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High-harmonic generation from a gas target exhibits sharp spectral features and rapid
phase variation near the Cooper minimum. By applying spectral filtering, shaped
isolated attosecond pulses can be generated where the pulse is split into two in the
time domain. Using such shaped extreme-ultraviolet (XUV) pulses, we theoretically
study attosecond transient absorption (ATA) spectra of helium 2s2p autoionizing state
which is resonantly coupled to the 2s2 dark state by a time-delayed infrared laser. Our
simulations show that the asymmetric 2s2p Fano line shape can be readily tuned into
symmetric Lorentzian within the time delay of a few tens of attoseconds. Such efficient
control is due to the destructive interference in the generation of the 2s2p state when it
is excited by a strongly shaped XUV pulse. This is to be compared to prior experiments
where tuning the line shape of a Fano resonance would take tens of femtoseconds. We
also show that the predicted ATA spectral line shape can be observed experimentally
after propagation in a gas medium. Our results suggest that strongly shaped attosecond
XUV pulses offer the opportunity for controlling and probing fine features of narrow
resonances on the few-ten attoseconds timescale.

attosecond transient absorption | doubly excited state | Fano resonance | Cooper minimum

Photoabsorption spectroscopy is an essential tool for studying the microscopic structure
of matter. Using extreme ultraviolet (XUV) or soft X-rays, the absorption spectra in
general consist of a smooth continuum imbedded with asymmetric Fano resonances
(1). Fano resonance is a widespread wave-scattering phenomenon. It has been widely
studied in atoms (2–4), molecules (5–8), nuclei (9, 10), solids (11), nanostructure (12),
and acoustic systems. Since the asymmetric line shape is sensitive to the structure, as
well as to the environment, the so-called topological Fano resonances have been found
to have wide applications (13). With the emergence of attosecond XUV pules in the
last two decades (14, 15), attosecond transient absorption (ATA) spectroscopy has been
used to manipulate autoionization dynamics and to modify the asymmetric Fano line
shape by coupling with infrared laser pulses (16–32). Taking the ATA spectra of the
2s2p doubly excited state of He as an example, an asymmetric Fano resonance would
be observed in the absence of the coupling infrared laser. To achieve the most efficient
control, it is best to choose a 540-nm laser that can couple efficiently with the 2s2 dark
state. This scheme is shown in Fig. 1A, which is analogous to the level scheme used
to achieve electromagnetically induced transparency (EIT). EIT is a coherent optical
phenomenon that can render a medium transparent in a very narrow spectral range,
where the corresponding optical refractive index would become very large, thus leading
to slow light (33) or even stopped light (34). In this paper, we seek a powerful route
for controlling Fano resonances from the symmetric Lorentzian to inverted Lorentzian,
and to asymmetric ones with q-parameters varying from +∞ to −∞, or vice versa, on
the attosecond time scale, achieved by using a shaped XUV pulse during the pumping
process.

There are several ways to modify the line shape of a Fano resonance. One is to change
the amplitude of the discrete state, the other is to change the phase of the continuum
states, or change the phase between the two. Previously, Chu and Lin (23) proposed to
use an IR laser to resonantly couple the discrete state with another autoionizing state to
induce Rabi oscillation between them; thus, the amplitude of the discrete state can be
modified, and thus the Fano line shape. By using an intense IR laser or XUV pulses from
the free-electron laser (35–38), an additional phase of the discrete state is accumulated
due to the induced energy shift. As an example, in ref. 39, the 2s2p Fano resonance was
generated by a broadband attosecond pulsed XUV light. By coupling to a moderately
intense 7-fs, 730-nm laser, it was observed that an asymmetric Fano line shape can be
tuned to a symmetric Lorentzian one with q → ∞, and vice versa. Here, the IR laser
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induces an energy shift of the bound state. By changing the laser
intensity and duration, the phase between the bound and the
continuum states is modified resulting in the change of the Fano
q parameter. However, a significant change in the spectral line
shape (or q parameter) has not been achieved by either directly
changing the amplitude of the discrete state or by modifying the
XUV pulse to excite the resonance states. Here, we show that
dramatic control of the line shape can be achieved using shaped
XUV pulses obtained from high-harmonic spectra generated near
the Cooper minimum, where both the amplitude and phase
undergo extreme variation over a very narrow energy range
(sub-eV).

