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Monitoring the ultrafast buildup of Rabi oscillations in the time domain
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We theoretically study the buildup of Rabi oscillations in the two-photon ionization process in atomic
Hydrogen, where both resonant and nonresonant ionization paths play a significant role. Using spectrally and
angularly resolved electron interferometry, we reconstruct the temporal profiles of electron wave packets (EWPs)
and the time evolution of photoelectron energy spectra (PESs) for the s and d partial waves from the numerical
results of time-dependent Schrodinger equation. Our results reveal the differences between the s and d waves
in terms of the minimum of the temporal EWPs and the asymmetry of the time-evolving PESs. Based on a
three-level model, we attribute these phenomena to the different contributions of the nonresonant path in these
two partial waves. Further, with this model we highlight the opposite effects of the AC-Stark effect on resonant
and nonresonant paths. Our work directly reveals the time-varying influence of the oscillating populations on
the dynamics of resonant and nonresonant paths, and provides a feasible method for assessing the partial-wave
resolved contribution of the nonresonant path in the time domain.
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I. INTRODUCTION

Photoionization is a fundamental process in light-matter
interaction, and has been extensively studied since the advent
of quantum mechanics. Probing its dynamics is the central
focus of attosecond science. The electronic dynamics in pho-
toionization are completely encoded in the amplitudes and
phases of electron wave packets (EWPs). Coherent attosecond
light sources have enabled the application of electron inter-
ferometry techniques such as streaking [1-3], reconstruction
of attosecond beating by interference of two-photon transi-
tions (RABBIT) [4-13], and the bichromatic electric-field
method [14-20]. These techniques allow for the accurate
measurement of the amplitudes and phases of EWPs. By char-
acterizing EWPs’ amplitudes and phases through spectrally
resolved electron interferometry, photoionization electronic
dynamics is tracked in real time. Examples include the mul-
tichannel single-photoionization of rare gases [21] and the
photoionization of chiral molecules [22], and so on. Notably,
recent studies measured the spectral phase near Fano reso-
nances [23,24], and successfully reconstructed the buildup of
the Fano profile [25-27], thereby providing deep insights into
correlated multielectron dynamics.

Using a seeded free-electron laser in the extreme-
ultraviolet (XUV) frequency regime, Autler-Townes (AT)
doublets [28-33] were first observed in the resonant two-
photon ionization (TPI) of He recently [34]. This AT splitting
is a manifestation of Rabi oscillations; the transition from
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unsplit to split energy spectra indicates the buildup of Rabi
oscillations [35-50]. During Rabi oscillations in TPI, elec-
trons periodically populate the ground and resonant states.
Consequently, photoionization occurs by absorbing one pho-
ton from the previously populated resonant state, or absorbing
two photons from the ground state, which are referred as
the resonant ionization path, and the nonresonant ionization
path, respectively [34]. Recent theoretical studies [45,46] con-
firmed that both the resonant and nonresonant ionization path
play crucial roles in the high-intensity region where Rabi
oscillations occur. Their conclusions were drawn by analyz-
ing the asymmetry of the AT doublets in the photoelectron
energy spectrum. However, direct observations of the elec-
tronic dynamics for the resonant and nonresonant paths are
currently lacking. Previous studies on the dynamics of EWPs
of Fano resonances [23-27,51-58] have enabled the direct
observation of the interference processes between the direct
ionization path and the resonant ionization path (via autoion-
ization states). In this work, we investigate the dynamics of
EWPs during the buildup of Rabi oscillations. This provides
deeper insights into the influence of Rabi oscillating on the
dynamics of competing resonant and nonresonant ionization
paths.

By numerically solving the time-dependent Schrodinger
equation (TDSE), we reveal the dynamics of continuum
EWPs in the resonant TPI process of hydrogen. Employing
spectrally and angularly resolved electron interferometry, we
separately reconstruct the temporal profiles of EWPs and
time-evolving PESs for the s and d partial waves. We find that
the temporal evolutions of the s and d partial waves overall
are the same, such as the extrema in the temporal EWPs for
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both the s and d waves coincide with integer multiples of the
Rabi period. However, notable differences are present in the
details between the s and d waves in terms of the minimum
of the temporal EWPs and the asymmetry of the energy spec-
trum. To understand these behaviors, we resort to a three-level
model that includes the nonresonant ionization path and the
AC-Stark effect [45]. We show that the net contribution of
the nonresonant path can be deduced at the minimum of the
temporal EWPs for the different partial waves. Further, our
model highlights the opposite effects of the AC-Stark effect
on the resonant and nonresonant paths. Additionally, we also
reveal the dynamics of EWPs ionized solely from the Rabi-
cycling ground state, where the extrema in the temporal EWPs
coincide with half-integer multiples of the Rabi period. Our
work directly reveals the influence of the oscillating popula-
tions on the electron dynamics of resonant and nonresonant
paths. More importantly, we provide a feasible method for
quantitatively assessing the partial-wave resolved contribution
of the nonresonant path in the time domain.

This paper is structured as follows. In Sec. II, we describe
the methods of numerically solving the three-dimensional-
TDSE (3D-TDSE). Section III A shows the reconstructed
temporal EWPs in the resonant TPI, and the analysis of
temporal EWPs using the three-level model is shown in
Sec. I B. In Sec. III C, we reconstruct and analyze the tem-
poral evolution of the EWPs from the Rabi-cycling ground
state. Section IV summarizes our work. Appendix A provides
details on the three-level model, Appendix B presents a com-
parison between the model and TDSE results, and Appendix C
provides a detailed explanation of the role of all laser pulses
introduced in our work.

