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Multipolariton control in attosecond transient absorption of autoionizing states
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Tunable attosecond transient absorption spectroscopy is an ideal tool for studying and manipulating au-
toionization dynamics in the continuum. We investigate near-resonant two-photon couplings between the bright
3s−14p and dark 3s−14 f autoionizing states of argon that lead to Autler-Townes-like interactions, forming entan-
gled light-matter states or polaritons. We observe that one-photon couplings with intermediate dark states play
an important role in this interaction, leading to the formation of multiple polaritonic branches whose energies
exhibit avoided crossings as a function of the dressing-laser frequency. Our experimental measurements and
theoretical essential-state simulations show good agreement and reveal how the delay, frequency, and intensity
of the dressing pulse govern the properties of autoionizing polariton multiplets. These results demonstrate new
pathways for quantum control of autoionizing states with optical fields.
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I. INTRODUCTION

Attosecond spectroscopy is a powerful and versatile tech-
nique to investigate time-resolved electron dynamics in
atomic and molecular systems [1,2]. In particular, the study
of autoionizing states (AISs) is essential for understanding
electron-core interactions. It is well known that AISs exhibit
asymmetric line shapes in their photoabsorption spectra due
to the presence of discrete bound states that are coupled to
different continua. Electrons excited to these states autoion-
ize on timescales of tens to hundreds of femtoseconds due
to configuration interactions with the core. The absorption
features of AISs are described by the familiar Fano profile
[3,4]. These line shapes usually contain a region of higher
transparency compared to the continuum background which
results from the destructive interference between the tran-
sition amplitudes of the direct ionization to the continuum
and the indirect ionization to this same continuum through
the AIS.

Attosecond transient absorption spectroscopy (ATAS) has
been extensively used to study AISs [5–10]. In particular,
strong-field ATAS [11], which employs extreme-ultraviolet
(XUV) pulses to coherently launch a dipole excitation in an
atomic or molecular system, and time-delayed infrared (IR)
pulses to control and/or probe its evolution, offers excit-
ing opportunities for control of metastable states of matter
[12–14].

In our recent work [15], we used ATAS to investigate
one-photon couplings between a bright AIS and nearby dark
AISs via laser dressing. In the near-resonant condition, akin to

*luca.argenti@ucf.edu
†asandhu@arizona.edu

Autler-Townes phenomena [16–23], the interaction between
the bright AIS and the autoionizing light-induced state (ALIS)
of the dark state leads to the formation of two entangled
light-matter states, known as autoionizing polaritons (AIPs).
The AIP can decay either through autoionization (AI) or via
radiative ionization (RI). We demonstrated that these decay
pathways can add coherently, and under specific conditions
this interference can be destructive, leading to stabilization
against ionization [12,15].

In this paper, we extend our study to investigate the role
of two-photon couplings in the formation of AIPs and ex-
plore multipolariton formation at higher IR intensities. We
demonstrate that tunable-dressing-field ATAS is an ideal tool
for resolving and controlling polaritonic interactions. Con-
trary to traditional ATAS where the XUV and IR frequencies
are commensurate, our tunable approach employs an inde-
pendently adjustable IR probe frequency (ωIR) to resonantly
drive or detune the light-induced couplings between different
excited states [15,23]. Specifically, the frequency tunability
of the dressing-IR field allows us to manipulate the interac-
tions between the 3s−14p bright AIS and several ALISs of
the neighboring dark states (3s−13d , 3s−15s, and 3s−14 f ) in
argon, thus, providing control over the formation and evolu-
tion of multiple AIPs. We observe that even under resonant
conditions for the 3s−14p− 3s−14 f two-photon coupling, the
intermediate one-photon couplings with other dark states play
an important role, leading to the formation of up to four
polaritonic branches at higher intensities. We systematically
vary the delay, frequency, and intensity of the IR pulse to
explore the parameter space and obtain excellent agreement
with ab initio theory. By selectively incorporating states into
the simulations, we are able to identify contributions of each
polaritonic interaction and observe the avoided crossings be-
tween various branches.
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FIG. 1. (a) Experimental setup for tunable-dressing-field ATAS displaying the XUV and IR arms. An optical parametric amplier (OPA)
is used to generate tunable IR pulses for investigation of one-photon and two-photon couplings leading to strong near-resonant interactions
between AISs and ALISs. (b) Normalized XUV spectrum corresponding to the 17th harmonic, relative the energy of the bright 3s−14p AIS.
(c) Relevant AISs and ALISs in argon. The red double arrows show the IR induced 3s−14p− 3s−14 f two-photon coupling.