It has been established that high-harmonic generation (HHG)
spectra mimic the photo-recombination (PR) cross-sections (40).
Since PR amplitude varies rapidly and its phase changes greatly
by near � if the atomic target has a narrow Cooper minimum,
such rapid change also would occur in the amplitude and phase
of the HHG spectra. By spectral filtering, the temporal XUV
pulse around the Cooper minimum would be severely shaped, as
shown in the case of the Ar atom (41). Similar spectral minima,
but even much sharper, are present in the molecular HHG
spectra when molecules are transiently aligned (42–44). Recently,
Jin et al. (45, 46) demonstrated that the minimum structure
in the HHG of aligned CO2 molecules can be controlled by
fine-tuning molecular alignment and thus the temporal shape
of the synthesized XUV pulses can be readily shaped. For CO2
molecules, the minimum occurs near 60 eV (42, 47), which
is close to the energy of the helium 2s2p state. We show here
that the asymmetric Fano profile can be dramatically tuned
within attoseconds timescale using these exquisitely shaped XUV
pulses.

In this article, we utilize a pump–probe scheme to investigate
the modification of the Fano resonance profile in which the pump
is an exquisitely shaped XUV pulse and the probe is an IR laser
of a wavelength of 540 nm which resonantly couples the two
autoionizing 2s2p and 2s2 states, as depicted in Fig. 1A. In the

time domain, the electric field amplitude of a shaped XUV pulse
has a sharp minimum at the center as if it has split into two
pulses, which is in strong contrast to a typical Gaussian pulse; see
Fig. 1B. Note that the structure of a double XUV pulse as shown
in Fig. 1B has been demonstrated in an attosecond pulse train
experimentally (41). In Fig. 1C, this shaped XUV pulse in the
spectral domain has a minimum of 60.15 eV. More importantly,
the spectral phase change by � within about 0.05 eV. To obtain
the attosecond transient absorption (ATA) spectrum, we solve the
time-dependent Schrödinger equation (TDSE) of helium atoms
using a multi-level model (SI Appendix, section 1).

