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We propose and study the manipulation of the macroscopic transient absorption of an ensemble of open
two-level systems via temporal engineering. The key idea is to impose an ultrashort temporal gate on the
polarization decay of the system by transient absorption spectroscopy, thus confining its free evolution and
the natural reshaping of the excitation pulse. The numerical and analytical results demonstrate that even at
moderate optical depths, the resonant absorption of light can be reduced or significantly enhanced by more
than 5 orders of magnitude relative to that without laser manipulation. The achievement of the
quasicomplete extinction of light at the resonant frequency, here referred to as resonant perfect absorption,
arises from the full destructive interference between the excitation pulse and its subpulses developed and
tailored during propagation, and is revealed to be connected with the formation of zero-area pulses in the
time domain.
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The ability to control light underlies the possibility of
steering quantum dynamics. Femtosecond pulse-shaping
techniques using programmable spatial light modulators
have made great success in coherent quantum control [1–
3]. A direct extension of these methods developed in the
optical range to shorter wavelengths is hampered by the
small diffraction efficiencies for spectral dispersion and the
limited transparency range of the modulator materials [4].
Alternatively, control over the radiation can be realized in
the time domain by modulating the induced response of the
system. By attosecond transient absorption spectroscopy
using femtosecond near-infrared (NIR) laser fields to exert
the modulation, the compression [5] and redirection [6,7] of
extreme-ultraviolet (XUV) radiation have been demon-
strated. Very recently, by virtue of the frequency-dependent
refractive indices in the vicinity of a single and closely
spaced resonances, the deflection [8] and spectral com-
pression [9] of XUV pulses have been reported. Coupled
with recent advances and the resulting widespread avail-
ability of XUV and x-ray sources from high-harmonic
generation and free-electron lasers, the capability of

shaping short-wavelength pulses promises to create new
opportunities for controlling atomic and nuclear quantum
dynamics [10,11].
The coherent interaction between ultrashort laser pulses

and resonant media is a fundamental issue in quantum
optics. Among many pulse forms, of particular interest are
zero-area (0π) pulses that produce no net excitation in a
two-level system on exact resonance, which have attracted
considerable theoretical [12–14] and experimental [15–21]
interest. According to the pulse-area theorem [22–24], a
zero-area pulse can be produced by natural reshaping via
passing a weak pulse through a resonant medium with a
narrow bandwidth. During transmission, the temporal
shape of the laser pulse experiences strong modification,
creating negative and positive lobes in the tail that make the
pulse area approach zero after a sufficient distance. While
propagation effects often complicate the consideration of
light-matter interaction, the generated zero-area pulses have
been harnessed to enhance the transient excitation of atoms
[18,19], and behave as a clear sign of strong interaction
between single photons and atoms [20,21]. In addition to
the reshaping on the waveform of the laser pulse itself, the
frequency-domain modifications induced by propagation
effects have come in for considerable investigations
recently. By altering the polarization of the system, the
broadening of the resonance profiles and the emergence of
spectral substructures in attosecond transient absorption
spectra have been observed [25–27].

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Open access publication funded by the Max Planck
Society.

PHYSICAL REVIEW LETTERS 129, 273201 (2022)

0031-9007=22=129(27)=273201(6) 273201-1 Published by the American Physical Society

https://orcid.org/0000-0001-5212-0176
https://orcid.org/0000-0003-4110-0916
https://orcid.org/0000-0003-2975-8715
https://orcid.org/0000-0001-8282-182X
https://orcid.org/0000-0002-5312-3747
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.129.273201&domain=pdf&date_stamp=2022-12-28
https://doi.org/10.1103/PhysRevLett.129.273201
https://doi.org/10.1103/PhysRevLett.129.273201
https://doi.org/10.1103/PhysRevLett.129.273201
https://doi.org/10.1103/PhysRevLett.129.273201
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