This paper is organized as follows. Section II describes
the experimental setup and techniques for tunable ATAS. In
Sec. III, we introduce a theoretical framework for model-
ing AIP dynamics. In Sec. IV, we present our experimental
photoabsorption results and compare them with theoretical
essential-state simulations. Finally, in Sec. V, we summarize
our paper and provide perspectives for future research.

II. EXPERIMENTAL SETUP

We use tunable ATAS to resolve and manipulate AIP
dynamics involving multiple AISs. Our pump-probe experi-
mental scheme, shown in Fig. 1(a), employs XUV attosecond
pulse trains (APT) to resonantly excite the 3s−14p AIS in
argon, which can be subsequently probed and controlled
through couplings induced by tunable IR pulses. Initially,
1.8-mJ 40 fs near-infrared (NIR) pulses are generated by a
1-kHz Ti:sapphire laser amplifier with a central wavelength of
790 nm. The beam is then divided into two arms with a 50/50
beam splitter. The NIR pulse in one of the arms is focused into
a semi-infinite xenon filled gas cell (10-Torr backing pressure)
with a 50-cm focal length curved mirror to produce XUV
APT through high harmonic generation [24–26]. The result-
ing XUV spectrum consists predominantly of the 13th–19th
to odd harmonics with phase-matching conditions chosen to
maximize the XUV flux in the 17th harmonic [Fig. 1(b)],
which is resonant with the bright 3s−14p AIS. The driving
NIR pulse is filtered out with a 200-nm aluminum filter and
the XUV APT are focused with a toroidal mirror into a sec-
ond gas cell for the transient absorption study. This gas cell
is 3-mm thick and contains argon at a backing pressure of
11 Torr.

The other half of the NIR pulse is routed to an OPA, which
is capable of generating tunable IR pulses in the 0.73–1.03-eV
range with an approximate conversion efficiency of 20%. A
half-wave plate and a polarizer are used to control the intensity
of the IR probe pulse, and a 100-cm lens is used to focus the

IR pulse into the argon-filled transient absorption gas cell. A
translation stage provides control over the relative time delay
between the XUV APT and the IR pulses. Both beams are
combined using an annular mirror such that they propagate
collinearly to the argon gas cell where they are spatiotempo-
rally overlapped. After the interaction, the co-propagating IR
beam is filtered out with a second 200-nm-thick aluminum
filter, and the XUV APT spectrum is diffracted and refocused
by a reflective variable line-space grating onto a CCD camera.
The resolution of our spectrometer is 15 meV at 24.0 eV.
The experimental IR photon energies reported in this paper
have an uncertainty of ±0.01 eV and agree with those in the
essential-states model within 20 meV.

We characterize our results in terms of the absolute opti-
cal density (OD), calculated as: OD = − log10(IXUV+IR/Iref ),
where Iref is the reference XUV spectrum through the empty
gas cell [Fig. 1(b)], and IXUV+IR is the transmitted IR-
dressed XUV spectrum through the argon-filled gas cell.
In this method, compared to the background OD associ-
ated with the continuum absorption, a dip in the OD would
indicate a Fano window resonance. In general, one can ob-
serve various Fano profiles associated with bright AISs or
AIP multiplets resulting from the interaction of a bright
AIS with different ALIS counterparts. Positive time-delays
(τ = tXUV−tIR) mean the IR dressing field precedes the
XUV APT.