II. METHODS

To monitor the buildup of Rabi oscillations in the TPI pro-
cess of hydrogen, the photoelectron momentum distributions
(PEMDs) are obtained by numerically solving the 3D-TDSE
[59] of the hydrogen atomic system in the velocity gauge.

The TDSE is expressed [in atomic units (a.u.)] as

iaw(r,t)

o = HEDY(r.), (D

where
1_, 1
Hr,t)=—=-V"— - —iA, () -V. 2)
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A,() =Ag sinz(”T’)sin (wt)e, is the vector potential of the
laser pulse, linearly polarized along the z axis. Ay is the
amplitude of the vector potential, w is the angular frequency
of the laser pulse, and 7 is the finite pulse duration of the laser
pulse.

The wave function of the TDSE in Eq. (1) is expanded
using the spherical harmonics Y ,, Y (r, 1) =Y, . Rl’"f"’)Yl,m,
where [ and m represent the angular momentum quantum
number and the magnetic quantum number, respectively.
Ry, (r, 1) is the radial part of the wave function, and is dis-
cretized by the finite-element discrete variable representation
method [60]. The time propagation of the TDSE is cal-
culated by the split-Lanczos method [61]. In each step of
the propagation, we split the wave function ¥ (r, ¢) into the
inner part V;,(r,t) = Y (r, t)F,, and outer part Yo, (r, 1) =
V(r, t)(1 — Fy), where Fy =1 — (1 4+ ¢®RI/d)=1 g the
absorbing mask function. The inner part ¥;,(r, ) evolves
according to Eq. (1), and ¥ (r,?) is propagated by the
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FIG. 1. (a) PESs for the resonant TPI of hydrogen as a function of laser intensity. The laser frequency is w = 0.375 a.u., which is
resonant with the 1s-2p transition in atomic hydrogen. The dashed gray lines mark laser intensities of 5 x 10!, 3 x 10'2, 8 x 10'2, and
2 x 103 W/cm?, corresponding to the intensities where the atom undergoes four different 1/2 Rabi periods during the laser pulses. (b) PESs
ionized from the ground state of the Rabi-cycling atom by the 4w lase pulse. The Rabi oscillation of the atom is driven by the field w. The
horizontal axis indicates the laser intensity of this dressing field (w). The red arrows in (a) and (b) indicate the splitting of the energy spectra.
(c) Schematic diagrams of the ionization paths involved in (a) and (b). I and II represent the resonant and nonresonant ionization paths,
respectively, in the TPI process in (a). III represents the ionization path from the Rabi-cycling ground state induced by the weak 4w laser in

(b).
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Coulomb-Volkov propagator [62]. The ionization amplitude
is extracted by projecting the final wave function to the scat-
tering states. In our simulation, the maximum of angular
momentum quantum number is Ly, = 30, and the magnetic
quantum number is set to mp,x = 0 because of the linear
polarization of the laser fields in our calculations. The time
step is fixed at Ar = 0.01 a.u.. The maximal box size for the
radial coordinate R,y is chosen to be 1000 a.u.. The radius of
the mask function R, is 800 a.u., d = 2 a.u. The convergence
of our calculations is confirmed by changing these parameters.

III. NUMERICAL RESULTS AND DISCUSSIONS

We calculate the photoelectron energy spectra of the res-
onant TPI during the buildup of Rabi oscillations. The laser
frequency is @ = 0.375 a.u., which is resonant with the 1s-2p
transition in atomic hydrogen. The pulse duration is T = 1340
a.u. (full width as half maximum, FWHM = 16 fs, spectral
bandwidth = 0.009 a.u.). The energy spectra as a function of
laser intensity are displayed in Fig. 1(a). In the low-intensity
region, the energy spectra exhibit a single peak located at
0.25 a.u.. The AT doublets are clearly observed in the energy
spectra beyond the intensity of 1 x 10'* W /cm? [as indicated
by the red arrow in Fig. 1(a)], and the energy spacing between
the doublets gradually increases with increasing laser inten-
sity. This splitting is a manifestation of Rabi oscillations, and
the transition from unsplit to split energy spectra represents
the buildup of Rabi oscillations [35-41,43-48]. The heights
of the doublets are obviously asymmetric, with the height
of the lower-energy peak being higher. This asymmetry is
attributed to the combined effects of the AC-Stark shift, and
interference of the resonant and nonresonant ionization paths
[34,45,46]. Because both the resonant [path I in Fig. 1(c)] and
the nonresonant path (path II) contribute in this laser intensity
region [34,45], we introduce a weak 4w laser field to induce
photoionization of the Rabi-cycling atom from the ground
state [path III in Fig. 1(c)]. With this method, the dynamics
of the ground state, and thus the nonresonant ionization path
can be isolated and revealed (see Appendix C for a detailed
discussion on the role of the 4w laser field). The energy
spectra due to the 4w laser as a function the intensity of w
field are shown in Fig. 1(b). Compared with Fig. 1(a), the
splitting of the energy spectra occurs at a significantly lower
intensity [approximately 0.3 x 10'* W/cm?, indicated by the
first arrow in Fig. 1(b)]. More intriguingly, after splitting, the
photoelectron population between AT doublets increases with
increasing laser intensity, followed by a subsequent decrease.
The splitting of the energy spectra occurs twice within the
first two Rabi periods [as indicated by the two red arrows in
Fig. 1(b)].

