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Quantum-state manipulation through coherent interaction with a radiation field is a fundamental
process with broad implications in quantum optics and quantum information processing. However,
current quantum control methods are limited by their operation at Rabi frequencies below the
gigahertz range, which restricts their applicability to systemswith long coherence times. To overcome
this limitation, alternative approaches utilizing ultrafast driving lasers have garnered great interest. In
this work, we demonstrate two-photon Rabi oscillations in the excited states of argon operating at
terahertz frequencies drivenby ultrafast laser pulses. Leveraging quantum-path interferometry,we are
able tomeasure andmanipulate both the amplitudes and phases of the transition dipoles by exploiting
the intensity and polarization state of the driving laser. This precise control enables femtosecond
population transfer and coherent accumulation of geometric phase. Our findings provide valuable
insights into the all-optical manipulation of extreme-ultraviolet radiations and demonstrate the
possibility of ultrafast quantum control through interferometric multiphoton transitions.

Coherent interaction with a radiation field drives population transfer
between a two-level system, resulting in Rabi oscillations1. This funda-
mental process is critical for quantum-state manipulation and underpins
a variety of implementations in quantum optics and quantum infor-
mation processing2–4. To achieve coherent quantum control, it is
imperative to ensure a light-matter interaction that occurs within suffi-
ciently short timescales, before the decay of coherence5,6. Currently,
coherent quantum control predominantly relies on continuous waves in
the microwave, infrared, and visible regions, typically operating with
Rabi frequencies below the gigahertz range6,7. This limitation con-
siderably restricts the applicability of quantum control to systems with
long coherence times, such as meta-stable atomic spins8–10 and super-
conducting qubits11,12. To overcome this limitation, it is preferable to
employ intense ultrafast lasers to drive Rabi oscillations on picosecond or
even femtosecond timescales13, manipulating the population and phase
of quantum states in rapidly decohering systems. It is expected that
increasing the Rabi frequency by using high-intensity ultrafast lasers
would accelerate quantum operations. However, it is essential to consider
nontrivial processes induced by high laser intensities and the broad
bandwidth of ultrafast laser pulses, such as AC Stark shifts14,15,

multiphoton transitions16 and complex multi-level coupling, for effective
quantum control.

Extending Rabi oscillations to the multiphoton regime presents new
possibilities for accessing quantum control of highly excited and dipole-
forbidden dark states. Previous investigations on multiphoton quantum
control using ultrashort laser pulses have attracted great attention. For
instance, femtosecond vacuum ultraviolet laser pulses have been used to
induce two-photon Rabi oscillations in krypton atoms17, and step-ladder
Rabi oscillations in H2

18, resulting in population transfer. Suppression of
ionization probability due to Rabi oscillations has been observed in the
resonant two-photon ionization ofHe driven by extreme-ultraviolet (XUV)
free-electron lasers19,20. By using advanced pulse shaping techniques, the
switching between photon absorption and no absorption by Cs atoms was
demonstrated through non-resonant two-photon excitation16,21. Moreover,
intense ultrafast lasers have been employed to manipulate specific chemical
dissociation processes and control the branch ratios between different
reaction channels of polyatomic molecules, through both multiphoton
excitation and Stark shifting effects induced by intense femtosecond laser
pulses22. The interference between a one-photon transition induced by
second-harmonic light and a two-photon transition induced by
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fundamental light was utilized to coherently control dissociative ionization
of molecules23–25. More recently, Freeman resonance26 induced by a strong
laser field was utilized to support two-photon Rabi oscillations with ter-
ahertz (THz) frequencies27. Previous studies have dominantly focused on
coherent optical control of level populations, but limited emphasis has been
placed on phase control. The precise control of quantum phases under
strong-field driving can enable electron localization via quantum mechan-
ical interference during molecular photoionization28–30, as well as recon-
structionof laser-drivenquantumstates throughphotoelectronholographic
imaging31–33.

In this work, we employ quantum-path interferometry (QPI) to
achieve phase measurements and demonstrate control of two-photon Rabi
oscillations between excited states of argon driven by femtosecond laser
pulses. The QPI technique involves the manipulation of two-photon
pathways connecting a coherently prepared initial-state pair and a final
state, resulting in delay-dependent oscillations of the final-state population,
characterized by the emission of free-induction decay (FID) in the XUV
wavelengths. The phase information of the Rabi pathways is encoded in the
FID oscillations, enabling us to quantitatively monitor the coherent control
of the dipole phases. Our results demonstrate THz-frequency Rabi oscilla-
tions driven by near-resonant femtosecond laser pulses, leading to both
femtosecond population transfer and coherent accumulation of geometric
phase. Furthermore, we demonstrate optical control of the amplitudes and

phases of different transition dipoles using the intensity and polarization of
the control pulses, as verified by a multi-level theoretical model. Our find-
ings provide insights into the all-optical manipulation of XUV radiations
and demonstrate the possibility for ultrafast quantum control of both
amplitudes and phases through interferometric multiphoton transitions.