In this Letter, a general scheme for manipulating the
absorption properties of a resonant medium is revealed by
attosecond transient absorption spectroscopy. By applying
the time-gating approach [28–30], we isolate and bench-
mark a novel and counterintuitive phenomenon, namely the
resonant perfect absorption in a macroscopic medium by
utilizing only part of the electric field. This observation is
connected with the controlled formation of zero-area
pulses, a hallmark of quantum optics. It is achieved by
tailoring the XUV pulse in a way that its subpulses
developed during propagation interfere destructively with
the main pulse, fully canceling the resonant spectrum out.
Note that this phenomenon is reminiscent of the inves-
tigations of coherent perfect absorption (time-reversed
lasing) [31–33], in which the incident coherent monochro-
matic illumination can be perfectly absorbed under specific
conditions. Both methods rely on the interplay of interfer-
ence and absorption, but ours presented here involves a
resonant medium while an optical cavity is not required.
The demonstrated control of the excitation pulse via
spectral phase manipulation and temporal engineering,
would facilitate the extension of coherent-control schemes
to the high-frequency regime.
The numerical procedure essentially corresponds to

addressing the formation and reshaping of a Lorentzian
resonance in a macroscopic medium. Briefly, the wave
function of the model system is expanded as jΨðt; τÞi ¼
c1ðt; τÞj1i þ c2ðt; τÞe−iω12t−Γt=2j2i, where j1i and j2i re-
present the ground and excited states, respectively. ω12

denotes the transition frequency and Γ the decay rate of the
excited state. Atomic units are used unless otherwise noted.
The system is driven by a weak attosecond XUV pulse
expressed as EðtÞ ¼ FðtÞeiωXt þ c:c:, whose central fre-
quencyωX is chosen to match the transition. We employ the
rotating wave approximation for the XUV coupling for its
low intensity and the zero detuning [34], which facilitates
subsequent extraction of the field envelope FðtÞ during
pulse propagation. The dynamical evolution of the system
in the presence of the XUV pulse only can be computed

by directly solving the time-dependent Schrödinger
equation, whereas the rapid depletion of the upper state’s
coefficient by the femtosecond NIR field delayed by τ
is incorporated through a phenomenological decay rate
Γnðt;τÞ¼ αnInNIRðt;τÞ, i.e., h2jHðt; τÞj2i ¼ ω12 − iΓ=2−
iΓn. The NIR intensity INIR is high enough in our model
to fully ionize the excited electrons (with n denoting the
required number of photons), and thereby αn is taken to
achieve a complete extinction of the polarization after
the passage of the NIR pulse. As ionization depends on
the instantaneous electric field, we employ INIRðt; τÞ ¼
E2
NIRðt; τÞ rather than a pure intensity envelope to account

for the half-cycle ionization bursts. The nonlinearity of the
ionization enables an effective truncation window shorter
than the NIR pulse duration. By introducing a local frame
moving with the pulses, the spatial evolution of the XUV
pulse in one dimension can be approximated by [35]

∂

∂x
Ẽðω; τ; xÞ ¼ −2πi

ω

c
P̃ðω; τ; xÞ; ð1Þ

with the delay- and space-dependent polarization response
in the frequency domain denoted by P̃ðω; τ; xÞ, and the
spectral representation of the XUV pulse Ẽðω; τ; xÞ. We
characterize the absorption spectrum by the optical density
(OD) defined as the decadic logarithm of the intensity ratio,
ODðω; τÞ ¼ − log10½Iðω; τÞ=I0ðωÞ�, where Iðω; τÞ and
I0ðωÞ are XUV spectra at the exit and the entrance of
the medium, respectively.
Figure 1(a) depicts the transient absorption spectrum