Results
The single-atom ATA spectra as a function of time delay between
XUV and IR fields are plotted in Fig. 1 D and E, for the Gaussian
and the shaped XUV pulse, respectively. For the Gaussian one,
the spectra in Fig. 1D are consistent with those studied in refs. 23
and 48. For time delays where the two pulses overlap, as shown
in Fig. 1G, the resonance profiles change shape only modestly
with time delay. On the other hand, for the shaped XUV pulse,
as shown in Fig. 1E, the time-delay dependent spectra are quite
different. Here, we focus on how the line shape of the resonance
varies in small increments of time delays in Fig. 1 H and I. First,
in Fig. 1H, we note that at a time delay of −0.45 fs, the line
shape appears as a deep window resonance with q = 0. With a
small increment of 0.09 fs later at−0.36 fs, the line shape changes
quickly to an asymmetric negative-q Fano resonance. For another
increase of only 0.02 fs (or 20 as) at a time delay of−0.34 fs, the
line shape changes drastically to an even larger value of negative
q. At a time delay of 0.0 fs, the line shape changes quickly to
a narrow Lorentzian shape. Proceeding to longer time delays, as
shown in Fig. 1I, similar rapid changes of line shapes can be seen
in reverse order for time delays of 0.0, 0.24, 0.28 fs, and finally,
at a time delay of 0.45 fs, where the line shape returns to the same
one as at a time delay of −0.45 fs. This shows that the Fano line
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Fig. 1. (A) Schematic of a three-level model of a helium atom, including the ground state 1s2, autoionizing states 2s2p and 2s2, and continuum states 1sEp and
1sEs, where E is the energy of the continuum electron. In this model, the XUV pulse pumps the system from 1s2 to 2s2p and 1sEp states, and the IR laser couples
2s2p and 1sEs states and also 2s2p and 2s2 states. Through configuration interaction, the system decays from 2s2p to 1sEp state and from 2s2 to 1sEs state. (B)
Electric envelopes of a Gaussian (blue) and a shaped (red) XUV pulses. (C) Spectral distributions of amplitude (solid line) and phase (dashed line) of a shaped
XUV pulse taken from ref. 45. Single-atom ATA spectra from a Gaussian (D) and a shaped XUV (E) pulse. Parameters of the XUV pulse: duration is ∼ 200 as, peak
intensity is 1010 W/cm2, and central frequency is 60.15 eV. Parameters of the dressed IR laser: pulse duration is 9 fs, carrier frequency is 2.3 eV (period is 1.8 fs),
peak intensity is 2 × 1012 W/cm2, and carrier-envelope phase is 0. A positive time delay means the XUV pulse is ahead of the IR laser. (F ) Analytic (dashed line)
and fitted (dot) q parameters for the ATA spectra using the shaped XUV pulse. (G–I) The absorption spectral lines (normalized) at selected time delays; see text.
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shape changes repetitively over 0.9 fs, which is half of the optical
period of the driving 540-nm laser. These results demonstrate
the dramatic efficient control of the resonance line shape when a
shaped XUV pulse is used for studying ATA spectra for a narrow
field-free resonance. We further fit the calculated line shape to
obtain the q-parameter. In Fig. 1F, we plot how q changes with
time delay. In the region where |q| becomes larger than 10, we
plot the values of 1/q. For the present example, q changes rapidly
within a few tens of attoseconds is clearly seen. In Fig. 1F, we
also show the q values calculated using the analytical formula in
Eq. 2. Both the fitted and analytical results show that q varies
from +∞ to 0 and then from 0 to−∞ during half of the optical
period of the IR laser. We point out that the results shown above
for absorption spectra are expected to appear in photoelectron
spectra (SI Appendix, Figs. S4–S7), but photoelectron spectra are
much more difficult to observe experimentally due to challenges
in high-resolution electron spectra.

Discussion
To explain the difference in the change of ATA spectra for the
Gaussian and the shaped XUV pulses, we examine the growth
of populations of the two autoionizing states 2s2 and 2s2p for
the case where the time delay is zero. For the Gaussian pulse, we
see in Fig. 2A that the population builds up monotonically with
time for both states. For 2s2p, the time-dependent buildup is the
same even if its coupling with the continuum states is turned
off (without configuration interaction) or the IR laser is absent.
For the shaped XUV pulse, both states build up gradually up to
t = 0. In the second half for t > 0, the 2s2p population drops
with time, but the 2s2 population stays constant; see Fig. 2B.
Interestingly, the population of the dark state 2s2 is higher than
the bright state 2s2p at the end of the XUV pulse. This figure also
shows that coupling with continuum states or the absence of IR
laser does not affect the buildup of 2s2p. This is not surprising
since the field-free lifetime for 2s2p is about 17 fs while the pulse
duration of the shaped XUV is only about 200 as.

We next show the population of 2s2p and 2s2 at the end
of the XUV pulse versus the time delay in Fig. 2 C and D.
For the Gaussian XUV, the population of the dark state 2s2 is
very small and can be neglected. But for the shaped XUV pulse,
the population of the 2s2 dark state is larger than the bright state
2s2p. Both show rapid half-IR-optical-cycle oscillations with time
delay. Fig. 2D shows population inversion occurs when the XUV
pulse is a shaped one. In SI Appendix, section 8, we examine
how this happens in detail. In the time domain where the XUV
pulse overlaps with the IR laser, the XUV pulse excites the 2s2p
state, but the IR laser couples the 2s2p state to the 2s2 state.
Since a shaped XUV pulse in the time domain is a double-pulse
where the second pulse interferes destructively with the first one
such that the 2s2p population declines with time while the 2s2
population stays constant; see Fig. 2B. After the XUV pulse ends,
the IR laser drives the electron between the 2s2p and 2s2 states.
Using the IR intensity in the example, the Rabi frequency was
calculated to be 9.3 fs longer than 1.8 fs, which is the optical
period of the 540-nm laser.