Results and discussion
Experimental results
The schematic of the experimental setup is illustrated in Fig. 1a. In our
experiment, we first prepare the 3p54s state in argon, located about 11.63 eV
above the ground state (jgi, 3p6), through a five-photon transition using a
linearly polarized strong preparation pulse with a central wavelength of
520 nm (_ωprep ¼ 2.38 eV). The argon gas is in a gas cell with an inner
diameter of 1.5mm and a pressure of 26 kPa. Subsequently, a linearly
polarized weak control pulse with a central wavelength of 1040 nm (_ωc ¼
1.19 eV) is used tomanipulate the excited states of argon. The control pulse
is delivered at a time delay of τ relative to the preparation pulse, with its
polarization at an angle of θ relative to that of the preparation pulse (Fig. 1a).
The full-width-at-half-maximum (FWHM) duration of the control pulse is
approximately 25 fs, which is determined by second-harmonic-generation
(SHG) frequency-resolved optical gating (FROG)34. The duration of the
preparation pulse is about 50 fs, on the other hand, estimated with the
bandwidth of its spectrum and the dispersion induced by the vacuum
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Fig. 1 | Experimental setup and concept illustration. a Schematic of the experi-
mental setup. Argon gas in a gas cell is excited by a sequential preparation and
control pulse pair with a time delay of τ. The free induction decay (FID) emission
from the excited argon atoms is recorded by an XUV spectrometer composed of a
grating and an XUV charge-coupled device (CCD) camera. The preparation and
control pulses are blocked by an indium thin film. b Schematic of the energy level
diagram of argon. The initial states (jii, 4s1 and 4s2) of the five-level system is first
prepared by a strong laser pulse (green) with a five-photon process. The two-photon
transitions from the initial states to the final states (jf i, 5s and 3d) are then driven by
a weak control pulse (red) under the near-resonant condition, facilitated by the

intermediate states (jmi, 4p). The relaxation from |f〉 to the ground state (jgi, 3p)
leads to the emission of FID (purple) with intensity of IFIDf . Inset: Simplified illus-
tration of the two-photon transitions from 4s1 and 4s2 to the 5s and 3d final states,
leading to quantum-path interferometry (QPI) on thefinal states. cTheXUVspectra
of the FID emission with (blue line) and without (red line) control-pulse excitation.
The peaks of different initial and final states are labeled. The transmission spectrum
of the indium thinfilm is also plotted62.dThe FID intensity of the 5s and 3d states as a
function of the relative time delay between the prepare and control pulses τ. The
relative phase between the two oscillation traces is labeled as Δϕ. The low-intensity
regions are labeled by the white color for illustration purpose.
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window. The preparation pulse is focused to a 1/e2 beam radius of about 20
μm, whereas the beam radius of the control pulse is about 70 μm. Both of
them aremeasured by precisely imaging the focal point outside the vacuum
chamberwith aCCDcamera.Thedistinct beamradii allowus toprepare the
3p54 s argon atoms in a small volume at the center of the control pulse,
ensuring a uniform control-field intensity distribution within the interac-
tion volume. The intensity of the preparation laser pulse is estimated to be
200 TW cm−2, whereas the intensity of the control field (Ic) is much weak,
varying below 3 TW cm−2. The coherent excitation of the prepare-control
pulses eventually leads to XUV FID that is recorded by an XUV spectro-
meter. More details about the experimental setup can be found inMethods
and Supplementary Note 1.

In Fig. 1b, we present the energy-level diagram of the prepare-control
scheme in our experiment. Due to LS coupling, there is a strong mixing of
the transitory 4s states, 4s[3/2]1 and 4s’[1/2]1, which we label as 4s1 and 4s2
respectively, for convenience. In this context, we adopt the Racah
notation35,36 for a singly excited atom: nl[K]J and nl’[K]J. Here, nl represents
the principal and orbital quantum numbers of the excited electron, with nl
and nl’ respectively denoting the electronic core states of 2P3/2 and

2P1/2,K is
the quantum number for an intermediate angular momentum, and the
subscript J represents the quantum number for the total angular

momentum. More details about the Racah notation can be found in Sup-
plementary Note 11.