calculated with a medium length of 0.3 mm and an atomic
number density of N ¼ 1.2 × 1017 cm−3 (about 5 mbar
pressure at room temperature of an ideal gas). The spatial
propagation is performed with a step size of 0.15 μm. The
atomic parameters are ω12 ¼ 21.2 eV, μ12 ¼ 0.42, and
n ¼ 3, which resemble a helium atom with its ground
and 1s2p excited states for the levels j1i and j2i. We
choose a decay rate of Γ ¼ 1=60 fs−1 (i.e., natural line-
width of ∼11 meV) and α3 ¼ 8 × 108 below. A 500 as full
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FIG. 1. (a) Numerical and (c) analytical spectra for the transient absorption in the vicinity of the resonance energy, showing the buildup
of the Lorentzian profile in a macroscopic medium. The corresponding delay dependence of optical density at the resonant frequency is
shown in (b).
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width at half maximum (FWHM) duration XUV pulse with
a peak intensity of 1011 W=cm2 is applied, which is cente-
red at t ¼ 0. The delayed NIR pulse has an FWHM
duration of 7 fs, a central wavelength of 760 nm, and a
peak intensity of 20 TW=cm2. Temporal Gaussian enve-
lopes are input for both pulses. Of particular interest are
positive time delays, at which the XUVexcitation and NIR
truncation occur sequentially. For small time delays, the
resonant profiles are severely suppressed, exhibiting a
broad and weak absorption spectrum. With increasing time
delays, the polarization is allowed to evolve longer and
more information of the resonance survives. The absorption
line gradually builds up and becomes narrower. The most
intriguing feature is the emergence of a narrow, sharp peak
at around 100 fs before seeing a decline for even larger time
delays. In comparison with the spectrum in the dilute-gas
limit shown in Supplemental Material [36], the nonlinear
spectral evolution clearly implies that we go beyond the
single-atom response and enter a new regime where
collective light-matter interactions play an important role.
To highlight this peculiar spectral evolution with time
delay, in Fig. 1(b) (upper line) we plot the optical density
at the resonance frequency, which represents the strongest
absorption obtained along the energy axis for each time
delay. Recalling our definition of optical density, the
reached OD values exceeding 6 means most of the injected
intensity has been absorbed by the resonant medium,
attenuated by more than 6 orders of magnitude. The pre-
sent observation of the quasicomplete extinction of inci-
dent light at the resonant frequency with a narrow line-
width, may be regarded as cavity-free resonant perfect
absorption.
To understand the calculated spectral behavior, it is

instructive to give a conceptual explanation of the process
and the associated XUV pulse evolution along its propa-
gation direction. At the beginning of the medium, the short
XUV pulse arrives and excites the resonance. A long-lived
coherence ensues, giving rise to an electric field at the
resonance frequency after the original pulse (free induction
decay). The electric field in the tail is π out of phase with
the original field, thus the two fields interfere destructively
and result in a spectral hole at the transition energy. As the
pulse propagates, a secondary polarization could further be
excited by the tail, resulting in a newly generated electric
field with components both in and out of phase with the
original one. The process repeats continuously along the
propagation path until the pulse exits the medium. By
confining the temporal dynamics with the subsequent NIR
pulse, the phase of the preceding dipole response and hence
that of the subpulses are effectively unaffected compared to
the free-evolution case. Accordingly, the consequence of
the interference between the main pulse and the subpulses
remains a simple dip in the transmitted spectrum, which
translates into the symmetric absorption profiles persisted
in Fig. 1(a). No complex spectral substructures manifest on

the shoulder of the absorption lines as a result of the
sustained phase relation of the subpulses, in contrast to the
previously reported transient absorption studies in macro-
scopic media involving a phase shift to the dipole moment
either induced by external disturbance [25–27] or by
internal configuration interaction [30]. The emergence of
the resonant perfect absorption peak is discussed later.
The above consideration can be appreciably simplified

with some appropriate assumptions. The schematic illus-
tration of the analytical model is shown in Fig. 2. The
interaction of the XUV pulse with the system is described
in first-order perturbation theory, well applicable for the
light-matter interaction of high-frequency pulses produced
from lab-based high-order harmonic generation. By taking
the NIR truncation as infinitesimally short, the polarization
response in the frequency domain is given by (for the
derivation of the analytical model, see Supplemental
Material [36])

P̃ðω; τ; xÞ ¼ χðωÞẼðω; τ; xÞ − iχðωÞ
ffiffiffiffiffiffi

2π
p

Nμ212
Ple−iωτ; ð2Þ

with the linear susceptibility defined as χðωÞ ¼ Nμ212=
ðω12 − ωþ iΓ=2Þ. Pl denotes the polarization response
at the time when the truncation occurs [i.e., Pðt ¼ τ; τ; xÞ]
and can be expressed as