This paper focuses on near-resonant two-photon couplings
between laser-dressed AISs,

∑
a |a〉 ⊗ |NaγIR〉, where |a〉 ⊗

|NaγIR〉 (or a ⊗ NaγIR for brevity) represents a component in
which the atom is in AIS |a〉 and the radiation field has Na

IR photons as well as the properties of the polaritonic states
resulting from such interaction. As shown in Fig. 1(c), we
tuned the IR photon energy so that the 3s−14 f ⊗ (N−2)γIR

ALIS is near resonant with the 3s−14p ⊗ NγIR AIS. In ad-
dition, we systematically vary the IR peak intensity between
20 and 200 GW/cm2 to study the intensity dependence of the
polaritonic structures.

063107-2



MULTIPOLARITON CONTROL IN ATTOSECOND … PHYSICAL REVIEW A 105, 063107 (2022)

III. THEORETICAL METHODS

The experimental photoabsorption spectra are interpreted
by using ab initio theoretical calculations conducted with the
NEWSTOCK program [27–29]. The multiconfiguration states of
the parent ions are computed with the ATSP2K atomic-structure
package [30], using the multiconfigurational Hartree-Fock
(MCHF) method, optimized for the 3s−1 and 3p−1 parent
ions. The resulting MCHF localized active orbitals are used
to form a basis of localized configurations for the neutral
system (localized channel). A finite set of ionic states are
augmented by a set of diffuse spherical orbitals, comple-
mentary to the MCHF active orbitals, given by products
of spherical harmonics and radial B-splines (partial-wave
channels) [31]. The set of partial-wave channels together
with the localized channel form a so-called close-coupling
configuration space that is able to accurately reproduce the
asymptotic multichannel character as well as the short-range
correlated character of bound states, Rydberg states, and the
resonant electronic continuum, within a given quantization
box, which in the present paper has a radius Rbox = 500 Bohr
radii. The Hamiltonian and dipole matrix elements between
close-coupling states are computed. As in any explicit sim-
ulation of a continuum system within a confined space, it is
necessary to prevent unphysical reflections of the photoelec-
tron wave packet at the quantization-box boundary. In the
present paper, this is achieved by adding, to the field-free
Hamiltonian H0, a smooth monoelectronic complex absorp-
tion potential (CAP), Vcap(�r1, �r2, . . . , �rn) = ∑

j v(r j ), where
v(r) = −icθ (r−Rcap)(r−Rcap)2, c is a real positive number,
and θ (x) is the Heaviside step function. This potential, which
starts ∼100 Bohr radii before the box boundary, makes any
outgoing wave function vanish before it can be reflected.
Whereas this approach dissipates the outermost part of the
wave function, it preserves the internal portion, which is the
only one relevant to reproduce the attosecond transient ab-
sorption spectrum of the atom. Indeed, the optical response
of the atom in the XUV spectral region is due to the dipole
beating between the excited component of the wave func-
tion and the ground state, which is highly localized near
the origin. The CAP enforces outgoing boundary conditions
on the eigenfunctions of the Hamiltonian of the confined
system (Siegert states [32–34]), Hcap = H0+Vcap, above the
ionization threshold, which acquire finite lifetimes and, hence,
complex energies. The AISs, in particular, emerge as iso-
lated complex eigenvalues, and, hence, can be selectively
included or excluded in the simulation of the laser-driven
dynamics of the system, thus, revealing the role of indi-
vidual resonances. In the case of optical observables, the
diagonalization of the field-free Hamiltonian allows us also
to restrict the simulation space to few hundreds of essential
states, whose energy lies below a prescribed cutoff, thus, re-
ducing the cost of simulation by several orders of magnitude,
compared with a simulation in the complete basis, without
compromising the convergence of the observables of interest
here.

