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Watching the formation and reshaping of a Fano resonance in a macroscopic medium
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Time-resolved buildup of a Fano resonance in a macroscopic gaseous medium is theoretically studied by
attosecond transient absorption spectroscopy. An intense near-infrared field is employed as an adjustable gate to
confine the temporal dynamics, enabling one to resolve the line-shape formation in real time. Beyond the region
where the single-atom approximation holds, we observe the emergence of spectral spikes with narrow linewidths
for certain time delays and propagation distances, which represents that the medium can be delicately structured
to be an efficient resonant absorber. Spectral substructures appear on the shoulder of the absorption lines after
additional pulse propagation. The links between these features imprinted in spectral profiles and the formation
of temporal characteristics in the excitation field are identified. The collective response of the medium versus
time delay and propagation distance, in this laser-gated case, provides clues to the time-domain information on
autoionization state and the microscopic dynamics occurring at each layer of the medium.
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As attosecond science is moving from atomic physics to
complex systems, the scrutiny of fundamental phenomena
involving more than one electron becomes a requisite. A
textbook example governed by electron-electron correlation
is autoionization, where the picture of a single active electron
breaks down. The resonance line shape of an autoionization
state, with a characteristic asymmetric profile in the frequency
domain, was explained in the seminal paper of Fano [1]. The
so-called Fano profile stems from the two interfering channels
from the ground state to the continuum: the direct pho-
toionization and the resonant excitation to an unstable state
followed by autoionization. Time-resolving the emergence of
a Fano resonance represents an endeavor in attosecond sci-
ence, which has been achieved lately in experiments based on
transient absorption spectroscopy (TAS) [2,3] and photoemis-
sion spectroscopy [4]. For photoabsorption spectroscopy, an
interesting situation arises when a realistic medium is consid-
ered, which requires going beyond the approximation of a thin
medium and incorporating macroscopic propagation effects.
Resonant pulse propagation is quite a universal phenomenon
when a short pulse passes through a medium with a long-lived
resonance compared with the pulse duration [5-7]. Under
such a condition, the short pulse would develop a tail with
temporal beats sometimes called Burnham—Chiao ringing [8].
In the past few years, resonant pulse propagation has been
shown to introduce spectral modifications in the ultrafast TAS
spectrum [9—12] or in the static absorption spectrum when the
excitation pulse is moderately intense [13].

The efficient absorption of radiation underlies a range of
applications from spectral filtering of electromagnetic waves
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to energy-conversion devices. By replacing the amplifying
medium of the laser system with an absorbing medium, the
incoming light can be perfectly captured under specific con-
ditions. Such an optical system, related to a laser by time
reversal, was referred to as a coherent perfect absorber. This
concept, theoretically proposed by Chong et al. [14], has been
experimentally realized in a silicon cavity [15] and recently
in a disordered medium with an absorption of >99.78% of
the injected intensity [16], which raises practical prospects in
sensing, photovoltaics, and photodetection [17].

Previous investigations have qualitatively illustrated how
the temporal and spectral reshaping evolves while passing
through a laser-dressed two-level system [9,10] (simulations
involving more states are also included therein), in which
an additional pulse perturbs the polarization and facilitates
the observation of propagation effects in the frequency do-
main. However, in this Letter, we focus on the autoionization
2s2p state of the helium atom, which inherently has a Fano
line shape and a much shorter lifetime, and persists even in
dense media such as helium nanodroplets [18]. Specifically,
we monitor the formation and reshaping of the asymmetric
profile in a macroscopic gaseous medium by TAS using an
attosecond extreme-ultraviolet (XUV) in combination with
a near-infrared (NIR) pulse. A tunable gate is created in
the time domain by NIR laser-induced depletion of the
XUV-excited autoionization state, allowing us to sample the
ultrafast buildup of the Fano resonance. Beyond the single-
atom level, sharp absorption peaks with abnormal strengths
and linewidths form under appropriate conditions. The ab-
sorption could be enhanced to achieve a nearly complete
extinction of incoming light at resonance energy. As the
medium becomes denser, the absorption spectrum undergoes
further modifications, and spectral substructures near the line
center are observed. The relations of these phenomena with
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FIG. 1. The direct and indirect (purple curved arrows) ionization
of helium irradiated by an extreme-ultraviolet (XUV) laser field. The
interference of the two quantum paths gives rise to the Fano profile in
the frequency domain. Since the autoionization occurs on a timescale
of tens of femtoseconds, the indirect path can be effectively turned
off with an auxiliary pulse by laser-induced ionization (red horizontal
arrow). Turning the interval between the excitation and ionization
allows us to resolve the buildup of the Fano resonance.

the XUV temporally emerged signatures are identified. The
collective response of the system contains temporally and
spatially resolved dynamics, yielding insights into ultrafast
autoionization dynamics with a propagation-shaped excitation
pulse and the possibility of manipulating Fano interferences in
dense media with strong laser fields.