Plðτ; xÞ ¼
1
ffiffiffiffiffiffi

2π
p

Z

∞

0

χðωÞẼ0ðω; xÞeiωτdω: ð3Þ

Photon energy
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FIG. 2. Conceptual illustration of a laser-gated resonance in a
macroscopic medium. A weak resonant XUV pulse comes first
and triggers a long-lived polarization response decaying expo-
nentially, giving rise to an electric field emitted for a long time
after the original pulse. After a certain distance of propagation
through the medium, the XUV pulse develops a long tail (purple)
and results in a complex-shaped polarization (blue). The follow-
ing intense NIR pulse (red) truncates the evolving polarization via
complete ionization of the excited state. Tuning the time delay
allows us to confine the polarization and hence the tail of the
XUV pulse in a desired manner. Pl represents the polarization
response at t ¼ τ at each spatial position and is explained further
in the main text.
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Ẽ0ðω; xÞ represents the freely propagating field and its
evolution can be described by the solution of the optical
Helmholtz equation in a local frame

Ẽ0ðω; xÞ ¼ Ẽðω; 0Þe−2πiωcχðωÞx: ð4Þ

Control over the amount of spectral phase accumulated
during pulse propagation could hence be afforded by tuning
the atomic density and medium length. Nevertheless, the
pressure-length product is kept fixed here, and we are more
concerned with the temporal control of the natural reshap-
ing and the resulting spectral properties.
Figures 1(c) and 1(b) (lower line) show the analytical

transient absorption spectrum and the optical density at the
resonant frequency as a function of time delay, respectively.
Compared with the numerical counterparts, essential fea-
tures have been captured. The general agreement proves the
validity of the analytical model and the two approxima-
tions, which will be further employed in our analysis.
Remaining discrepancies are mostly ascribed to the fact
that the NIR truncation is treated instantaneously here,
whereas a finite-duration laser gate is applied in the
numerical model. It is noteworthy that the analytical
approach described in the frequency domain has circum-
vented the need for a time integration, relaxing the
computational cost also for future applications in more
complex targets. A time delay step of 1 fs is used in
Figs. 1(a) and 1(b) (upper line) for computation reasons,
while a much finer step of 0.2 fs is implemented in
Figs. 1(c) and 1(b) (lower line).
The field envelope of the XUV pulse at each spatial

position, denoted by Fðt; τ; xÞ ¼ Eðt; τ; xÞ=eiωXt, can be
obtained from Ẽðω; τ; xÞ by inverse Fourier transformation.
Particularly, in the limit of δ-like truncation, it can be
approximated by directly cutting off the freely evolving
envelope F0ðt; xÞ in time. For the on-resonance case where
the temporal fields of the main pulse and the subpulses
oscillate at the same frequency (ωX ¼ ω12), we can arrive at
a simple formula for the electric field at the resonance
frequency

Ẽðω12; τ; xÞ ¼
1
ffiffiffiffiffiffi

2π
p

Z

∞

−∞
Fðt; τ; xÞdt

¼ 1
ffiffiffiffiffiffi

2π
p

Z

τ

−∞
F0ðt; xÞdt: ð5Þ

This expression reveals a subtle connection between the
pulse spectrum at the resonant frequency and the temporal
envelope of the XUV pulse, which is composed by the main
pulse and propagation-induced subpulses. The described
resonant perfect absorption manifests when the modulus of
Ẽðω12; τ; xÞ drops to zero during pulse propagation. This
corresponds to the situation that the envelope of the
developed and truncated subpulses counteracts that of
the main pulse, making a net zero area enclosed by the

pulse envelope. It is a direct consequence of the full
destructive interference between the main pulse and the
generated subpulses, perfectly canceling the resonant
frequency out. Additionally, it is interesting to note that
apart from a numerical factor of 2

ffiffiffiffiffiffi

2π
p

μ12, Eq. (5) is
essentially the expression for the pulse area of the truncated
XUV pulse. Accordingly, the observation of resonant
perfect absorption in the frequency domain suggests the
formation of a zero-area pulse in the time domain. The
degree of perfect absorption is intimately connected with
the accuracy of the zero-area pulse formed in the process.
The presented ionization-induced gate effectively acts as an
ultrafast shutter on the XUV pulse envelope, confining it in
a finite duration. The shutter speed is connected with the
depletion time of the excited state, while its position can be
controlled by the time delay. Unlike traditional methods
that integrate the whole temporal envelope, this time-gating
approach allows the excitation pulse area down to zero even
at moderate optical depths.
The calculated optical density at the resonance frequency