In SI Appendix, section 8, we show that the population of
the 2s2 state grows with IR intensity and population inversion
can occur only when IR intensity is sufficiently high; see SI
Appendix, Fig. S9. The dependence of population inversion on
the time delay can be seen in Fig. 2E and SI Appendix, Fig. S9.
For completeness, we also show the populations of 2s2p and 2s2
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Fig. 2. (A and B) Populations of 2s2p (red solid lines) and 2s2 (blue solid
lines) states at a time delay of 0 fs between the XUV pulse and the IR laser. In
addition, the populations of 2s2p state without the IR laser (dashed green
lines) and without the autoionizing configuration interaction (CI) (dashed
black lines) are shown. Electric field envelopes of Gaussian and shaped XUV
pulses are given (purple solid lines). Note that the population of 2s2p by
shaped XUV pulse undergoes a sharp drop in the second half of the pumping
process. (C and D) Populations of 2s2p and 2s2 states at the end of the XUV
pulse as a function of time delay. (E) The ratio of 2s2 and 2s2p populations
from (D). (F ) Normalized populations of 2s2p and 2s2 states (plotted in linear
scale) after complete shutdown of external fields as a function of time
delay. Results for Gaussian pulse are moved up by one in arbitrary units.
Comparison of absorption spectral lines using the shaped XUV pulse at time
delays of 0 fs (G) and 0.45 fs (H) obtained by numerical solutions of TDSE and
analytic solutions in Eq. 1. The dashed line in (G) is the fitted Lorentz curve.

states at t = 54 fs where both the XUV pulse and the IR laser are
long gone, versus the time delay in Fig. 2F. From the population
dynamics, the absorption spectra versus the time delay can be
calculated. Fig. 2G shows that the line shape of the 2s2p state at a
time delay equal to zero is a Lorentzian, but becomes an inverted
Lorentzian (or a window resonance) when the time delay is at
0.45 fs.

To understand the origin of the peculiar absorption spectra
by the shaped pulse, using a few “reasonable” approximations,
we can derive the single-atom absorption spectrum S (!) (SI
Appendix, section 6)

S (!) ∝

[
cos

AL
2

(q + ")2

1 + "2 +
(

1− cos
AL
2

)]

+

√
pb (�)
pa (�)

sin
AL
2

Re

[
EX (!a)
EX (!)

(q + i)2

1 + i"

]
.

[1]

This equation works for a general XUV pulse. Here, " =
2 (!− !a) /Γ is the reduced energy measured from the res-
onance, and !a and Γ are the resonance energy and width,
respectively. The pa (�) and pb (�) are the populations of 2s2p
and 2s2 states at the end of the XUV pulse for the time delay
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�, respectively. For the shaped XUV, the ratio pb (�) /pa (�)
is given in Fig. 2E. The complex EX (!) includes the spectral
amplitude and phase of the XUV pulse. The pulse area of the
IR laser is denoted by AL (SI Appendix, section 2 and Fig. S3).
In Eq. 1, the second term on the right-hand side is dominant
when pb (�) is much larger than pa (�). Since pb (�) is mostly
dependent on the instantaneous intensity of the IR laser, the
absorption spectra exhibit pronounced modulations with half
optical period of the IR laser. Such modulations do not depend
much on the pulse duration of the IR laser so long as the pulse
area remains large when the intensity and duration are properly
chosen.

We also give the modulated Fano q parameter when the probe
IR laser is applied (SI Appendix, section 5)

qmod =

[
cos

AL
2
−

√
pb (�)
pa (�)

sin (2!L�)∣∣sin (2!L�)
∣∣ sin

AL
2

]
q. [2]

Here, !L is the frequency of IR pulse. When time delay is 0
fs, pb (�) is much larger than pa (�) as shown in Fig. 2D, thus
qmod →∞ by considering that AL = 1.45�. Thus, a symmetric
Lorentzian line shape arises in Figs. 1H and 2G. Moreover, as
long as pb (�) is much larger than pa (�) and sin (AL/2) 6= 0, the
Lorentzian line shape is obtained.