To compute the evolution of the system in the presence
of external radiation fields, we numerically solve the time-
dependent Schrödinger equation in a succession of time steps,
|�(t + dt )〉 = U (t + dt, t )|�(t )〉, using a second-order split-

exponential propagator U (t + dt, t ), where

U (t + dt, t ) = e−iHcap(dt/2)e−iHI [t+(dt/2)]dt e−iHcap(dt/2). (1)

In the velocity gauge and in the dipole approximation,
HI (t ) = α �A(t ) · �P(�r), where �A(t ) is the field vector poten-
tial of both the pump and probe pulses, �A(t ) = �AXUV(t −
τ )+ �AIR(t ), P(�r) is the electronic canonical momentum, and
α is the fine-structure constant. The exponential of the dipole
matrix is computed exactly using its diagonal representation
in the essential Siegert-states basis. Therefore, each time step
is extremely fast since it merely requires two matrix-vector
operations, which scale quadratically with the size of the
Siegert-space basis. For optically thin samples, the absorption
at a given frequency is related to the Fourier transform of
the expectation value of the dipole operator, given by σ (ω) =
−4π/ω Im{P̃(ω)/Ã(ω)}.

As discussed in the following section, we have conducted
essential-state simulations where we retain only a specific
set of states to quantify the relative contribution of various
light-induced couplings between specific bright and dark AISs
(Fig. 7).

IV. RESULTS AND DISCUSSION

The focus of our investigations is the near-resonant in-
teraction between the bright 3s−14p and dark 3s−14 f AISs
due to the two-photon coupling induced by the IR field.
Figure 2 shows a comparison between the experimental (left)
and theoretical (right) photoabsorption spectrograms at three
different IR intensities (rows) in the vicinity of the bright
3s−14p AIS. At longer time delays, we solely observe the
3s−14p window resonance. In contrast, when the XUV and
IR pulses overlap near zero delay, multiple IR-field-induced
polaritonic structures emerge in the continuum. Although we
tuned the IR photon energy for a resonant two-photon 4p-4f
coupling (ωIR ∼ 0.84 eV), the observed multiplicity of fea-
tures points to the presence of additional interactions.

At lower IR intensities (∼50 GW/cm2), the experimental
and theoretical photoabsorption data in Figs. 2(a) and 2(b),
respectively, show the 3s−14p line shape splits into three
dominant AIP features. The line outs of these plots at τ ∼0
are displayed in Figs. 3(a) and 3(b). Figures 3(c) and 3(d)
represent the experiment and theory line outs at a fixed energy
of ∼26.62 eV. As the intensity is increased to ∼100 GW/cm2

and above [Figs. 2(c)–2(f)], the splitting between different
AIP branches increases substantially, and the top branches
also exhibit discontinuity as seen around 26.8 eV at τ ≈ 25 fs.
In general, the agreement between experiment and theory is
very good. At high intensities, we clearly observe four AIP
branches in both experiment and theory. These observations
are in contrast to the expectation of two AIP branches stem-
ming from the resonant interaction between the 3s−14p and
the 3s−14 f states.

The light-induced redistribution of the 3s−14p line strength
is a direct consequence of the renormalization of the AIS
and ALIS energies. Despite being rather detuned from the
one-photon resonance condition [Fig. 1(c)], the 3s−13d ⊗
(N−1)γIR and 3s−15s ⊗ (N−1)γIR ALISs can also contribute
to the interaction. In fact, as shown in Fig. 4, a basis set in-
volving the 3s−14p ⊗ NγIR AIS and the 3s−13d ⊗ (N−1)γIR,
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FIG. 2. (a), (c), and (e) Experimental and (b), (d), and (f) theo-
retical XUV photoabsorption spectra in the vicinity of the bright AIS
as a function of time delay. The 3s−14p state is near resonant with
the 3s−14 f state through a two-photon transition. The dressing field
frequency is ωIR = 0.85 eV for the experiment and ωIR = 0.83 eV
for theory. Different rows illustrate various IR intensities, increas-
ing from top to bottom where (a) 62 GW/cm2, (b) 50 GW/cm2,
(c) 110 GW/cm2, (d) 100 GW/cm2, (e) 205 GW/cm2, and (f)
200 GW/cm2. The color map represents the OD where lower values
indicate a decrease in background continuum absorption due to the
presence of the 3s−14p AIS or AIP resonances.