by integrating the truncated field envelope for different time
delays is shown in Fig. 3 (blue dotted line). The curve
accords closely with the preceding results shown in
Fig. 1(b) but for a longer delay range. However, we notice
the prediction of the appearance of another perfect absorp-
tion peak at a larger time delay, indicating the zero-area
condition is satisfied once more for the given optical depth,
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FIG. 3. The evolution of optical density at the resonant
frequency with time delay. Regarding the stable OD value over
a long delay range as the result for the free-evolution case, the
macroscopic absorption of the medium to the resonant frequency
can be reduced or enhanced by more than 5 orders of magnitude
with the adoption of temporal gating. This is further validated by
the orange solid line representing the analytical results. The inset
shows the incident XUV field envelope (real part, normalized)
together with the transmitted one in the absence of NIR
truncation. A break is made in the vertical axis to skip the
featureless range. Shutter closure positions at which resonant
perfect absorption can be achieved are marked with knife
symbols.
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which is confirmed by our subsequent analytical calcu-
lation shown together in Fig. 3 (orange solid line). The
procedure based on Eqs. (4) and (5) turns out to be an
effective avenue for predicting the emergence of resonant
perfect absorption with given parameters of the driving
laser and target medium. The weak tail of the envelope far
from the pulse center contributes little to the pulse area, and
as expected, the optical density changes barely for even
longer integration time (time delays). Hereby, the near-
constant OD value with increasing time delay suggests it
can be essentially regarded as the free-evolution case.
Consequently, by effectively gating the two-level reso-
nance, the amount of resonant radiation absorbed by the
medium can be reduced, or significantly enhanced by more
than 5 orders of magnitude compared with the free-
evolution counterpart. This cavity-free phenomenon would
be particularly relevant when aiming at efficient resonant
absorption of light in only a moderately dense medium.
Although only a set of parameters are discussed in the

main text, the influence of different pulse and atomic
parameters has been further explored, including the cases of
non-Gaussian temporal pulse shapes and the presence of a
nearby excited state [36]. We find that the described
method for achieving resonant perfect absorption by cutting
off the laser field is generally applicable to various settings.
The feasibility of this method has been further tested in a
more realistic scenario by solving the coupled time-depen-
dent Schrödinger equation in the single active electron
approximation and the Maxwell wave equation [38]. From
the preliminary calculation results, we find the described
phenomenon persists in a macroscopic helium gas.
Refining this approach would stimulate many interesting
prospects, but goes beyond the scope of this work. The
controlled temporal and spectral reshaping, the conse-
quence of collective light-matter interactions, is enabled
by the resonant ensemble and external fields. In view of its
resonant character, the underlying mechanism is expected
to be generally applicable at different frequencies wherever
the resonance lies. The ability to rapidly switch the resonant
spectrum in the time domain by another pulse would
provide a promising toolbox for the development of future
opto-optical modulators [6,7].
In conclusion, we have demonstrated a general scheme

for manipulating the macroscopic transient absorption of an
ensemble of two-level systems and shaping XUV radiation.
It is remarkable that a temporal gate enables a rapid
switching of the medium’s absorption properties, and the
resonant perfect absorption can be achieved at certain
conditions. Moreover, the latter is proved to be connected
with the formation of zero-area pulses in the time domain
when driven by resonant pulses. The presented concept is
robust against different settings and persists even in a
realistic scenario, whose further exploration opens prom-
ising directions for future ultrafast switching devices. We
envision an organized act of more complex light-matter

interactions and pulse propagation in macroscopic media to
open new routes for the temporal engineering of high-
frequency responses and pulse shapes.