To reveal the buildup of Rabi oscillations in real-time, we
use spectrally and angularly resolved electron interferometry
to measure the phase of photoelectrons, and then reconstruct
the continuum EWP dynamics. This reconstruction method
was initially introduced in [26] for monitoring Fano reso-
nance. Here, we reconstruct the continuum EWP dynamics in
the resonant TPI [i.e., EWPs from paths I and II in Fig. 1(c)],
as discussed in Sec. III A, and subsequently analyzed in
Sec. III B with the three-level model [45]. Furthermore, the
dynamics of EWPs originating solely from the Rabi-cycling

ground state [i.e., EWPs from path III in Fig. 1(c)] are recon-
structed and analyzed in Sec. III C.

A. Reconstruction of the temporal evolution
of EWPs in resonant TPI from TDSE data

To monitor the continuum EWP dynamics in the resonant
TPI during the buildup of Rabi oscillations, we employ a
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FIG. 2. (a) Schematic diagrams of the laser pulses used to probe
EWP dynamics in the resonant TPI. The w pulse (red) induces the
resonant TPI of hydrogen. A weak 2w laser pulse (blue) is introduced
at the leading edge of the resonant w pulse. The EWPs ionized by the
2w pulse (indicated by blue arrow) serve as a reference for probing
the EWPs ionized by the w pulse (indicated by red arrows). Inset:
PEMDs at the laser intensity of 2 x 10'> W/cm?. (b) Normalized
B3 (red squares) and B; — % B3 (blue triangles) as functions of the
phase ¥ at the laser intensity of 2 x 10'* W/cm?. (c) Normalized
probability of the temporal profiles of EWPs |A,(1)|? (solid red lines)
and |A,(t)|* (dashed blue lines) for the s and d waves at laser
intensities of 5 x 10", 3 x 10'2, 8 x 10", and 2 x 10'> W/cm?. As
visual aids, the lines in (c) have been vertically separated and the
differences between s- and d-waves are scaled up in the insets.
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weak 2w pulse at the leading edge of the resonant w pulse,
as illustrated in Fig. 2(a) (see Appendix C for a detailed
discussion on the role of the 2w pulse). The carrier-envelope
phase (CEP) of the w pulse remains fixed, whereas the CEP of
the 2w pulse, denoted by y, varies from O to 2. The EWPs
ionized by the 2w pulse serve as the reference for probing
the amplitudes and phases of the EWPs ionized by the w
pulse [as shown in Fig. 2(a)]. In contrast to the conventional
bichromatic field method [14-20], the probe 2w pulse in our

J

scheme is shortened and located before the w pulse, to avoid
extra phase due to the oscillating populations of the ground
state. The specific delay between the 2w and w pulses does not
affect the phase measurement. The interference of the EWPs
ionized by the w and 2w pulses determines the PEMDs, which
depend on the relative phase y between these two pulses, as
shown in the inset of Fig. 2(a). The phase (y) dependence
of the PEMDs can be expressed using the partial coherence
method [63]

10) = [|A,16 DY00(0, @) + |Agle™ ¥~ DY (6, ) + 14,4 Y10(0, )2
= BoPo(0) + B1P1(0) + P2P2(0) + B3P3(0) + BaPa(6), 3)

where A , ; are the amplitudes of the partial waves, ¢; , 4 represent the corresponding phases, and 6 is the polar angle of the
photoelectron with respect to the polarization direction of the laser fields. Here the p partial wave results from the single-photon
ionization by the 2w field, while the s and d partial waves are from the two-photon ionization by the w field. The asymmetry
parameters S, are determined as functions of A, Ay, and A, as follows:

1
Bo = E(IA,,IZ + A2 + 1A41%)

B =

4r

—_—

1 med'm”' cos (v + (¢a — & = %))]
+24/3|A4, 1A | cos (v + (65 — ¢p + %))
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26.) = 1 20314, 14 ” 4
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B3 and (B — % B3) oscillate with the phases y, as shown in
Fig. 2(b). We employ B3 and (8; — §ﬂ3) to determine the
phases of the s and d partial waves, and use the maximum val-
ues of B3, B4, and (B — % B3) to determine their amplitudes.
Repeating the above procedure, the amplitudes and phases at
different energies within the energy range 0.21-0.28 a.u. are
retrieved, then the dynamics of TPI in Fig. 1(a) [i.e., the paths
I and II in Fig. 1(c)] can be revealed in the time domain. We
mention that our procedure is applicable to the experimental
data if the photoelectron momentum distributions from the
two-color field are measured.