FIG. 3. Line outs of the experimental (red) and theoretical
(blue) data at low IR intensities (∼50 GW/cm2), corresponding to
Figs. 2(a) and 2(b), respectively. (a) and (b) are vertical line outs at
τ ∼0, whereas (c) and (d) are horizontal line outs at constant energy
∼26.62 eV.

FIG. 4. (a) Diagrammatic representation of the interacting bright
(4p) and nearby dark (3d , 5s, 4 f ) 3s−1n
 AISs in argon. The resultant
polaritonic multiplets represent entangled light-matter states. The
simulated photoabsorption spectrum with XUV alone (purple) is
a window resonance and the IR-dressed spectrum (green) clearly
shows four AIP branches. (b) Each of these AIPs can decay to the
continuum states through AI and RI pathways, which interference
constructively or destructively, depending on the IR laser parameters.

3s−15s ⊗ (N−1)γIR, and 3s−14 f ⊗ (N−2)γIR ALISs, qual-
itatively explains the observations. The interaction among
these four states gives rise to four entangled light-matter
states, which matches the number of polaritonic branches seen
in our data in Figs. 2(c)–2(f).

In a recent work [15], we employed an extended Jaynes-
Cummings (J-C) model to account for the formation and
decay of AIPs [35,36]. This allowed us to understand the
coherent interferences between AI and RI decay pathways,
paving the path for optical control of the metastable states.
Our analysis considered a situation with two laser-coupled
states, that lead to the formation of two distinct polaritonic
branches. In the current paper, we highlight how there are
many more possibilities for interfering paths, and how both
one- and two-photon couplings are active. Figure 4(a) shows
the energy diagram of the ALISs near the 3s−14p state in
argon (26.62 eV). Initially, an XUV photon promotes the
electron from the ground state to the bright AIS. The cal-
culated absorption profile of the 3s−14p state, shown in the
purple curve, represents a single Fano window resonance.
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Subsequently, a time-delayed tunable IR pulse couples to
the nearby dark AISs, namely, 3s−13d (27.51 eV), 3s−15s
(27.55 eV), and 3s−14 f (∼28.31 eV). Tuning the IR photon
energy allows us to manipulate the relative position of differ-
ent ALISs, such as 3s−13d ⊗ (N−1)γIR, 3s−15s ⊗ (N−1)γIR,
and 3s−14 f ⊗ (N−2)γIR, with respect to the 3s−14p state. In
particular, for this paper, we bring the 4p and 4 f close to a
two-photon resonance. However, due to their relatively close
spacing, the bright AIS and the ALISs form a strongly inter-
acting basis, leading to the formation of AIP multiplets with
renormalized energy structures (Eα, Eβ, Eγ , Eδ) as shown in
Fig. 4(a). The calculated photoabsorption profile of XUV in
the presence of IR couplings (green curve), which is a line
out of Fig. 2(d) at τ = −30 fs, clearly shows four polaritonic
features in agreement with our high intensity experimental
observations in Figs. 2(c) and 2(e).

Figure 4(b) illustrates the decay paths of a particular AIP
state |�α〉, which results from the mixing of four AISs of
different electronic symmetry through one-photon and two-
photon couplings. In the extended J-C model, such a state can
be written as

|�α〉 = cp|4p〉 ⊗ |N〉 + cd |3d〉 ⊗ |N−1〉
+cs|5s〉 ⊗ |N−1〉 + c f |4 f 〉 ⊗ |N−2〉, (2)

where c
’s are complex coefficients. The energy for a given
polaritonic branch will be determined by the IR coupling
matrix elements and the detunings. The components of the
AIP state |�α〉 can decay directly through configuration inter-
action to the same symmetry continua, and through radiative
couplings to the other continua. For example, if we consider
the decay pathways to the N-photon 4p continuum channel,
there will be one direct AI path, and three RI paths as shown
in Fig. 4(b). The crucial point is that the decay amplitudes
of these terms interfere coherently, giving rise to a partial
decay rate to the N-photon channel that exhibits destructive
or constructive interference,