This work was supported by the National Natural
Science Foundation of China (Grants No. U1932133,
No. 11905089, and No. 12027809), and the funding for
excellent postgraduates granted by the Department of
Education of Gansu Province (Grant No. 2021CXZX-
015). The work at LSU was supported by the U.S.
Department of Energy, Office of Science, Basic Energy
Sciences under Contract No. DE-SC0010431. Y. H.
acknowledges the support from the China Scholarship
Council.

*zyl@lzu.edu.cn
[1] D. Meshulach and Y. Silberberg, Coherent quantum control

of two-photon transitions by a femtosecond laser pulse,
Nature (London) 396, 239 (1998).

[2] A. M. Weiner, Femtosecond pulse shaping using spatial
light modulators, Rev. Sci. Instrum. 71, 1929 (2000).

[3] Y. Silberberg, Quantum coherent control for nonlinear
spectroscopy and microscopy, Annu. Rev. Phys. Chem.
60, 277 (2009).

[4] C. Winterfeldt, C. Spielmann, and G. Gerber, Colloquium:
Optimal control of high-harmonic generation, Rev. Mod.
Phys. 80, 117 (2008).

[5] H. Mashiko, T. Yamaguchi, K. Oguri, A. Suda, and H.
Gotoh, Characterizing inner-shell with spectral phase
interferometry for direct electric-field reconstruction, Nat.
Commun. 5, 5599 (2014).

[6] S. Bengtsson, E. W. Larsen, D. Kroon, S. Camp, M.
Miranda, C. L. Arnold, A. L’Huillier, K. J. Schafer, M. B.
Gaarde, L. Rippe, and J. Mauritsson, Space-time control
of free induction decay in the extreme ultraviolet, Nat.
Photonics 11, 252 (2017).

[7] E. R. Simpson, M. Labeye, S. Camp, N. Ibrakovic, S.
Bengtsson, A. Olofsson, K. J. Schafer, M. B. Gaarde, and
J. Mauritsson, Probing stark-induced nonlinear phase varia-
tion with opto-optical modulation, Phys. Rev. A 100,
023403 (2019).

[8] L. Drescher, O. Kornilov, T. Witting, G. Reitsma, N.
Monserud, A. Rouzée, J. Mikosch, M. J. Vrakking, and
B. Schütte, Extreme-ultraviolet refractive optics, Nature
(London) 564, 91 (2018).

[9] L. Drescher, O. Kornilov, T. Witting, V. Shokeen, M.
Vrakking, and B. Schütte, Extreme-ultraviolet spectral
compression by four-wave mixing, Nat. Photonics 15,
263 (2021).

[10] K. Prince, E. Allaria, C. Callegari, R. Cucini, G. De Ninno,
S. Di Mitri, B. Diviacco, E. Ferrari, P. Finetti, D. Gauthier
et al., Coherent control with a short-wavelength free-
electron laser, Nat. Photonics 10, 176 (2016).

[11] K. P. Heeg, A. Kaldun, C. Strohm, C. Ott, R. Subramanian,
D. Lentrodt, J. Haber, H.-C. Wille, S. Goerttler, R. Rüffer
et al., Coherent x-ray-optical control of nuclear excitons,
Nature (London) 590, 401 (2021).

PHYSICAL REVIEW LETTERS 129, 273201 (2022)

273201-5

https://doi.org/10.1038/24329
https://doi.org/10.1063/1.1150614
https://doi.org/10.1146/annurev.physchem.040808.090427
https://doi.org/10.1146/annurev.physchem.040808.090427
https://doi.org/10.1103/RevModPhys.80.117
https://doi.org/10.1103/RevModPhys.80.117
https://doi.org/10.1038/ncomms6599
https://doi.org/10.1038/ncomms6599
https://doi.org/10.1038/nphoton.2017.30
https://doi.org/10.1038/nphoton.2017.30
https://doi.org/10.1103/PhysRevA.100.023403
https://doi.org/10.1103/PhysRevA.100.023403
https://doi.org/10.1038/s41586-018-0737-3
https://doi.org/10.1038/s41586-018-0737-3
https://doi.org/10.1038/s41566-020-00758-8
https://doi.org/10.1038/s41566-020-00758-8
https://doi.org/10.1038/nphoton.2016.13
https://doi.org/10.1038/s41586-021-03276-x


[12] D. C. Burnham and R. Y. Chioa, Coherent resonance fluo-
rescence excited by short light pulses, Phys. Rev. 188, 667
(1969).