Using the Fourier transform, the temporal profiles of the
EWPs are reconstructed from the retrieved phases ¢yq)(E)
and amplitudes A (E) [26],

_ 1 [ , .
As(d)(l‘) = Z / |As(d)(E)|el¢.v(d)(E)e EtdE. 5)
)

Figure 2(c) shows the probability of the temporal EWPs
(i.e., ionization rate [51]) |As(d)(t)|2 for the s and d waves
at four laser intensities, 5 x 10!, 3 x 10'2, 8 x 10'2, and

(

2 x 10" W /cm?. At these four different intensities, the atom
undergoes nearly 1/2, 1,3/2, and 2 Rabi periods, respectively,
during the laser pulse. At low intensities of 5 x 10'! and
3 x 10'> W/cm?, the temporal EWPs display a single-peak
structure. The peak of the temporal EWP lags behind the peak
of the laser pulse [indicated by dashed gray line in Fig. 2(c)],
and the time delay between them is laser intensity dependent.
This phenomenon is different from the perturbation case,
where the peak of the temporal EWP coincides with that of
the laser pulse. As the laser intensity increases, the tempo-
ral profiles of the s and d waves evolve from a single-peak
structure to a double-peak structure, with a trough located at
t =920 a.u. at the intensity of 8 x 10'> W/cm? and shifted
to = 690 a.u. at 2 x 10'> W/cm?. The occurrence of these
troughs is approximately synchronous with the completion
of one Rabi period (i.e., the instants t = 920 a.u. and 690
a.u. roughly correspond to one Rabi period at the intensity
of 8 x 1012 W/cm? and 2 x 10'* W /cm?, respectively.). Fur-
thermore, at low intensities, the (normalized) probability of
the temporal EWPs for the s and d waves are nearly identical.
However, in the higher intensity region, differences emerge
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FIG. 3. (a) Schematic representation of the first two Rabi periods. The dashed blue line indicates the population transfer between the
ground (/) and the resonant (R) states as a function of the Rabi periods (calculated with the three-level model [45]). The arrows below the time
axis indicate the laser intensities corresponding to four different 1/2 Rabi period intervals. [(b)—(i)] Time evolution of the photoelectron energy
spectrum in the resonant TPI at laser intensities of 5 x 10!, 3 x 102, 8 x 10'?, and 2 x 10" W /cm?, for the [(b)—(e)] s-wave and [(f)-(i)]
d-wave. The insets in (d), (h) and (e), (i) show the energy spectrum at the end of accumulation time.

at the minimum values of the temporal profiles of EWPs. We
will explain all of these features with the three-level model
[45] in the subsequent subsection.

Using the temporal wave packets of Eq. (5), the time evo-
lution of the photoelectron energy spectrum Py (E, t) for the
s and d waves can be reconstructed by the limited inverse
Fourier transform [26]

2

t
Pyay(E, 1) = ’/ Ay dt! (6)
-0

Figures 3(b) to 3(e) and 3(f) to 3(i) depict the time evolution
of the photoelectron energy spectrum for the s wave and d
wave, respectively. As the laser intensity increases, the evo-
lution of Py4)(E,t) exhibits a single-peak structure until it
reaches its maximum, followed by a decrease and eventually
splitting into a double structure. The instants at which P(E, t)
and P;(E, t) reach their extreme values [indicated by the red
arrows in Figs. 3(b) to 3(i)] roughly coincide with the comple-
tion of one Rabi period. This can be understood from Eq. (6),
which implies that the extreme value of Py is located at the
minimum value of Ay). However, Figs. 3(d) and 3(h) and
3(e) and 3(i) show that the asymmetry in the time-evolving
energy spectra differs between s and d waves at high laser
intensities. For the s wave, more photoelectrons are distributed
in energy regions above 0.25 a.u., whereas the d wave exhibits
the opposite trend.

B. Analysis of temporal evolution of EWPs
in resonant TPI by the three-level model

1. Temporal evolution of EWPs derived from the three-level model

To understand the temporal evolution of the EWPs in
resonant TPI shown in Figs. 2 and 3, we resort to a three level-
model [45] (see Appendix A). The temporal evolutions of the
EWPs from this model are in excellent agreement with the
results from the TDSE (see Appendix B). Based on this three
level-model, the time-dependent amplitude of the continuum
state can be written as

idie (1) = M, (L Eog0)) e ™ ay (1)

+ D}, - LEog(t) - e P ag(r), )

where |I), |R), and |e) represent the ground (1s), resonant
(2p), and continuum states, respectively. M }; is the two-
photon transition matrix element from the ground state to the
continuum state via the nonresonant intermediate states (i.e.,
including all the bound and continuum intermediate states
except the resonant 2p state), and D}, is the transition dipole
matrix element between the resonant and continuum states.
The terms 8 = Er +Sg —E. — S: + @ and &, = E; + S; —
E, — S; + 2w denote the energy detunings, and S; (i = I, R, €)
is the AC-Stark shift. @, (¢) and ag(¢) represent the amplitudes
of the ground and resonant states, respectively. By performing
Fourier transform on &,, we can derive the expression of the
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temporal amplitude a(z) as

1 [® .
at) = — / a.(E)e F'dE
2

—00

(1 :
— MITS (EEOS(I)> e—l(E1+S1—Sg+2w)tal (t)

| i
+ Dp 5 Eoglt)e™ 955 a1, ®)

The temporal EWP obtained via Fourier transform from
TDSE data [Eq. (5)] is equivalent to the temporal amplitude
a(t) derived from the three-level model. This equivalence
has been theoretically confirmed [51], and further validated
in this study (for the Rabi-cycling system) by the excellent
agreement between the numerical results of A(¢) from TDSE
and a(tr) from the three-level model (Fig. 8). la())? represents
the ionization rate; thus, the probability of the temporal EWP
from the TDSE data |A(¢)|? is physically meaningful as the
ionization rate [51].