The weak control pulse drives two-photon transitions between the
initial states 4s (jii) and the final states 5s (5s[3/2]1) and 3d (3d[3/2]1) (jf i),
facilitated by the intermediate state 4p (jmi). The final states 5s and 3d are
located at 2.26 and 2.32 eV above the 4s2 state, respectively, thus close to the
two-photon resonance of the control pulse. In addition, the intermediate
state involves 4p[1/2]1 and 4p[5/2]2 with energy levels positioned 1.08 and
1.27 eV above the 4s2 state, respectively

37,38. In Fig. 1c, we plot the XUV
spectrum of argon excited only by the preparation pulse (red line), which
contains the FID signals solely from the 4s1 and 4s2 states. The FID intensity
from the 4s1 state is more than one order of magnitude weaker than that
from the 4s2 state, indicating a low population on 4s1 following the
preparation-pulse excitation. This is mainly because the five-photon tran-
sition of the 520-nm preparation pulse better covers the 4s2 state compared
to the 4s1 state (see Supplementary Note 2). The background-free FID
signals from the 5s and 3d states only appear when the control pulse comes
at a time delay of τ after the preparation pulse, accompaniedby a decrease of
the 4s2 intensity (blue line in Fig. 1c).

Furthermore, as illustrated in the inset of Fig. 1b, the control pulse
interacts with the coherently prepared superposition of the 4s1 and 4s2
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Fig. 2 | Control of quantum-path interferometry on different final states. a The
experimental results of the FID-intensity oscillation of the 5s (blue) and 3d (red)
states under different control-pulse intensities, Ic, with the relative phases between
the two states Δϕ are labeled. b The non-oscillating intensities INOf of the FID from
4s2, 5s and 3d states as a function of Ic. The symbols represent the experimental
results, while the dashed lines show the simulation results of the five-level model.
c The interference visibility of the 5s and 3d states (M4 and M5, respectively) as a
function of Ic. The dashed lines show the simulation results of the five-level model.

The model results for the 5s state is scaled by 0.32 for comparison. d The relative
difference of the oscillation phases of the 5s and 3d states,Δϕ, as a function of Ic. The
dashed lines are the results of the five-level model simulations. The model results of
the individual oscillation phases of the 5s and 3d states (δϕ4 and δϕ5, respectively) are
also shown. The error bars in c and d are determined by considering both the fitting
errors and the standard deviations of experimental results, extracted from 5 indi-
vidual scans.
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states. The interference between the two quantum paths connecting the two
initial states (4s1 and 4s2) and the same final state (5s or 3d) leads to
oscillation in the population, and hence the FID intensities, of the 5s and 3d
states as a function of the time delay τ, as shown in Fig. 1d. The phase
information of the involved 4 s states and the two-photon dipole transitions
is encoded in these oscillations. Similar intensity oscillations have been
observed in previous studies39.

The minimum requirement to depict the QPI is a two-channel inter-
ference theory (see Fig. 1b). The complex amplitude of the final state jf i
populated through two-photon transition from the initial state jii (see
Fig. 1b), driven by the control pulse at a time delay of τ, is given by

Aif τð Þ ¼ e�i
Ei
_ τaif e

�iφif ð1Þ

Here, we use i = 1, 2 to denote the initial states 4s1 and 4s2, f = 4, 5 to
denote the two final states 5s and 3d, andm = 3 to denote the intermediate
state 4p.The correspondingfield-free energies areEi,Em andEf, respectively.
aif and φif represent the amplitude and the phase of the two-photon tran-
sition. The first term on the right-hand side of Eq. (1) represents the free-
evolution phase of the 4s1 and 4s2 states before the arrival of the control
pulse. The complex amplitude aif e

�iφif induced by the control pulse can be
calculated by40

aif e
�iφif ¼ cið0Þ f T̂e�i

R1
0
HðtdÞdtd

�
�
�

�
�
�i

� �
ð2Þ

where td ¼ t � τ and t represents time, the coefficient ci(0) is the initial
amplitude of the 4si state, T̂ is time-ordering operator. The interaction
HamiltonianH(td) is given byH td

� � ¼ H0 þ VðtdÞ, whereH0 is the field-
free Hamiltonian and V(td) represents the interaction of the control pulse
with the five-level quantum system [i = 1, 2; m = 3; f = 4, 5]. More detailed
derivation can be found in Supplementary Note 3.