[13] M. D. Crisp, Propagation of small-area pulses of coherent
light through a resonant medium, Phys. Rev. A 1, 1604
(1970).

[14] G. S. Vasilevand and N. V. Vitanov, Complete population
transfer by a zero-area pulse, Phys. Rev. A 73, 023416
(2006).

[15] S. M. Hamadani, J. Goldhar, N. A. Kurnit, and A. Javan,
Coherent optical pulse reshaping in a resonant molecular
absorber, Appl. Phys. Lett. 25, 160 (1974).

[16] J. E. Rothenberg, D. Grischkowsky, and A. C. Balant,
Observation of the Formation of the 0π Pulse, Phys. Rev.
Lett. 53, 552 (1984).

[17] M. Matusovsky, B. Vaynberg, and M. Rosenbluh, 0π pulse
propagation in the extreme sharp-line limit, J. Opt. Soc. Am.
B 13, 1994 (1996).

[18] N. Dudovich, D. Oron, and Y. Silberberg, Coherent
Transient Enhancement of Optically Induced Resonant
Transitions, Phys. Rev. Lett. 88, 123004 (2002).

[19] D. Strasser, T. Pfeifer, B. J. Hom, A. M. Müller, J. Plenge,
and S. R. Leone, Coherent interaction of femtosecond
extreme-UV light with He atoms, Phys. Rev. A 73,
021805(R) (2006).

[20] L. S. Costanzo, A. S. Coelho, D. Pellegrino, M. S. Mendes,
L. Acioli, K. N. Cassemiro, D. Felinto, A. Zavatta, and M.
Bellini, Zero-Area Single-Photon Pulses, Phys. Rev. Lett.
116, 023602 (2016).

[21] M. Lipka and M. Parniak, Single-Photon Hologram of a
Zero-Area Pulse, Phys. Rev. Lett. 127, 163601 (2021).

[22] S. L. McCall and E. L. Hahn, Self-induced transparency,
Phys. Rev. 183, 457 (1969).

[23] L. Allen and J. H. Eberly,Optical Resonance and Two-Level
Atoms (Dover Publications, New York, 1987).

[24] B. W. Shore, Manipulating Quantum Structures Using
Laser Pulses (Cambridge University Press, Cambridge,
England, 2011).

[25] A. N. Pfeiffer, M. J. Bell, A. R. Beck, H. Mashiko, D. M.
Neumark, and S. R. Leone, Alternating absorption features
during attosecond-pulse propagation in a laser-controlled
gaseous medium, Phys. Rev. A 88, 051402(R) (2013).

[26] C.-T. Liao, A. Sandhu, S. Camp, K. J. Schafer, and M. B.
Gaarde, Beyond the Single-Atom Response in Absorption
Line Shapes: Probing a Dense, Laser-Dressed Helium Gas

with Attosecond Pulse Trains, Phys. Rev. Lett. 114, 143002
(2015).

[27] C.-T. Liao, A. Sandhu, S. Camp, K. J. Schafer, and M. B.
Gaarde, Attosecond transient absorption in dense gases:
Exploring the interplay between resonant pulse propagation
and laser-induced line-shape control, Phys. Rev. A 93,
033405 (2016).

[28] A. Kaldun, A. Blättermann, V. Stooß, S. Donsa, H. Wei, R.
Pazourek, S. Nagele, C. Ott, C. D. Lin, J. Burgdörfer, and T.
Pfeifer, Observing the ultrafast buildup of a Fano resonance
in the time domain, Science 354, 738 (2016).

[29] V. Stooß, P. Birk, A. Blättermann, M. Hartmann, G. D.
Borisova, C. Ott, and T. Pfeifer, Strong-field-gated buildup
of a Rydberg series, Phys. Rev. Res. 2, 032041(R) (2020).

[30] Y. He, Z. Liu, N. Xue, C. Ott, T. Pfeifer, A. N. Pfeiffer, and
B. Hu, Watching the formation and reshaping of a Fano
resonance in a macroscopic medium, Phys. Rev. A 103,
L041102 (2021).