Based on the equivalence between A(t) and a(r), we then
express the temporal EWP as the sum of two components

_ .. /(1 2
A@t) =M,, (EEog(f)> e ErSi=Se 20l g (1)

T | .
+D;SEEoga)e‘“ER”R—Se*@'aR(r), )

where the first component corresponds to EWPs from the
nonresonant ionization path, and the second component
corresponds to EWPs from the resonant ionization path.
ap(t) [’\'COS(%.Qt)] and dag(t) [~ sin(%Qt)] represent the
real-valued amplitudes of the ground and resonant states,
respectively, which oscillate periodically with the effective
Rabi frequency §2. Equation (9) indicates that the temporal
evolution of the EWP is affected by the oscillating amplitudes
of the atomic states a; g(¢). This differs from the perturbative
case in which the temporal EWP follows the pulse envelope
g(t). Consequently, as shown in Fig. 2(c), the peak of the
probability of the temporal EWPs (ionization rate) lags behind
that of the laser pulse. The amplitudes &, g(¢) depend on laser
intensity, thus resulting in variations in the temporal EWPs
with increasing laser intensity.

With Eq. (9), the time-evolving photoelectron energy spec-
trum, which is the limited inverse Fourier transform of A(¢),
can be expressed as

2

P(E,t) = '/ A’“(t/)eiEr’dt/

to_ /1 2
- ' / M)£<§E0g(t/)) e (1)
—00

2

1
+ D}, ~Eog(t')e ™ ag(t")dt’

ey (10)

Equations (9) and (10) indicate that the temporal evolution
of the EWPs are determined by the combined effects of

oscillating amplitudes of the ground and resonant states, and
the competition between resonant and nonresonant ionization
paths. In the intensity range in our calculations, the contribu-
tion of the resonant path is much larger than the nonresonant
path [34,45]. So, we first analyze the contribution of the reso-
nant path [i.e., the second term in Eqs. (9) and (10)].

2. Contribution of the resonant path to temporal
evolution of EWPs

At laser intensities below 3 x 1012 W / cm?, the atom un-
dergoes less than one Rabi period in the laser pulse [Fig. 3(a)],
during which ag(¢) [~ sin(%.Qt)] remains positive. Conse-
quently, IA(®)| (or |A()]?), mainly influenced by the resonant
path [the second term in Eq. (9)], exhibits a single-peak struc-
ture, as shown in Fig. 2(c), and P(E, t) [Eq. (10)] continues to
increase, as shown in Fig. 3. As the laser intensity increases
to 8 x 10'> W/cm?, the atom undergoes more than one Rabi
period. At approximately r = 920 a.u., the atom completes
one Rabi oscillation and then dag(#) becomes negative. The
change of ag(¢) from positive to negative values leads to
the occurrence of the minimum in |A(t)| (or |A(¢)%), and
correspondingly the extrema in P(E, t) at this instant. As the
laser intensity further increases to 2 x 10'3> W /cm?, the atom
undergoes nearly two Rabi periods. The atom completes one
Rabi period at t = 690 a.u., where dg(t) approaches zero,
thereby resulting in the occurrence of a minimum in |A(¢)| (or
|A(t)|?) and an extrema in P(E, t) at this instant. After that, the
atom undergoes the second Rabi period during the following
part of the pulse, and thus the value of ag(f) becomes negative.
The electron signals during the first and the second Rabi
periods almost cancel each other, resulting in the complete
splitting of the energy spectrum, as shown in Figs. 3(e) and
33).

In the resonant path, the temporal evolution of the EWPs
is determined by the product of the pulse envelope g(z) and
ag(t), as indicated by the second term in Eqgs. (9) and (10).
This product is the same for the s and d waves. Therefore, the
(normalized) probability of temporal EWPs (ionization rate)
and time-evolving energy spectrum for the s and d waves are
overall the same, as shown in Figs. 2(c) and 3(b) to 3(i).

3. Contribution of the nonresonant path to temporal
evolution of EWPs

The minor difference between the s and d waves orig-
inates from the contribution of the nonresonant path. In
Figs. 4(a) and 4(b), we present the amplitude of the temporal
profiles for the s and d waves |As/d(t)| at laser intensities
of 8 x 102 W/cm? and 2 x 10" W /cm?, respectively. The
sums of these two waves |Aw ()| (|Aw: ()] = |As() + A4(1)])
are represented by the solid lines in Fig. 4(c). The corre-
sponding time-evolving energy spectrum at the intensity of
2 x 10" W/cm? is shown in Figs. 4(d) to 4(f). As shown in
Figs. 4(a) to 4(c), the values of the minima in temporal profiles
deviate from zero, and these values increase with increasing
laser intensity. For the resonant path, this value will be zero
because the amplitude of the resonant state dg(¢) is zero,
which occurs at the integer Rabi period. Thus, the nonzero
value of the minimum is an indication of the contribution
of the nonresonant path. To address this issue, we exclude
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FIG. 4. (a) Amplitude of the temporal profiles of the s-wave
packets |A,(t)| /4 at laser intensities of 8 x 10'> W /cm? (red solid
line) and 2 x 10'> W/cm? (blue solid line). (b) Amplitude of the
temporal profiles of the d-wave packets |A4(¢)|/47. (c) Amplitude
of the temporal profiles of the total wave packet |A(¢)/Aomax (£)]
(A (t) = |Ag(t) + A4(t)]) (solid lines). For comparison, the results
without considering the nonresonant path are plotted with dashed
lines. (d) Time evolution of the photoelectron energy spectrum for the
s wave. (e) Time evolution of the photoelectron energy spectrum for
the d wave. (f) Time evolution of the total (s + d) photoelectron en-
ergy spectrum. The laser intensities in [(d)—(f)] are 2 x 10'> W/cm?.

the nonresonant path in the three-level model [45], and the
obtained temporal profiles of EWPs for the sum of the s and d
waves are shown as the dashed lines in Fig. 4(c). It is shown
that the minimum values reach zero when the nonresonant
ionization path is excluded. As the laser intensity increases,
the contribution of the nonresonant path increases, causing the
value of the minimum to increase, as shown in Figs. 4(a) to
4(c). Therefore, the value of the minimum provides a way to
quantitatively assess the contribution of the nonresonant path
in the time domain.