The intensity of the FID emission from jf i is proportional to
jA1f τð Þ þ A2f τð Þj2:

IFIDf ðτÞ / A1f τð Þ þ A2f τð Þ
�
�
�

�
�
�
2
¼ a1f

�
�
�

�
�
�
2
þ a2f

�
�
�

�
�
�
2

þ 2ja1f jja2f j cosðωτ þ δϕf Þ
ð3Þ

Thefirst two terms on the right-hand side represent the non-oscillating
part of the FID intensity INOf ¼ ja1f j2 þ ja2f j2, and the third term leads to
intensity oscillations at a frequency ofω, where the value ofω is determined
by the energy separation between the 4s1 and 4s2 states: ω ¼ E2 � E1

� �
=_.

The difference of the dipole-transition phases between the two quantum
paths is imprinted in the oscillation phase by δϕf ¼ φ2f � φ1f . As shown in
Fig. 1d, the period of oscillation is approximately 21.8 fs, which is consistent
with E2 � E1 ≈ 0.20 eV. A phase difference between the 5s and 3d signals
(Δϕ ¼ δϕ4 � δϕ5) can be clearly resolved.

The QPI method allows to retrieve the amplitude and phase infor-
mation of the two quantumpaths and therefore enables us to investigate the
influence of the control pulse on the two-photon transition dipoles in the
five-level system (Fig. 1b). In Fig. 2a,we show the FID intensities from the 5s
and 3d states as a function of τ for different control-pulse intensities (Ic) in
the time delay window between 200 and 400 fs. The polarization angle θ is
fixed at 90o in these measurements. Under this condition, we expect the
intermediate state 4p[1/2]1 is more likely to participate in the two-photon
transition, given its proximity to the single-photon resonance from the 4 s
states. Furthermore, our experiment reveals that the interference visibility
(see below) remains a constant for time delays up to 2 ps, indicating a long
coherence time of the prepared initial-state pair, while the non-oscillation
intensities (INOf ) decays following the population decay on the 4 s states (see
Supplementary Note 4). Thus, we believe that the conclusion obtained
within different time delay windows remains consistent.

Byfitting the oscillating signalswith sinusoidal functions,we obtain the

non-oscillating intensity (INOf ), the interference visibility (Mf ¼
2ja1f jja2f j

ja1f j2þja2f j2)

and the phase difference (Δϕ) as a function of Ic, which are shown in
Fig. 2b–d.Our results reveal that INO4;5 of the 5s and 3d states, aswell as INO2 of
the 4s2 state, exhibit a non-monotonic dependence on the control-laser
intensity. Specifically, both INO4 and INO5 reach their maximum values at
Ic ≈ 1.4 TW cm−2, while INO2 reaches its minimum. This indicates a con-
trolled population transfer from the 4s2 states to the 5s and 3d excited states
driven by the control pulse. It is important to note that the population
prepared by Iprep on the 4s1 state is relatively low. Therefore, the transitions
originating from the 4s1 state only contribute a small portion to the popu-
lations of the intermediate and final states (see Supplementary Note 2).

On the other hand, we observe that the interference visibility,M4 and
M5, reach their minima at Ic ≈ 1.4 TW/cm2 (Fig. 2c), and, correspondingly,
the phase differenceΔϕ exhibits a strong shift at the same intensity (Fig. 2d).
These observations indicate that the control pulse not only influences the
population transfer but also modulates the interference between the two
quantumpaths, consequently leading to a change in the relative phase of the
oscillations.

Theoretical model
To gain further insight on the experimental observations, we employ a
numerical approach to solve Eqs. (1)–(3). The time evolution of the system
can be obtained by solving the Schrödinger equation

i_
∂

∂t
ψðtÞ
�
� � ¼ H t; τð Þ ψðtÞ

�
� � ð4Þ

Here,jψðtÞi is the wavefunction of the five-level quantum system given
by jψðtÞi ¼ P

n¼i;m;f cn tð Þjni, where cn is the complex amplitude of state
jni. The Hamiltonian H(t,τ) can be described by a 5 × 5 matrix:

H t; τð Þ ¼

E1

0

Ω13

� ��

0

0

0

E2

Ω23

� ��

0

0

Ω13

Ω23

E3

Ω34

� ��

Ω35

� ��

0

0

Ω34

E4

0

0

0

Ω35

0

E5

0

B
B
B
B
B
B
@

1

C
C
C
C
C
C
A

ð5Þ

which characterizes the interaction between the control-laser field and the
five-level system. The Rabi frequencies Ω13/23/34/35 are given by
Ω13=23=34=35 ¼ �Ecðt; τÞd13=23=34=35=_, where d13, d23, d34 and d35 are the
transition dipoles between different states, and Ec represents the control-
laser field. To account for the difference in the initial-state population on 4s1
and 4s2, we set the wavefunction of the five-level system at t = 0 to be
ψ 0ð Þ
�
� � ¼ c1 0ð Þ 4s1