N,α = ∣
∣cp

1/2
AI,4p + cd

1/2
RI,3d + cs

1/2
RI,5s + c f 

1/2
RI,4 f

∣
∣2

, (3)

reflected also in the net decay rate of the polariton, where
AI,4p is the 4p field-free AI decay rate, whereas RI,3d and
RI,5s are the one-photon RI rates to the continuum and RI,4 f

is the two-photon RI term. The one-photon (two-photon) rates
depend linearly (quadratically) on the IR intensity, and c


depends both on the field strength and detuning, therefore, the
IR pulse parameters are important knobs for controlling AIP
dynamics.

To explore the effects of the dressing-field strength over
the AIP multiplets, we perform an IR intensity scan keeping
the time delay between the XUV and the IR pulses fixed
(τ = −15 fs) as shown in Fig. 5. As previously observed in
Fig. 2, both theory and experiment exhibit four branches as
the IR intensity is increased. The AIP splitting continually
increases with the field strength in accordance with the ex-
pectation. The width of the polaritonic branches also changes
with intensity. The complexity of the interactions and the
number of interfering terms, however, prevents us from fitting
the data with an analytical resonant profile. The differences
between Figs. 5(a) and 5(b) in terms of the intensity slope of
the branches and relative strength of the different branches is

FIG. 5. (a) Experimental and (b) theoretically simulated IR in-
tensity scan at fixed time-delay (τ = −15 fs) in the proximity of the
3s−14p AIS, for ωIR = 0.85 and ωIR = 0.83 eV, respectively. The
separation between AIP branches increases with the IR intensity,
and their relative strengths and widths are impacted due to coupling
effects.

due to the slight differences between the experimental and the
theoretical parameters, in addition to the uncertainties in the
delay, intensity, and focal volume averaging effect inherent to
the experiments.

In Figs. 6(a) and 6(b), we expand the analysis of the inten-
sity dependence of polaritonic multiplets to include additional
IR delays and detuning values. Here, each row corresponds
to a specific time delay, and each column corresponds to
a different IR photon energy. Clearly, the number and the
nature of splittings are highly dependent on these parameters.
Apart from the ∼0.02-eV offset in the IR frequencies between
experiment and theory panels, the agreement between the two
is notable, and the ab initio theory captures all the details from
our systematic experimental paper.

For computational time considerations, the theoretical sim-
ulations shown in Fig. 6(b) have lower resolution intensity
steps than the one shown in Fig. 5. As a result, some of the
finer details of AIP splitting are not visible. Nevertheless,
the trends with detuning, time delay, and peak intensity are
evident. At positive time-delays (τ = 30 fs), both Figs. 6(a)
and 6(b) exhibit fewer features and smaller splittings, which
is expected as the IR precedes the XUV APT. In the case of
negative time-delays (τ = −30 fs), the full IR pulse interacts
with the XUV-initiated dipole. Higher IR peak intensities
produce larger change in OD, implying an increased redis-
tribution of the 3s−14p window resonance into polaritonic
branches. Furthermore, Figs. 6(a) and 6(b) show how the IR
photon energy tuning can be used to control the AIP structure.
At ωIR < 0.90 eV, when the 4p-4f coupling is near reso-
nant, we observe several AIP branches in the XUV spectrum,
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FIG. 6. IR intensity-dependent XUV photoabsorption spectra in the vicinity of the 3s−14p AIS, both for (a) experiment and (b) theoretical
simulations. The columns indicate different values of ωIR, and the rows illustrate fixed time delays. These plots demonstrate that the frequency
and intensity of the IR pulse can be used for optical control of AIPs.

however, as we move away from resonance with the 3s−14 f
AIS (ωIR � 0.90 eV), we observe two main AIP branches
corresponding to the interaction of 3s−14p with the closely
spaced 3s−13d/3s−15s states through one-photon coupling.