For the s and d waves, the relative contribution of the
nonresonant and resonant paths differs due to the different
values of M 12 /E;a for the s and d partial waves. Therefore,
the values for the minimum of the temporal profiles for the s
and d waves are different as shown in Figs. 4(a) and 4(b), with
the d wave being larger. This indicates the larger contribution
of the nonresonant path in the d wave.

4. Asymmetry in time-evolving energy spectrum contributed by the
resonant and nonresonant paths

To gain further insights into the asymmetry of the time-
evolving energy spectrum, in Fig. 5, we show the results
calculated by the three-level model [45] at the intensity of
2 x 10" W /cm?. Figure 5(a) shows the time evolution of the
total photoelectron energy spectrum (the coherent summation
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FIG. 5. Time-evolution of the total (s + d) photoelectron en-
ergy spectrum calculated by the three-level model when considering
(a) both resonant and nonresonant ionization paths, (b) only the
resonant ionization path, and (c) only the nonresonant ionization
path. The laser intensity is 2 x 10" W/cm?.

of the resonant and nonresonant paths). It is in good agreement
with the TDSE results shown in Fig. 4(f). Figures 5(b) and
5(c) separately show the time evolution of the photoelectron
energy spectrum from the resonant and nonresonant paths,
respectively. When the spectra are separated for the resonant
and the nonresonant paths, they are also asymmetric. This
asymmetry results from the AC-Stark shifts of the atomic
states. The AC-Stark shifts have opposite signs for the ground
and resonant states [45,46]. Consequently, the AC-Stark effect
has opposite impacts on the asymmetry of the AT doublets
for the resonant ionization path (from the resonant state) and
the nonresonant ionization path (from the ground state). In
the resonant (nonresonant) paths, the population at the higher
(lower) energy peak is larger.

For the s and d waves, the contributions of the nonresonant
path are different, as shown in Figs. 4(a) and 4(b). So, when
the resonant and nonresonant paths are coherently summed,
the corresponding energy spectra for the s and d waves are
different, as shown in Figs. 4(d) and 4(e).

C. Reconstruction of the temporal evolution of EWPs ionized
from the Rabi-Cycling ground state

In Secs. IIT A and B, we monitored and analyzed the dy-
namics of EWPs in the TPI during the buildup of the Rabi
oscillations. During this process, both the resonant path (from
the resonant state) and nonresonant path (from the ground
state) contribute. Here, we focus on the dynamics of EWPs
originating solely from the ground state, using a similar ap-
proach. As illustrated in Fig. 6(a), we employ a 4w pulse
(dark yellow) to ionize the ground-state electrons, while the
atom remains dressed by the resonant field w (red). By re-
constructing the dynamics of EWPs ionized by this 4w laser
field, we can reveal the dynamics of EWPs ionized solely
from the ground state. To achieve this, yet another weak 4w
pulse [colored in light yellow in Fig. 6(a)] is introduced at the
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FIG. 6. (a) Schematic of the laser pulses used to probe EWP
dynamics originating solely from the ground state. The 4w pulse
(dark yellow) is introduced to ionize the ground-state electron, while
the ground state remains dressed by the resonant field w (red). At
the leading edge of the primary 4w pulse (dark yellow), a weak 4w
(light yellow) laser pulse is introduced. The EWPs ionized by this
weak pulse (indicated by the light yellow arrow) serve as a reference
for probing the EWPs ionized by the primary 4w pulse (indicated
by the dark yellow arrow). (b) Normalized photoelectron yield as a
function of the phase y at the laser intensity of 2 x 10'* W/cm?2.
(c) Normalized probability of the temporal profiles of EWPs |A(z)|?
ionized solely from the Rabi-cycling ground state at laser inten-
sities of the resonant field w of 5 x 10", 3 x 10'2, 8 x 10'?, and
2 x 10" W/cm?. For visual clarity, the lines in (c) are vertically
separated.

leading edge of the primary 4w pulse, serving as the reference
to probe the amplitude and phase of the ionized EWPs (see
Appendix C for a detailed discussion on the role of these two
4w pulses). The CEP of this weak 4w pulse y changes from

0 to 2. The interference between the EWPs ionized by these
two 4w pulses results in the phase (y)-dependent oscillation
photoelectron yield, as shown in Fig. 6(b). By fitting the
oscillating photoelectron yields at different energies within
the energy range 0.98—1.02 a.u. with the cosine function, we
extract the amplitudes and phases of the EWPs. Then, the
ionization dynamics from the Rabi-cycling ground state can
be reconstructed [i.e., the path III in Fig. 1(c)].