We further interpret why the population of the discrete
state is dramatically decreased with the shaped XUV pulse.
We first separate the whole temporal XUV pulse into two
sub-pulses and transform each individual into the frequency
domain. The phase difference between these two sub-pulses
is found to be � at the spectral minimum !a (SI Appendix,
section 4). Next, we concentrate on the XUV spectrum in
the vicinity of !a and approximate each as monochromatic
waves. Then, we employ a two-level model as sketched in
Fig. 3A, in which the energy difference is exactly equal to the
photon energy at the XUV minimum, i.e., !a = Ea − Eg (in
atomic units). The time-dependent wave function is written as∣∣ (t)

〉
= cg (t) e−iEg t

∣∣g〉+ ca (t) e−iEat |a〉 with ground state
∣∣g〉

and excited state |a〉. The wave function is then solved before
and after t0. Here, t0 corresponds to the minimum position in
the temporal envelope of the shaped XUV pulse, in which the
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Fig. 3. (A) Sketch of a two-level model with the ground state
∣∣g〉 and an

excited state |a〉 (Left), and the temporal profile of a shaped XUV pulse with two
peak amplitudes, A1 and A2 (Right). (B) Population (normalized) of the excited
state vs time when A2 = A1. (C) Same as (B) but for A2 = 0.6A1. Results obtained
by numerical solutions of coupled equations (red lines) are compared to
analytic solutions of Eq. 3 (black lines).

peak amplitudes areA1 andA2, respectively. The time-dependent
coefficient is (SI Appendix, section 7)

ca (t) =


1
2
DagA1

(
it +

1
2!a

e2i!at −
1

2!a

)
, 0 ≤ t ≤ t0

−
1
2
DagA2

[
i (t − t0) +

1
2!a

(
e2i!at − e2i!at0

)]
+ ca (t0) , t > t0.

[3]

Here, Dag is the transition matrix element between states
∣∣g〉

and |a〉.
The population of the excited discrete state as a function of

time (black line) obtained from the analytical solution in Eq. 3
is plotted in Fig. 3 B and C. To check the accuracy of Eq. 3, we
also solve the coupled equations of the two-level system exactly.
A shaped XUV pulse can be composed of two regular Gaussian
pulses by properly adjusting the time delay and their relative
carrier-envelope phase such that the position and depth of the
shaped XUV pulse are reproduced. The numerically obtained
populations (red lines) are plotted in Fig. 3 B and C. For both
shaped XUV pulses, the numerical and analytical solutions agree
quite well and both show the decrease of the population in the
second half of the pulse, more so forA2 =A1 than forA2 = 0.6A1.
Therefore, when using an XUV pulse with a spectral minimum
to pump the atomic system, the decrease of the population of
discrete states in the Fano resonance is quite general. By adjusting
A1 and A2, which can be carried out by adjusting the depth and
position of the spectral minimum in the shaped XUV pulse, the
ATA spectrum can be controlled. The shaped XUV pulse in turn
can be controlled by manipulating the minimum in the HHG
spectra which has been demonstrated recently by varying the
degree of alignment of CO2 molecules (45, 46).

For an experimental demonstration of the predicted features
of a Fano resonance, we need to address the propagation of
the absorption spectra in a macroscopic gas medium. The ATA
spectrum after propagation in a gas medium is defined by the
optical density (OD): OD (!, �) = − log [I (!, �) /I0 (!)],
where I (!, �) and I0 (!) are XUV spectra at the exit and
the entrance of the gas medium, respectively. One-dimensional
Maxwell’s wave equation in the moving frame is solved (SI
Appendix, section 1). Comparing to single-atom absorption
spectra in Fig. 1E, the OD of the shaped XUV spectra after
propagation of 0.5 mm at a gas pressure of 25 Torr is shown in
Fig. 4A. One can see the strong difference as the OD changes
from absorption to emission (49) for time delays from −8 fs to
2 fs in a very short propagation distance. For a lower pressure
of 5 Torr and the propagation distance of 0.1 mm, the OD
becomes similar to the single-atom ATA spectrum, i.e., the
absorption shows oscillation of half period of the IR laser; see
Fig. 4B. In addition, both Lorentzian and inverted Lorentzian
line shapes appear with little suffering from the propagation in a
gas medium; see Fig. 4D. Furthermore, in Fig. 4D, the maximum
OD (without normalization) for Lorentzian is 0.56, meaning that
73% of the XUV intensity is absorbed, while the minimum OD
for the inverted Lorentzian line shape is−0.1, meaning that 26%
of the XUV intensity is emitted. Thus, absorption and emission
can be effectively observed experimentally.