�
� �þ c2 0ð Þj4s2i with c1(0) ≈ 0.37 and c2(0) ≈ 0.93 (see

Supplementary Note 2).
The complex amplitude cf (τ) of the final states can be calculated by

cf τð Þ ¼ f T̂e�i
R1

0
Hðt;τÞdt

�
�
�

�
�
�ψ 0ð Þ

� �

¼
X

i¼1;2

ci 0ð Þe�i
Ei
_ τ f T̂e�i

R1
0
HðtdÞdtd

�
�
�

�
�
�i

� �
;

ð6Þ

where T̂ is the time-ordering operator. Consequently, the control-pulse-
induced transition amplitudes from jii to jf i in Eqs. (1) and (2) can be
obtained.

We employ the Runge–Kutta method to numerically solve Eq. (6) and
obtain the complex amplitude cf τð Þ. The oscillations of the FID intensity
(IFIDf ) as a function of time delay τ are obtained in the delay time window
between 200 and 400 fs, during which the electrical field of the preparation
pulse ceases to interact with the atoms. Then, the quantities INOf ,Mf andΔϕ
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are extracted using the same data-analysis procedure applied to the
experimental results. In order to achieve agreement between themodel and
our experimental results shown in Fig. 2b–d, we use the four dipole
moments as fitting parameters. The comparison between the fitting results
and the literature values38,41 is summarized in Supplementary Table S2. The
simulation results are presented as dashed lines in Fig. 2b–d, showing
qualitative agreement with the experimental observations.

Here, we acknowledge that the values of INOf cannot directly measure
the populations on different final states because of the undetermined
transition dipoles for the FID recombination, as well as the macroscopic
phase-matching effect42. To facilitate the comparison in Fig. 2b, we nor-
malize both the experimental and theoretical results to their respective
maximum values. The overall agreement observed in the evolution of the
experimental and theoretical results as a function of Ic corroborates our
model. The detailed evolution of state populations is illustrated in Fig. 3a.
More details about the numerical simulations can be found in the Supple-
mentary Note 3.

In the simulation, by setting initial conditions c2(0) = 0 or c1(0) = 0, we
can obtain the two-photon complex amplitudes a1f e

�iφ1f and a2f e
�iφ2f ,

respectively, thus allowing to disentangle the contributions from individual
transition channels. In Fig. 3b, we illustrate the results of our model for the

transitions to the 5s final state. We observe that the diminish of the inter-
ference visibilityM4 at Ic ≈ 1.4 TWcm−2 (Fig. 2c) is caused by theminimum
value of the transition amplitude from 4s1 to 5s (a14). This indicates that the
control pulse with Ic ≈ 1.4 TW cm−2 can drive ultrafast population transfer
in this particular channel, completing one Rabi flop within approximately
60 fs (approximately the 1/e2 durationof the control pulse). The two-photon
Rabi oscillation hence occurs with an effective frequency of
Ω½2�

14=2π≈ 1=ð60fsÞ≈ 16.7 THz. In contrast, the second channel
(4s2→ 4p→ 5s), which dominates the population transfer, possesses only
half of the same Rabi frequency reaching the “π-pulse condition” with the
maximumof the transition amplitude at Ic ≈ 1.4 TW cm−2. The two-photon
Rabi frequency ofΩ½2�

24=2π ¼ 16.7 THz is, on the other hand, reached when
Ic ≈ 2.6 TW cm−2 for this channel (Fig. 3b). This difference between the two
channels is mainly caused by the smaller transition dipole between 4s2 and
4pwhen compared to that between 4s1 and4p (d23 < d13, seeSupplementary
Table S2 and Note 9).

Furthermore, as shown in Fig. 3c, we observe that the oscillation phase
δϕ4 of 5s gradually drifts as a function of Ic , and there exists a phase jump of
~π accompanied by theminimumof the transition dipole amplitude. These
results are consistent with our experimental measurement of δϕ4, for which
a time-delay stabilization scheme was implemented (see Supplementary