The process of interest is shown in Fig. 1; with helium
atoms being the target sample, it is conceptually similar to the
scheme recently demonstrated in Ref. [2]. The atomic system
we consider consists of a ground state 15 and a doubly excited
state 252 p embedded in a background continuum 1sE p, which
is exposed to a 500 as full width at half maximum (FWHM)
duration single attosecond pulse with a peak intensity of 10'!
W /cm?. The 60.15 eV central photon energy is resonant to the
15?-2s2p transition. The NIR pulse has a central wavelength
of 760 nm, an FWHM duration of 7 fs, a peak intensity of 20
TW/cm?, and is delayed by T with respect to the XUV pulse
centered at + = 0. Both pulses have initial Gaussian profiles
in the time domain. To illustrate the expected line-shape for-
mation and reshaping during resonant pulse propagation, the
total wave equation is expanded as |W(z, 7)) = ¢,(¢, T)| 1s%) +
e X [¢y(t, T)|252p) + [ cp(t, T)|IsEp)dE], where wy is the
central frequency of the XUV pulse. Adopting the adiabatic
elimination of the continuum and the rotating wave approx-
imation for the XUV coupling for its high frequency and
low intensity (peak Rabi frequency of 1.7 meV) [19], the
associated coefficients and hence the dipole response in the
presence of the XUV pulse only can be obtained by solving
the time-dependent Schrédinger equation. In the simulation,
the dipole matrix element between 152 and 2s2p, the au-
toionization decay time, and the Fano asymmetry parameter
are 0.038 a.u. [20], 17 fs, and —2.77 [21], respectively. The
action of the NIR field ionization is analytically incorpo-
rated through an ionization rate I'4(t, 7) = a4II‘\‘HR(t, 7), i.e.,

(2s2p|H(t, 7)|252p) = Ej — il4(t, T), with H(¢, T) being the
time- and delay-dependent Hamiltonian and E}, the field-free
energy of 2s2p state. The power of 4 denotes the number
of NIR photons (1.63 eV central photon energy) required to
reach the N =2 ionization threshold of 65.40 eV, leaving
the residual helium ion in an excited state, since the Keldysh
parameter [22] y > 1 for the used NIR intensity. Here, a4
is chosen to achieve comparable depletion of the 2s2p state
on time delay and NIR intensity with the ab initio calcu-
lation in Ref. [2]. The XUV pulse area is relatively small,
and the depletion of the ground state is negligible; thus, the
contribution of electrons freed by autoionization, XUV direct
ionization, and NIR ionization to the refractive index is safely
ignored. For a loosely focused laser beam, calculations with
the frequency-domain three-dimensional propagation equa-
tion [23] and the one-dimensional (1D) equation [24] were
confirmed to yield similar results. Therefore, it is sufficient
and more convenient to employ the 1D one, which was for-
mulated in a reference frame moving with the laser pulses
at the speed of light in vacuum, to keep track of the XUV
field as it travels through the target. The absorption spec-
trum is characterized by optical density (OD) defined as
OD(w, 1) = —logoll(w, T)/IH(w)], where I(w, T) and Iy(w)
are XUV spectra at the exit and the entrance of the medium,
respectively. For a given system, propagation effects are de-
termined by the pathlength-density product. A 2-mm-long
helium medium is considered hereafter unless otherwise spec-
ified, and the atomic number density (target pressure) is
changed in the simulations. In this model, the three states
specified above are our focus, and the actual wavelength of the
ionization laser is less important. The excitation and coupling
of other resonances would complicate both the XUV spectral
and temporal profiles [25], making the encoded information
less extractable. However, the general mechanism we are con-
cerned with still remains, and the additional processes are thus
disregarded in the simulations; a similar treatment has been
successfully applied before at the single-atom level [2], which
is capable of reproducing the measured characteristics.