Following, we explore the AIP spectrum as a function of
the IR photon energy. The goal of this exercise is to iden-
tify the contribution of different states to the photoabsorption
spectrum using essential-state calculations at different IR in-
tensities. However, in contrast to our previous work [15], here
we investigate the contribution of individual resonances not
by removing these from the full-basis essential-state simu-
lations, but instead by building a few-level basis composed
of only certain states. Figure 7(a) shows simulated frequency
scans at τ = 0 and an IR intensity of 50 GW/cm2. Each
subpanel corresponds to different essential states. The basis
used for each calculation are composed of the ground state,
the 3s−1 and 3p−1 continua, and the resonances indicated in
each panel. For example, the top-right panel (4p, 4 f ) is a
simulation computed with the 3s−14p and 3s−14 f AISs, along
with the aforementioned ground state and continua. By se-
lectively evaluating the contribution of individual AISs in the
essential-state simulations, we are able to assign observed AIP
features to specific couplings between bright and dark AISs.
The full basis (top-left) and the 3s−1n
 (top-center) panels are
identical, confirming that the observed dynamics can be fully
described by the laser-induced coupling of various 3s−1n


states.
Next, we investigate the role of intermediate resonances

in two-photon AIP formation by comparing the top-right
(4p, 4 f ), center-left (4p, 3d), and bottom-left (4p, 3d, 4 f )
panels of Fig. 7(a). This analysis clearly shows that in the
absence of a strong one-photon intermediate resonance, such

as 3s−13d , the degeneracy between the two-photon 3s−14 f ⊗
(N−2)γIR ALIS and 3s−14p AIS does not lead to polaritonic
splitting. Moreover, a direct comparison with the top-right
(4p, 4 f ), center (4p, 5s), and bottom-center (4p, 5s, 4 f ) pan-
els confirms the 3s−15s is a weaker intermediate resonance
than the 3s−13d as it does not lead to the the formation of the
additional avoided crossings in bottom-center panel due to the
contribution of the 3s−14 f AIS.

To identify the interactions leading to four polaritonic
branches, previously discussed in Fig. 5, we evaluate the
essential-state contributions at τ = −15 fs and an IR intensity
of 150 GW/cm2. These results, shown in Fig. 7(b), exhibit up
to four branches with larger AIP splittings. This analysis con-
firms our understanding that four states, namely, the 3s−14p
AIS and the 3s−13d ⊗ (N−1)γIR, 3s−15s ⊗ (N−1)γIR, and
3s−14 f ⊗ (N−2)γIR ALISs, are essential to match the ob-
servation of four polaritonic branches in the experimental
photoabsorption. The two-photon 4p-4 f coupling alone can-
not produce an observable splitting (top right), and the role of
intermediate one-photon coupled 3d and 5s states is essential
to obtain the four features as in the bottom-right panel.

V. CONCLUDING REMARKS

To summarize, we employ tunable-dressing-field ATAS to
investigate and control atomic polariton autoionization. We
show that different pulse parameters of the dressing field,
namely, photon energy, pulse intensity, and time delay can
be adjusted to manipulate the formation and subsequent dy-
namics of AIP multiplets near the 3s−14p AIS in argon.
Furthermore, we observe the ab initio theory shows remark-
able agreement with the experimental measurements. We
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FIG. 7. Theoretical dressing-field frequency scans at IR intensities of (a) 50 GW/cm2 (τ = 0 fs) and (b) 150 GW/cm2 (τ = −15 fs).
Each panel corresponds to different essential-state bases to isolate the individual contribution of different resonances to the photoabsorption
spectrum near the 3s−14p AIS.

investigate the role of the 3s−14 f ⊗ (N−2)γIR two-photon
ALIS in the experimental photoabsorption spectrum. Compar-
ison with simulations indicates that intermediate one-photon
resonances are essential to produce the observed polaritonic
structure. In particular, we observe the 3s−13d AIS plays
a fundamental role in mediating the 4p-4 f coupling that
leads to the splitting of the 3s−14p line. Our systematic ex-
perimental work and accurate ab initio simulations provide
remarkable insights into the light-matter couplings and of-
fer new opportunities for the optical control of metastable
states.
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