Fig. 3 | Transition amplitudes and phases involved in quantum-path
interferometry of 5s. aModel results of the populations on different states under
varying control-pulse intensity, Ic. b The model results of the transition amplitudes
between the initial states and the 5s final state (ai4), and the interference visibilityM4

as a function of the control pulse intensity, Ic. c The symbols represent the experi-
mental results of the oscillating phase of the 5s state, δϕ4. The error bars are
determined by considering both the fitting errors and the standard deviations of

experimental results, extracted from 5 individual scans. The solid lines show the
model results of the phases of two-photon channels to the 5s state, φi4, and the
dashed line represents the model results of the corresponding oscillating phase.
d Illustration of the QPI on the 5s state under different control-laser intensity, Ic,
showing the jump of the oscillating phase when the paths reach the “2π condition”.
e The time evolution of the transition amplitude a14 under different control-laser
intensity, Ic. f Same as e for the transition amplitude a24.
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Note 8). The observed phase shift of π at Ic ≈ 1.4 TW cm−2 arises from the
geometric phase accumulated during the cyclic 4s1-5s two-photon transi-
tion. In this cyclic transition, the 4s1 amplitude returns to the same state,
acquiring a π geometric phase before additional 5s coupling during the Rabi
oscillation43,44. This π-phase shift is subsequently detected through inter-
ference with the reference path 3p-4s2-5s (see Fig. 3d), manifesting in the
XUV FID emission signals. A second π-phase jump is expected at
Ic ≈ 2.6 TW cm−2, corresponding to the “2π-pulse condition” for the two-
photon transition between 4s2 and 5s, while the quantum path of 3p-4s1-5s
serves as the “reference path” in this case.Here, by utilizing theQPI between
the “2πpath” and the reference path that possesses a smoothphase variation
(Fig. 3d), we are able to resolve the geometric phase in the measurements.
Similar analysis can be applied to the 3d final state (see Supplementary
Note 6). The abrupt phase shift ofΔϕ in Fig. 2d is induced by the appearance
of the consecutive “2π-pulse conditions” on the 5s and 3d states.

The time-evolution of transition amplitudes provides a clear evidence
of Rabi oscillations in different transition channels. As depicted in Fig. 3e, f,
we present the simulation results for a14 and a24, respectively. The transition

amplitude a14 exhibits oscillations as a function of time (td) with distinct
Rabi frequencies, which vary with the control pulse intensity Ic. Under
Ic = 0.5 TW cm−2, the control pulse efficiently drives the transition from the
4s1 state to the 5s excited state, while the transition probability is minimized
under the “2π-pulse condition”with Ic = 1.4 TWcm−2, completing oneRabi
flopwithin approximately 60 fs. By further increasing Ic to 2.6 TWcm−2, the
maximum transfer probability is achieved again under the “3π-pulse con-
dition.” In comparison, the channel of a24 possesses approximately half the
Rabi frequency compared to a14, owing to its smaller transition dipole
values. More details about the Rabi oscillations in different transition
channels can be found in Supplementary Note 5.

The overall population transfer to the excited states (5s and 3d) is
determined by the coherent sum of the complex amplitudes from the 4s1
and 4s2 states driven by the control pulse, i.e. jA1f τð Þ þ A2f τð Þj2. QPI leads
to oscillations in the populations of different states as a function of the time
delay τ. For clarity, we present the delay-averaged population, represented
by the non-oscillating intensity (INOf ), and the corresponding results for
different states are plotted in Fig. 3a. Our results highlight the importance of
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Fig. 4 | Polarization-dependent quantummanipulation of 5s. a Illustration of the
polarization-dependent transitions in the multi-level quantum system. b The
oscillation of IFID4 as a function of delay τ under different polarization angle θ. The
dashed red line illustrates the phase shift of the intensity oscillation. c The inter-
ference visibilityM4 as a function of θ. The red solid line represents themodel results.

d The oscillating phase of the 5s state δϕ4 as a function of θ. The red solid line
represents the model results. The error bars in c and d are determined by the fitting
errors. e The model results of the population on the intermediate states of different
magnetic sublevels M = 0, ±1.
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multi-level coupling in the population dynamics. At an intensity of
Ic ≈ 1.4 TW cm−2, approximately 70% of the total population is transferred
away from the 4s2 state, while only approximately 25% is transferred to the
5s state, and a mere 4% to the 3d state, with approximately 40% of the total
population remaining on the 4p intermediate state. More details about the
population transfer can be found in Supplementary Note 7.

The population transfer through Rabi oscillation is strongly influ-
enced by the intermediate state. To elucidate its effect, we conducted
additional simulations by varying the energy of the 4p intermediate state
(E3), while keeping the values of transition dipoles fixed. The results are
presented in Supplementary Fig. S10. We find that, when E3 is below
12.80 eV, the population can be efficiently transferred from 4s2 to 5s with
an overall efficiency approaching 70%, while the population remaining
on the 4p intermediate state is minimal. On the other hand, when E3
exceeds 13.10 eV, the population on 4p is also very low, but, in contrast,
the efficiency of population transfers to 5s and 3d decreases, and more
population stays on the 4s2 initial state. Only when the 4p intermediate
state is close to the single-photon resonance from 4s1 and 4s2 (from 12.80
to 13.05 eV), there is high efficiency of population transfer to the 4p state,
and the situation in our work falls in this range (E3 = 12.91 eV). This
result is consistent with previous work45. In Supplementary Fig. S11, we
summarize the population transfer to different states at the control-pulse
intensity when the 4s2 population reaches its minimum, which clearly
shows this trend.

