1°

The dynamical splitting is increased compared to the Rabi
splitting Q2 linearly with Aw and is a function of the di-
mensionless ratio of Rabi frequency to spectral width of the
ultrashort probe pulse y = Qr/Aw. As expected, in the limit
Aw — 0, the enhanced AT splitting is reduced to the standard
AT splitting [Eq. (8)]. The analytical model reproduces the
results of the full numerical TDSE calculations remarkably
well [Figs. 4(c) and 4(d)]. We give in Fig. 4 results for both
a Gaussian and a cos® envelope. The shape of the envelope
has only a minor influence, as expected. The separation AE
displays an asymptotically linear dependence on the spectral
width Aw [Fig. 4(c)]. Indeed, in the limit y — 0 §E [Eq. (8)]
is —(1+1In2)/4In2 Aw =~ —0.6 Aw, resulting in the asymp-
totic solution

AE = 12A0 (10)

for y — 0. Thus, with increasing Aw, the dynamically in-
duced excitation gap in the ionization spectrum becomes
increasingly prominent.
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FIG. 5. Dynamical AT splitting in single ionization of He
observed in full two-electron TDSE calculations. (a) The Rabi os-
cillations of the ground state (1s%) and the first excited state (1s2p)
induced by the pump pulse. (b) The single-ionization energy spec-
trum shown for two time delays of the probe pulse (w, = 1.9037
a.u.). The length of the blue arrow indicates the prediction [Eq. (10)]
for splitting AE = 1.2Aw = 0.12 a.u.

To demonstrate the generality of the present dynamical
AT splitting, we have performed much more challenging
numerical calculations for the full-dimensional TDSE of the
two-electron helium. The pump pulse with intensity 5 x 104
W/cm? and photon energy 21.22 eV is used to excite the
Rabi oscillations between the ground state 1s®> and the first
excited state 1s2p [Fig. 5(a)]. A time-delayed probe pulse
with the same intensity, the photon energy w, = 1.9037 a.u.,
and the spectral width Aw = 0.1 a.u. transfers the 15> state
to a continuum state with a kinetic energy around £ = 1 a.u.
When the probe pulse is located in time around t =5 a.u.
corresponding to the maximum population of state 1s?, the
single-ionization spectrum shows a prominent single peak at
E =1 a.u. This single peak is split into a doublet as the
time delay is changed to the time 7 = 75 a.u. correspond-
ing to the minimal population of state 1s> [Fig. 5(b)]. The
separation of the dynamical AT splitting agrees well with the
asymptotic solution Eq. (10), further supporting our analytical
model.

In summary, we have demonstrated a dynamically en-
hanced Aulter-Townes (AT) type splitting in the photoe-
mission spectrum of atoms in a two-color XUV-pump and
XUV-probe protocol. The experimental verification of the
present dynamical AT splitting may become in reach as an
intense (X)UV pulse is only required for the lower frequency
pump pulse while only a weak attosecond probe pulse is
involved in the one-photon ionization. We find that the sep-
aration of the dynamical AT splitting can be much larger than
the Rabi frequency and be controlled by the duration and the
time delay of the probe pulse. The ultrashort duration of the
probe pulse in comparison with the Rabi period is essential
to observe the dynamical AT splitting. We have derived an
analytical estimate for the separation of the dynamical AT
splitting, which depends on both the Rabi frequency and the
spectral width of the probe pulse. The present protocol ex-
plicitly demonstrated here for one-electron and two-electron
atoms can be generalized and applied to a large variety of
physical systems provided that the bound-state population
can be efficiently and coherently modulated. Extensions to
other frequencies and to multiple ionization are straightfor-
ward. It opens up new avenues for temporal control of the
photoemission spectra by ultrashort (sub)femtosecond pulses.
The spacing of the dynamical AT splittings may be used
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to calibrate the effective temporal length of the, possibly
chirped, ultrashort pulse. Conceptually most interestingly,
photoemission lines at their nominal energetic positions can
be “bleached,” i.e., switched to a “dark” state by a suitable
combination of time delay and spectral width of the ionizing
pulse. This can be viewed as a dynamical version of the EIT
window. The underlying mechanism is, however, different.
While the dark state in the EIT results from the destruc-
tive interference between the direct path to the final state
and the indirect path involving a third state [54] resembling
a Fano “window” resonance [55], in the present scenario
it results in the time domain from the destructive interfer-
ence of two attosecond wave packets launched temporally
delayed relative to another. Thus, the dynamical AT splitting

provides a prototypical example for the manipulation of spec-
tral features, conventionally viewed as time independent, by
(sub)femtosecond electromagnetic pulses.
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