Finally, we address the possible requirements for experimental-
ists to observe our simulated results. Our simulation assumes that
the minimum of the shaped pulse is at 60.15 eV. The first concern
is how far away the predicted minimum in the XUV pulse can
be tolerated if our predicted attosecond control on the Fano line
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Fig. 4. (A) Optical density (OD) after propagation in a 0.5-mm long gas with
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a length of 0.1 mm and pressure of 5 Torr. (C) Macroscopic OD as a function
of propagation distance at 25 Torr when the time delay is fixed at 0 fs. (D) OD
lines in (B) for selected time delays.

shape can be seen in the ATA spectra. In Fig. 5, we show the ATA
spectra when the position of the XUV minimum is shifted by 0.3,
0.9, and 1.6 eV, respectively. The top row of Fig. 5 shows that for
a deviation less than 0.3 eV, the main features of the change of
the line shape, as well as the half-cycle modulations can all be seen
clearly. With larger shifts of 0.9 and 1.6 eV, the major features of
the line shape can also be seen, except that they are not as “sharp.”
The second concern is about the strength of the double-peak
pulse which is from the HHG around the Cooper minimum.
We have analyzed the experimental HHG data of Rupenyan
et al. (44) for CO2 molecules that are not aligned and that are
aligned. Only the latter has the deep minimum. We conclude
that the pulse energy of the shaped pulse is about eight times
weaker than the typical Gaussian XUV pulses. We comment

that such yields can be further increased by optimizing the phase
matching (50, 51) and by the development of high-power, high-
repetition-rate lasers shortly (52, 53). The third possible issue
is how accurately the time delay is required. Our simulations
in Figs. 1 and 5 show that dozens of attoseconds resolution is
required to see the rapid change of absorption line shape. Since
the shaped XUV pulses proposed in this work still have not
been examined by experimentalists so far, that might be the first
priority at this time.

Summary and Outlook
We demonstrated that a shaped XUV pulse can be used to
significantly modify the asymmetric Fano line shapes under the
XUV + IR scheme simply by changing the time delay between the
two pulses, with dramatic shape change within tens to hundreds
of attoseconds. Such sensitivity requires that the shaped XUV
pulse have near phase change of � and deep minimum in the
spectral domain, which in turn means that in the time domain,
the XUV pulse is split into two nearly identical sub-pulses. It
has been shown that such pulses can be obtained from high
harmonics generated from CO2 and other molecules where the
so-called Cooper minimum (or structural minimum) is deep and
narrow (42, 45–47). Realization of controlling the line shape of
a resonance as predicted in this work will be challenging but
very interesting to prove the ease of controlling resonances at the
few-ten attoseconds timescale. This work also indicates the signif-
icance of the temporal shape of attosecond XUV pulse, which has
usually been ignored in most applications. Thus, it is desirable
to identify its role under various scenarios of attosecond science.

Materials and Methods

For single-atom calculations, the three-level model of the helium atom has been
established, which including the ground state 1s2, autoionizing states 2s2p and
2s2, and continuum states. With the aid of the Hamiltonian and TDSE, the coupled
equation can be established and numerically solved by the Runge–Kutta method.
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For macroscopic propagation calculations, the one-dimensional Maxwell’s wave
equation in the moving frame has been adopted. The derivation of Eqs. 1–3
are based on coupled equations with some reasonable approximations. See
SI Appendix for further details.

Data, Materials, and Software Availability. All study data are included in
the article and/or SI Appendix.
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