Figure 6(c) shows the reconstructed probability of the tem-
poral EWPs (ionization rate) solely from the ground state
(due to the 4w laser), where the intensities of the reso-
nant dressing field w are 5 x 10", 3 x 10'2, 8 x 10'2, and
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FIG. 7. Time evolution of the photoelectron energy spectrum
ionized solely from the Rabi-cycling ground state at the laser intensi-
ties of the resonant field w of (a) 5 x 10'!, (b) 3 x 10'2, (c) 8 x 10'?,
and (d) 2 x 10'3> W/cm?. P(E, t) in [(a)—(d)] is obtained through the
absorption of a 4w photon from the ground state, while the ground
state remains dressed by the resonant field w.
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2 x 103 W/cm?, respectively. Compared to the results for
the resonant TPI [shown in Fig. 2(c)], the probability of the
temporal EWPs (ionization rate) exhibit more troughs at the
same laser intensity. The troughs in the temporal EWPs ap-
proximately coincide with 1/2 (#; = 790 a.u., 680 a.u., and
505 a.u. for the different laser intensities) and 3/2 (&, = 895
a.u. for the highest laser intensity) Rabi periods. Using these
temporal wave packets, we reconstruct the time-evolving en-
ergy spectrum through Eq. (6), as shown in Fig. 7. Compared
to the resonant TPI results [shown in Figs. 3(b) to 3(i)], the de-
crease, and splitting of P(E, t) occur at lower laser intensities.
The times required to reach the extrema (as indicated by the
arrows) also approximately coincide with 1/2 and 3/2 Rabi
periods. These distinct differences arise from the evolution
of EWPs solely contributed by the nonresonant path, which
are controlled by the oscillatory amplitude of the ground state
a; (1), rather than that of the resonant state dg(¢) in the resonant
TPI. The signs of a;(¢)[~ cos(%.Qt)] flip at each half-integer
Rabi period. Consequently, the extrema in the temporal EWPs
and time-evolving energy spectrum are synchronized with
half-integer multiples of the Rabi period. Moreover, the com-
plete splitting of the spectrum occurs at integer multiples of
the Rabi period, which happens twice within the first two
Rabi periods, as shown in Fig. 1(b) (indicated by the two red
arrows).

At the more intense laser intensity, the nonresonant path
from the ground state may dominate the resonant TPI, rather
than the resonant path [34,46]. The spectrum splitting is ex-
pected to occur at integer multiples of the Rabi period, rather
than at even numbers of the Rabi period in the resonant path.
For different partial waves, this transformation may occur at
different laser intensities owing to the different contributions
of the nonresonant path.

IV. CONCLUSION

We investigated the resonant TPI process during the
buildup of Rabi oscillations. By employing spectrally and
angularly resolved electron interferometry, we separately re-
trieved the phases of the s and d partial waves and revealed the
electron dynamics in this nonperturbative ionization process.
Our results showed that the temporal evolutions of the s and
d waves overall were the same, such as the oscillations in the
temporal profile of the EWPs. With the three-level model, we
demonstrated that, in the resonant path, the temporal profiles
should be the same for the s and d waves. When the nonreso-
nant path contributes, the temporal profiles of these two partial
waves are different. Thus, the minor difference between the
s and d waves in the temporal EWPs indicates the different

J

contributions from the nonresonant path. Furthermore, the
three-level model revealed the difference in the asymmetry
of the energy spectra for the resonant and nonresonant paths.
This difference results from the opposite impact of the AC-
Stark effect on the resonant and nonresonant paths. When
the contributions from the resonant and nonresonant paths are
coherently summed, the s and d partial waves show different
asymmetric behaviors. The probability at the lower-energy
peak of the AT doublets is higher for the d wave, while lower
for the s wave.

Our work revealed the influence of the oscillating popu-
lations on the dynamics of resonant and nonresonant paths.
Furthermore, we provided a way for quantitatively assess-
ing the partial-wave resolved contribution of the nonresonant
path in the time domain. The procedure demonstrated in
our work can be extended to study other intricate processes
in the Rabi-cycling system, such as dynamic interference
[50,64] and stabilization against photoionization [46]. Addi-
tionally, the electron interferometry with two phase-locked
XUV pulses is experimentally accessible in free-electron laser
facilities [14,15], thus attracting experimental interest to our
findings.
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APPENDIX: THREE-LEVEL MODEL AND SCHEMATIC
ILLUSTRATION OF IONIZATION PATHS

1. Three-level model

In the resonant TPI process, the time-dependent wave func-
tion can be expanded as

|‘~I’) = al(t)e—iEﬂ'I) _l_aR(t)e—iERth)

+2a,z(t)e_i5"’ln) +/d€as(t)e_i5”|8), (AL)

where |I) and |R) represent the ground and the resonant states,
respectively. |e) represents the continuum states, and all the
nonresonant states are labeled by |n). Thus, the minimal three-
level model to calculate the results of the resonant TPI is
obtained as [45]

. ) .
iap(t) = |:S1(f) — %1—}(1):|a1(1) + DIREEog(t)elAwlaR(t)v @

1 . j
iag(t) = DIREEog(t)ef'szaz(t) + |:SR(t) - %FR(I)]ak(t), an

_. (1 z 1 .
iae(t) = M}, <§Eog(f)> e 1 ay(t) + Dpe EEog(r)e—"”aR(w + Se(t)a.(r)  (1I).