The calculated transient-absorption spectra for three differ-
ent atomic densities are plotted in Fig. 2. We are interested in
positive time delays at which the XUV excitation and NIR
ionization occur in sequential order. Starting the computa-
tions at several femtoseconds before time zero is sufficient
to cover most of the XUV pulse of 0.5 fs FWHM duration
and, hence, the dynamics of interest. For the low-density case
shown in Fig. 2(a), the spectral evolution can be understood
intuitively. The dynamic buildup of the Fano resonance is
triggered by the excitation XUV pulse. Shortly after the two
pulses overlap, the resonance line shape is smeared out as little
time is left for the polarization to oscillate freely. The natural
relaxation pathway is severely interrupted, and the indirect
path to the continuum dominates, modifying the consequence
of the interference. By increasing the time delay between
the two pulses, the confining gate becomes wider, and more
information about the doubly excited resonance survives. The
absorption line becomes narrower and clearer, and the orig-
inal Fano profile gradually builds up. The atomic density in
Fig. 2(a) is low enough that the absorbance of the medium typ-
ically resembles the single-atom optical density ODg(w, T)
—owIm[d(w, 7)/E(w)] [24], with d(w, 7) denoting the dipole
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FIG. 2. Transient absorption spectra in the vicinity of the 2s2p resonance energy for different atomic densities. For a relatively low density
of (a) 4.0 x 10'® cm™3, the spectrum closely resembles what is actually measured in Ref. [2]. By contrast, for denser media with atomic
densities of (b) 2.6 x 10'® and (c) 4.0 x 10'® cm ™3, the spectra are completely reshaped with spikes and additional spectral features.

response and E(w) the XUV pulse spectrum. For a higher
atomic density in Fig. 2(b), the entire profile changes dras-
tically and deviates from the low-density behavior. A narrow,
sharp peak emerges near the line center, which is much higher
than the absorption peak shown at longer time delays. As OD
is defined as the decadic logarithm of the intensity ratio here,
OD values exceeding 4 indicate that >99.99% of the incident
XUV intensity at resonance energy is absorbed. In this case,
the system absorbs the resonance frequency of the injected
light almost completely with a narrow linewidth, which may
be regarded as an efficient resonant absorber. An even higher
atomic density witnesses further modifications, as shown in
Fig. 2(c). The spectral spike moves to smaller time delays,
and a spectral substructure, shown as the second peak on the
shoulder of the absorption line at smaller photon energies, is
emerging and even dominating at longer time delays.

To address how the XUV pulse is spectrally reshaped
with the formation of novel features during resonant pulse
propagation and the connection with its temporal structure, in
Figs. 3(b) and 3(d), we compute the macroscopic line shapes
for a set of medium layers at 20 and 40 fs time delays,
respectively, with a density of 4.0 x 10'® cm™3 (about 160
mbar gas pressure at room temperature). The correspond-
ing evolutions of the single-atom optical density ODg with
medium position are shown in Figs. 3(a) and 3(c) to assist
analysis, and the associated electric field envelopes are plotted
in Fig. 3(e). As discussed before, the temporal structure of the
excitation pulse gets prolonged during propagation owing to
the interplay between the induced polarization and the origi-
nal field. Thus, the absorption spectra in Figs. 3(a) and 3(c)
represent the microscopic single-atom responses stimulated
with propagation-shaped XUV fields. However, we would like
to emphasize that the ionization-gated case is qualitatively
different from the previous investigation in which the effect
of NIR is modeled as a time-dependent phase accumulating
on the upper state amplitude [10]. Here, the trailing end of the
XUV barely extends outside the gate as its stimulating polar-
ization is terminated by the NIR pulse. Nevertheless, a series
of subpulses can still develop within the gate as the pulse
travels further, albeit only two subpulses at most are exhibited
for the parameters used in Fig. 3(e). Initially, the macroscopic
absorption profile builds up steadily with increasing propaga-
tion distance for either 20 or 40 fs time delays in Figs. 3(b)
and 3(d), respectively. Afterwards, the absorbance reaches a

maximum before seeing a decrease at a relatively large prop-
agation distance. Around the position where the transition
takes place, the single-atom results at resonance energy switch
remarkably from absorption to emission. Moreover, the en-
closed area of the first subpulse there becomes comparable
with that of the main pulse, which denotes a delicate balance
between the out-of-phase polarizations and accounts for the
nonlinear spectral evolution. This connection can be mathe-
matically explained as follows: in the present case that the
central frequency of the XUV pulse wy and the transition fre-
quency w share the same value, the XUV electric field after
propagation through a certain distance can be expressed as

E(t,x)=F(t,x)e +c.c. = [F(t, x)+Fi(t, x)]e“ +c.c.,
(1)

where F (¢, x) denotes the field envelope of the whole pulse,
F,. (¢, x) and F(¢, x) the field envelopes of the main pulse and
the subpulses, respectively. After Fourier transformation, the
positive-frequency electric field is given by

E(w,x) = F(t, x)e' @1 gy

1 o0
V2r /W
L / OO[F (t, x) + Fy(t, )]~ dt. (2)