[31] Y. D. Chong, L. Ge, H. Cao, and A. D. Stone, Coherent
Perfect Absorbers: Time-Reversed Lasers, Phys. Rev. Lett.
105, 053901 (2010).

[32] W. Wan, Y. Chong, L. Ge, H. Noh, A. D. Stone, and H. Cao,
Time-reversed lasing and interferometric control of absorp-
tion, Science 331, 889 (2011).

[33] K. Pichler, M. Kühmayer, J. Böhm, A. Brandstötter, P.
Ambichl, U. Kuhl, and S. Rotter, Random anti-lasing
through coherent perfect absorption in a disordered
medium, Nature (London) 567, 351 (2019).

[34] M. Wu, S. Chen, S. Camp, K. J. Schafer, and M. B. Gaarde,
Theory of strong-field attosecond transient absorption,
J. Phys. B 49, 062003 (2016).

[35] R. Santra, V. S. Yakovlev, T. Pfeifer, and Z.-H. Loh, Theory
of attosecond transient absorption spectroscopy of strong-
field-generated ions, Phys. Rev. A 83, 033405 (2011).

[36] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.129.273201 for the
derivation of the analytical model, calculation results for
more general cases, and the influence of spectrometer
resolution, which includes Ref. [37].

[37] T. Pfeifer, Y. Jiang, S. Düsterer, R. Moshammer, and J.
Ullrich, Partial-coherence method to model experimental
free-electron laser pulse statistics, Opt. Lett. 35, 3441
(2010).

[38] M. B. Gaarde, C. Buth, J. L. Tate, and K. J. Schafer,
Transient absorption and reshaping of ultrafast XUV light
by laser-dressed helium, Phys. Rev. A 83, 013419 (2011).

PHYSICAL REVIEW LETTERS 129, 273201 (2022)

273201-6

https://doi.org/10.1103/PhysRev.188.667
https://doi.org/10.1103/PhysRev.188.667
https://doi.org/10.1103/PhysRevA.1.1604
https://doi.org/10.1103/PhysRevA.1.1604
https://doi.org/10.1103/PhysRevA.73.023416
https://doi.org/10.1103/PhysRevA.73.023416
https://doi.org/10.1063/1.1655422
https://doi.org/10.1103/PhysRevLett.53.552
https://doi.org/10.1103/PhysRevLett.53.552
https://doi.org/10.1364/JOSAB.13.001994
https://doi.org/10.1364/JOSAB.13.001994
https://doi.org/10.1103/PhysRevLett.88.123004
https://doi.org/10.1103/PhysRevA.73.021805
https://doi.org/10.1103/PhysRevA.73.021805
https://doi.org/10.1103/PhysRevLett.116.023602
https://doi.org/10.1103/PhysRevLett.116.023602
https://doi.org/10.1103/PhysRevLett.127.163601
https://doi.org/10.1103/PhysRev.183.457
https://doi.org/10.1103/PhysRevA.88.051402
https://doi.org/10.1103/PhysRevLett.114.143002
https://doi.org/10.1103/PhysRevLett.114.143002
https://doi.org/10.1103/PhysRevA.93.033405
https://doi.org/10.1103/PhysRevA.93.033405
https://doi.org/10.1126/science.aah6972
https://doi.org/10.1103/PhysRevResearch.2.032041
https://doi.org/10.1103/PhysRevA.103.L041102
https://doi.org/10.1103/PhysRevA.103.L041102
https://doi.org/10.1103/PhysRevLett.105.053901
https://doi.org/10.1103/PhysRevLett.105.053901
https://doi.org/10.1126/science.1200735
https://doi.org/10.1038/s41586-019-0971-3
https://doi.org/10.1088/0953-4075/49/6/062003
https://doi.org/10.1103/PhysRevA.83.033405
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.273201
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.273201
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.273201
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.273201
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.273201
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.273201
http://link.aps.org/supplemental/10.1103/PhysRevLett.129.273201
https://doi.org/10.1364/OL.35.003441
https://doi.org/10.1364/OL.35.003441
https://doi.org/10.1103/PhysRevA.83.013419