(A2)
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from the three-level model (dashed blue lines) at laser intensities of
5% 10",3 x 102, 8 x 10", and 2 x 10" W /cm?.

Here, Aw = w — wg; (w;j = E; — E;) is the energy detun-
ing, Dig = (I|Z|R), Dge = (R|Z|€) are defined as the transition
dipole matrix element between the ground and resonant states,
the resonant and continuum states, respectively.

(SZER—ES—FQ),

(A3a)
(S[ = E[ — Eg + 2(,()
are the energy detunings,
i — i (I1z|n){n|z|e)
’E E.—E,—w+il (A3b)

is the two-photon transition matrix element from the ground
state to the continuum state through the non-resonant states

Se(t) = Up(t)a

1 2 2w,
Si(1) = i (DMEEog(r)> s = SWESg ).

In
n#l,#R
1 2 2R
5100 = Y. (DrayBos)) 2 = SwEE ()
2 Wy, — @
n#l,#R

(A3c)
are the dynamic stark shifts of the continuum, ground and
resonant states, respectively. The stark shift for the continuum
state approximately equals to the time-dependent ponderomo-

tive shift U, (1) = 25 (1),

k(1) = 27| D > (LEog(1))’,

1) = 27|y, | (Eog(0)" (A3d)

represent the ionization rates from the resonant state |R)
and the ground state |I), respectively.

For clarity, we further redefine the amplitudes a;, ag and a,
in Eq. (A2) as ;eS| —jage kO and G e~ [44,45].
Additionally, we redefine Dg, as iD;E to maintain consistency
with 1\71;‘E (1\71;‘E is a complex value). The terms —il7 and —ilR

are neglected due to they are small terms. Then, the time-
dependent expression for the continuum state simplifies to

i (1) = M, (Y Eog0)) e ™ ay (1)

+ Dl LEoa(t)e ™ ap(t).

Re 3 (A4)

The terms 8 = Ex +Sg — E. — S, + w and &, = E; + S; —
E. — S; + 2w represent the energy detunings between the
shifted energy levels. The &;(¢) and dg(¢) represent the os-
cillating amplitudes of the ground and the resonant states

B 2t Aw . 2t IAwt
a;t) = cosT—z—sm— exp

2 2 2
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FIG. 9. (a) Schematic diagrams of the ionization paths studied
in our work. Paths I and II represent the resonant and nonresonant
ionization paths, respectively, in the TPI process. Path III repre-
sents the ionization path solely from the Rabi-cycling ground state.
(b) Schematic illustrating the electron interferometry for reconstruct-
ing the continuum EWP dynamic in the resonant TPI (i.e., EWPs
from paths I and IT). The detailed reconstruction process is elaborated
in Sec. IIT A. (c) Schematic illustrating the electron interferometry
for reconstructing the continuum EWP dynamics solely from the
Rabi-cycling ground state (i.e., EWPs from path III). The detailed
reconstruction process is elaborated in Sec. III C.
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where the term §2 denotes the effective Rabi frequency. The
energy detuning Aw is 0 in our work, and the Stark shifts
are small within the intensity range considered; thus, a;(¢)
and g (t) can be approximately written as d;(¢) =~ cos % and
ag(t) ~ sin %

2. Results of the three-level model

Figure 8 displays (the probability of) the temporal pro-
files of EWPs for the sum of the s and d waves from both
the three-level model and the TDSE. The results calculated
from the three-level model are in good agreement with those
reconstructed from the TDSE data. This agreement confirms
that the reconstructed temporal EWPs from the TDSE data, as
depicted in Fig. 2, indeed correspond to the equation derived
from the three-level model [Eq. (8)], thereby validating the
analysis presented in Sec. III B.

3. Schematic diagram of all ionization paths

Figure 9(a) illustrates the three ionization paths investi-
gated in our study during the build up of Rabi oscillations.
Paths I and II represent the resonant (originating from the
resonant state) and nonresonant ionization (from the ground
state) paths, respectively, involved in the resonant two-photon

ionization process [34,45]. Since the photoelectrons ionized
from the ground state via path II mix with those from the
resonant state via path I at the energy £ = 0.25 a.u., and
path II is significantly weaker than path I [34,45], observing
the photoelectron dynamics from the ground-state via path II
is challenging. Therefore, we introduce a higher frequency
laser field (4w field) to ionize the electron in the Rabi-cycling
ground state to a higher energy £ = 1.0 a.u. (path III). Pho-
toelectrons from the ground state via path III no longer mix
with those from the resonant state. Through this method,
the dynamics of the ground state, and thus the nonresonant
ionization path, can be isolated and revealed.

To further reveal the buildup of Rabi oscillations in real
time, electron interferometry is utilized to reconstruct the con-
tinuum EWP dynamics in the resonant TPI (i.e., EWPs from
paths I and II), as well as those solely from the Rabi-cycling
ground state (i.e., EWPs from path III), as shown in Figs. 9(b)
and 9(c), respectively. Figure 9(b) shows that a 2w pulse
(Probel) is introduced to probe the amplitudes and the phases
of the EWPs from paths I and II. The detailed reconstruction
process is elaborated in Sec. IIT A. Similarly, a (weak) 4w
pulse (Probe2) is introduced to probe the amplitudes and
phases of the EWPs from Path III, as illustrated in Fig. 9(c).
The detailed reconstruction process is presented in Sec. III C.
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