Under a strong field dressing, the AC Stark energy shifts of the excited
states may introduce new resonant channels for above-threshold-
ionization15,46. In our simulation, the AC Stark shifts induced by the con-
trol field are considered, resulting in energy shifts on the order of tens of
meV(see SupplementaryFig. S13).Note that this energy shift is smaller than
the bandwidth of the control pulses and also much smaller than the energy
difference between the high-energy excited states (5s and 3d) and the
ionization potential of argon. Consequently, we can conclude that ioniza-
tion through new resonant channels, attributed to the ponderomotive
shifting of excited states, is negligible in this study. Furthermore, given that
FID emission typically occurs on a timescale of tens of ps39, when the
influence of the control-pulse field diminishes, the Autler-Townes splitting
of the FID spectrum is absent. This stands in contrast to techniques such as
attosecond transient absorption47 or photoelectron spectroscopy48, where
atomic states under laser-field dressing are directly probed.

Coherent manipulation via laser polarization states
Except for the laser intensity, the two-photon Rabi oscillations can also be
manipulated by the polarization state of the control pulse. Previously,
coherent multi-photon control of atoms and molecules using the polar-
ization states of driving lasers has been extensively studied45,49,50. With
respect to the quantization axis (ẑ) along the polarization of the preparation
laser field, the control-laser field can be decomposed as

~Ec ¼~Eπ cos θ þ ~Eσþ þ~Eσ�
� � sin θ

ffiffiffi
2

p ð7Þ

where~Eπ ¼ Ecẑ,~Eσþ ¼ Ecffiffi
2

p x̂ þ iŷ
� �

and~Eσ� ¼ Ecffiffi
2

p x̂ � iŷ
� �

represent the

control-field components with different angular momentum. By varying θ,
we selectively excite the two-photon transitions through different magnetic
sublevels M= 0, ±1 of the 4p intermediate states (Fig. 4a), which leads to
different dipole moments of the transition paths. In Fig. 4b, we plot the
delay-dependent IFID4 of the 5s state at different θ, with the control-laser
intensity fixed at Ic ≈ 0.5 TW cm−2. In addition to the ω oscillation that
results from QPI, we observe maximum FID intensity when the control-
pulse polarization is alignedor anti-alignedwith thepreparationpulse (θ = 0
or 180o), andminimumFID intensitywhen the polarizations are orthogonal
(θ = 90o). Furthermore, we can retrieve the interference visibility and phases
as a functionof thepolarizationangle from themeasureddata,which exhibit
clear dependence on the polarization angle θ (Fig. 4c, d).

To explain these experimental observations, we extend the five-level
model to a seven-level one by considering the magnetic sublevels of 4p0,
4p+1 and 4p-1, denoted asm = 3, 3’ and 3”, respectively. Taking into account
the symmetry of the transition dipoles and the preparation-control laser
fields, we anticipate that the transitions excited by the σ-components of the
control field exhibit equal dipole moment strengths, specifically dσi30 ¼ dσi300
and dσ30f ¼ dσ3i300 f (see Supplementary Note 10), and their values are
provided di3 and d3f, respectively (see Supplementary Table S2). To achieve
agreement with the experimental results, we assume that the strength of the
dipole moments for the π-transitions are 1.6 times stronger than those for
the σ-transitions, i.e., dπi3 ¼ 1:6 × dσi30 and d

π
3f ¼ 1:6× dσ30f . This conclusion

aligns with the experimentally observed stronger FID intensity at the π-
transitions, and is also in accordance with previous work27.

Here, we acknowledge that our model simplifies the consideration of
the intermediate states and the 3d final state. Specifically, according to the
selection rule, the transitions from the 4 s states to 4p[1/2]1 are forbidden
when the control pulse contains only the π component (θ = 0). Therefore,
the intermediate state of 4p[5/2]2 is involved in the transition when θ = 0,
despite its larger single-photon detuning. By considering the involvement of
the 4p[5/2]2 state, we estimate the ratio between the transition dipoles of the
π transitions and the σ transitions to be approximately 1.98, providing
qualitative support for our fitting result. Further details of the model can be
found in Supplementary Note 10.