V2m ) o '
The described sharp absorption peak would in principle
emerge when the modulus of E (w, x) drops to zero or a very
small amount during propagation. Owing to the asymmetric
characteristic of the Fano resonance, the position of the
absorption peak is not centered at the resonant frequency. As
a result, the observation of the efficient absorption is exhibited
at a frequency o slightly detuned from wy and at the spatial
position where |E(w, x)] &~ 0 holds. As a consequence, the
area enclosed by the main-pulse envelope and that by the en-
velope of the subpulses (here just referring to the first subpulse
from our calculation) are only approximately equal in this
case. A wider temporal gate (longer NIR delay) accelerates
the balance, and the enhanced resonant absorption behavior
would exhibit at a shorter propagation distance [cf. Figs. 3(b)
and 3(d)]. A higher atomic density has a similar effect, and
a shorter temporal gate is correspondingly required for the
excitation field to develop the balance [cf. Figs. 2(b) and 2(c)].
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FIG. 3. Sliced simulations of the single-atom and macroscopic
transient absorption. Single-atom absorption spectra along the prop-
agation direction with an atomic density of 4.0 x 10'® cm™ for
(a) 20 and (c) 40 fs time delays. Their corresponding buildup of
macroscopic profiles for a series of propagation distances is shown
in (b) and (d), respectively. To enable comparison, the single-atom
line shapes are depicted in units of ODs normalized to the maximum
absolute value at each layer. (e) Real parts of the extreme-ultraviolet
(XUV) field envelopes (normalized to unity) at the beginning of the
medium and at propagation distances of 1 and 2 mm for 20 and 40
fs time delays, respectively. A trailing tail consisting of subpulses is
developed within the gate.

However, it is noteworthy that the sharpening of the res-
onance in the frequency domain does not imply an extended
XUV time scale, which is somewhat counterintuitive at first
glance, but rather results from the computation of the optical
density. Figure 4 shows the OD profile at around the optimal
absorption position in Fig. 3(b) together with the associated
laser spectra and temporal envelopes. A dip reaching very
close to zero is clearly exhibited in the transmitted spectrum
shown in Fig. 4(b), but its corresponding time profile of the
electric field envelope is still confined within the gate, as
shown in Fig. 4(c). The absorption spectrum with respect
to medium length supplies information on microscopic pro-
cesses that happen at each layer, as it records the collective
response of the system and represents approximately an av-
erage over the single-atom results with propagation distance.
The appearance of the second subpulse at a longer time delay
after additional propagation [cf. the magenta and dash-dotted
blue lines in Fig. 3(e)] is consistent with the macroscopic
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FIG. 4. (a) The (macroscopic) optical density of the system after
propagating through the gas with a distance of 1.5 mm and an atomic
density of 4.0 x 10'® cm™ for 20 fs time delay, which roughly
corresponds to the optimal absorption position in Fig. 3(b). The
corresponding transmitted spectrum and field envelope together with
the initial ones, are shown in (b) and (c), respectively.

OD spectrum shown in Fig. 3(d) where a newly developed
absorption peak near the line center becomes visible. This
spectral substructure can be understood as the consequence
of the interference between the second subpulse, bearing an
electric field out of phase with that of the first subpulse, and
the other part of the XUV pulse. Whereas in Fig. 3(b), the
gate effectively closes at around 20 fs ahead of the buildup
of the second subpulse [cf. the dash-dotted blue and dashed
red lines in Fig. 3(e)], and accordingly, no subfeature in the
OD spectra manifests. Consequently, the reshaped temporal
profile reflects spectral fingerprints and vice versa, which are
generally in accordance with the conclusions drawn before
[10,25]. Additionally, we wish to note that the characteristic
nature that the Fano resonance is asymmetric, corresponding
to a phase shift created by configuration interaction asso-
ciated with electron-electron interaction [26], is intimately
connected to the emergence of the spectral substructures. Such
observations do not appear in the same simulation (not shown)
with an identical 2s2p decay rate but for the absence of the
background continuum 1sE p, which is equivalent to the case
of an ionization-gated Lorentzian resonance.

In summary, the ionization-gated buildup and reshaping
of a Fano resonance in a dense gaseous medium has been
explored during resonant pulse propagation. Novel signatures
in absorption lines are connected with the temporal charac-
teristics of the excitation XUV field: the efficient resonant
absorption peak emerges when the areas of the main pulse and
the first subpulse become comparable; the appearance of the
second subpulse signals the emergence of the double-peaked
line-shape structure. The concerted absorption over a cer-
tain distance may be harnessed to trigger interesting avenues
for optical switches, filters, or other future applications. The
single-atom prediction differs from the collective response of
the system and hence does not represent what will actually be
measured in a rather dense gaseous medium. Our results also
suggest that the absorbance of the system could be switched
very drastically through the delay of NIR pulse and optical
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depth, which marks possibilities of controlling attosecond
dynamics.
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