The simulation results qualitatively agree with the θ-dependent
interference visibility (M4) and phase (δϕ4), as shown in Fig. 4b, c. The
changes in M4 and δϕ4 under different θ angles can be attributed to the
variation of the transition amplitudes of different channels with θ-depen-
dent dipole strength andRabi frequencies. The selective excitation of the 4p0
and 4p±1 channels by the ~Eπ and ~Eσ± fields is also clearly shown by the
model, as evidenced by the variation of the population transfer to the
intermediate states, as shown in Fig. 4e.

Conclusions
In this work, we exploitmultiphoton transitions induced by the preparation
pulse to establish the populations on two initial states (4s1 and 4s2). The
coherent preparation of these two initial states offers a unique opportunity
to observe quantum-path interference, a critical element for extracting the
geometric phase in coherent light-matter interaction. However, we
acknowledge that the multiphoton approach has inherent limitations in
terms of the preparation efficiency of initial states. Furthermore, the
requirement for an ultrashort, broadband laser pulse in the process poses
challenges in achieving precise control over the initial quantum states.With
the rapid development of bright XUV sources, such as high-harmonic
generation51,52 and free-electron lasers53,54, there is now the potential to
directly induce resonant transitions for the precise quantum-state pre-
paration. Especially, coherent and ultrafast control of atoms and molecules
using XUV lasers has become feasible in recent years19,20,48,55–59.

In conclusion, our study demonstrates the successful application of
ultrafast laser pulses to effectively control the amplitude and phase of two-
photon Rabi oscillations in the excited states of argon. In particular, using the
QPI method, we measure and further demonstrate the manipulation of both
the amplitudes and phases of the dipoles associated with the two-photon
transitions driven by femtosecond laser pulses. Our findings revealed THz
Rabi oscillation frequencies under near-resonant excitation, facilitating fem-
tosecond population transfer and the coherent accumulation of geometric
phase. Furthermore, we establish that the control of the two-photon transition
dipoles can be achieved through adjusting the intensity and polarization state
of the control pulses, as validated by our multi-level theoretical model. Our
study opens up new possibilities for exploring andmanipulating the quantum
dynamics of excited states in atoms and molecules. By using ultrafast laser
pulses, we can achieve precise control of excited atoms using two-photon Rabi
oscillations and the associated geometric phase. This could lead to novel
applications in quantum information processing, spectroscopy, and metrol-
ogy. Future work could extend our approach to othermultiphoton transitions
and more complex systems, such as molecules or solids.
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Methods
Experimental setup
The experimental setup for the two-color prepare-control experiment is
shown in SupplementaryFig. S1a. In the experiments,we employ aYb:KGW
laser amplifier, with a pulse duration of 170 fs with a central wavelength of
1030 nm. The output laser is sent into an all-solid-state free-space PLKM
compressors, which compress the pulse to a FWHM pulse duration of
25 fs60,61. Thepulseduration isdeterminedby theSHG-FROGmeasurement,
as shown in Supplementary Fig. S1d, e. Then, the compressed beam is split
into two portions with a 90:10 near-IR beam splitter (BS). The high-energy
arm (90%) is frequency doubled using a type-I barium borate (BBO) crystal.
The fundamental laser beam is removed by a dichroic mirror (DM) and the
second harmonic beam with a pulse duration of 50 fs is served as the pre-
paration beam for the experiment. The laser beam from the low-energy arm
(10%) serves as the control beam and the delay between the preparation and
the control pulses is controlled using a delay line in the control branch. The
laser power of the control beam is varied by rotating a half wave-plate before
a linear polarizer, and the polarization state of the control beam is controlled
by a second half wave-plate. The two arms are recombined using a dichroic
mirror. The combined laser beam is then focused by a f = 15 cm lens into a
gas cell with an inner diameter of 1.5mm filled with argon gas. The backing
pressure is set to be around 200 torr, which optimizes the brightness of the
FID radiation.Within the interaction region, the intensity of the preparation
laser pulse is estimated to be ~200 TW cm−2, whereas the intensity of the
control field (Ic) is much weak, varying below 3 TW cm−2, which are
determined by measuring the beam waist at the focus. The coherent exci-
tation of the prepare-control pulses eventually leads to XUV FID that is
recorded by an XUV spectrometer after blocking the driving laser beams
using a 300 nm indium thin film. The transmission spectrum of the indium
film is shown in Fig. 1c. In Supplementary Fig. S1b, c, we present the spectra
of the control and preparation pulses, respectively.

Data availability
The authors confirm that the data supporting the findings of this study are
available within the article and its supplementarymaterials. Additional data
related to this paper may be requested from the authors.
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