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Time Resolved Fano Resonances
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Recent advances in the generation of sub-fs extreme ultraviolet pulses and attosecond metrology have
opened up the possibility to trace the time evolution of electronic wave packets inside atoms in pump-
probe experiments. We investigate the feasibility of observing the buildup of a Fano resonance in the time
domain by attosecond streaking techniques. A time-resolved resonance is initialized by a sub-fs extreme
ultraviolet-pump pulse in the presence of a synchronized phase-controlled probe laser pulse. The time
evolution of the coherent superposition of resonant state and continuum is mapped onto a modulation of
the electron spectrum as a function of the time delay between pump and probe pulse. (super-)Coster-
Kronig transitions with lifetimes of �400 a sec are identified as prime candidates.
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FIG. 1 (color online). Time-resolved excited Fano resonance,
schematically. Excitation by the ultrashort pump pulse (duration
�X) opens two interfering paths from the ground state to the
continuum. Arrival in the continuum is monitored by the probe
laser pulse with period TL � 2�=!L and length �L. The indi-
cated electronic configurations correspond to the Dy atom.
Following the time evolution of a coherently excited
wave packet in real time in a pump-probe setting has
become possible with the advent of femtosecond laser
pulses. The time resolution suffices to map out the vibronic
motion of molecules [1], the phonon dynamics in solids
[2], and the electronic dynamics in Rydberg states [3].
Resolving the dynamics of electrons in atoms near the
ground states or in inner shells has remained, however, a
major challenge. Only very recently, extreme ultraviolet
(XUV) pulses with durations of a few hundred attoseconds
have become available [4]. The time structure is compa-
rable to the time scale of electronic processes in inner
shells of atoms and opens up the perspective to perform
time-resolved measurements of the electronic dynamics in
atoms [5]. In a first proof of principle experiment, a
900 asec XUV pulse was used to induce a nonresonant
core hole excitation in krypton which relaxes by Auger
decay. Its lifetime of about 8 fs was measured in the time
domain by probing the ‘‘arrival time’’ of the Auger elec-
tron in the continuum with the envelope of a synchronized
fs laser probe pulse and was found to be in accord with the
spectroscopic data [6]. More recently, the time evolution of
primary electron emission could be measured with a reso-
lution of 100 asec by using the controlled oscillation of the
electric field of few-cycle probe laser light [7]. The tech-
nique has been dubbed attosecond streak camera [8]. In
this Letter we study how more complex coherent dynamics
proceeding on a time scale comparable to that of the
duration of the sub-fs XUV excitation can be probed by
this novel technique and to what extent novel information
may be obtained from such time-domain studies as com-
pared to conventional time-integral measurements.

A prototype case for the coherent dynamics in a non-
stationary system is the excitation of a Fano resonance.
Fano line shapes are a ubiquitous feature of resonance
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scattering when the continuum can be accessed both di-
rectly and by way of a quasibound state embedded in the
continuum (autoionization). Fano line shapes have been
observed in the spectrum of time-integral measurements in
a variety of phenomena including photoabsorption in
atoms [9,10], electron and neutron scattering [11,12],
Raman scattering [13], photoabsorption in quantum well
structures [14], scanning tunneling microscopy [15], and
ballistic transport through quantum dots (‘‘artificial
atoms’’) [16]. Interest in analyzing Fano profiles is stimu-
lated by their high sensitivity to the details of the scattering
process, in particular, to the degree of transient coherence
in the scattering system. Observing the nonstationary co-
herent dynamics by exciting a Fano resonance using an
ultrashort pulse has, so far, not yet been attempted.
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Interferences between different coherently excited auto-
ionizing resonances have, however, been observed indi-
rectly in ion-atom collisions [17]. In a pump-probe
approach, the duration of the pump pulse �X should be
shorter than the lifetime �r of the resonant state jri em-
bedded in the continuum jEi. With the availability of sub-
fs XUV pulses with �X � 250 asec and the attosecond
streak camera technique, observation of coherent excita-
tion of inner shells appears to be within reach. In the
following, we present first results of our exploratory study
for a generic model system tailored with atomic systems
such as the lanthanides [18] in mind.

The atomic model system we consider consists of a
ground state jgi and a resonant state jri embedded in a
structureless continuum jEi (Fig. 1). The resonant state
lies above the ionization threshold of the field-free
Hamiltonian. We study its time evolution under the influ-
ence of a sub-fs high-frequency low-intensity pump pulse
which initializes the Fano resonance and a low-frequency,
moderate-intensity probe pulse. The Hamiltonian

H�t� � H0 � V �HX�t� �HL�t�; (1)

consists of the atomic Hamiltonian Ha � H0 � V, where
H0 is the single configuration Hamiltonian and V is the
residual configuration interaction. HX�t� � 	dFX�t� and
HL�t� � 	dFL�t� are the dipolar interactions with the
XUV pump field FX�t� and probe laser field FL�t� (d �
	
P
izi is the dipole operator). All dependences on angular

momentum and emission angles are suppressed and the
emission direction is assumed to be along the direction of
the polarization of the laser field. In the absence of the
coupling V between the resonant state and the continuum,
jri would be a bound eigenstate of H0, H0jri � Erjri. V
couples the resonant state jri and the near-degenerate
continuum jEi. The diagonalization of Ha in terms of
stationary states j	Ei is the cornerstone of Fano’s treat-
ment of the autoionization process [10,19]. These Fano
states j	Ei can be written as

j	Ei �
sin
��E��
�VE

j�Ei 	 cos
��E��jEi; (2)

with

j�Ei � jri � PP
Z
dE0 VE0

E	 E0
jE0i; (3)

and ��E� the mixing angle. The coupling matrix element
between continuum and resonance is denoted by VE �
hEjVjri and PP denotes the principal part value of the
integral. Near the resonance energy Er the emission spec-
trum can be parametrized as

P�E� �
jq� �j2

1� �2
; (4)

with � � E	Er	�E
�=2 , where � � 1=�r and �E is a shift of

the resonance position due to the coupling to the contin-
uum. If VE is only weakly energy dependent near the
resonance, this shift is small and can be neglected
02300
[10,20]. Equation (4) describes an asymptotic spectral
profile with Fano parameter

q �
h�Er jTjgi

�VErhErjTjgi
; (5)

where T is the transition operator for the excitation. q
represents the ratio of the transition amplitude from the
ground state to the resonant state j�Eri to the amplitude
of the excitation of the structureless continuum. Our start-
ing point for treating time-dependent Fano resonances
generated by ultrashort pulses is the solution of the time-
dependent rather than the stationary Schrödinger equa-
tion, i.e.,

j �t�i � T̂e	i
R
t

	1
H�t0�dt0 jgi: (6)

The goal is to calculate the time- and energy-differential
ionization probability P�E; t� � jhEj �t�ij2. Its asymptotic
limit P�E� � limt!1P�E; t� converges to the time-integral
emission spectrum of a Fano resonance in the limit where
the influence of the probe laser pulse can be neglected. We
solve Eq. (6) under a number of simplifying assumptions.
The weak XUV pulse is treated in first-order perturbation
theory and we neglect all other couplings except those
involving the ground state. Consequently, Eq. (6) can be
reduced to

j �t�i � 	i
Z t

	1
dt0 ~U�t; t0�HX�t0�jgit0 ; (7)

where the time-evolution operator ~U is governed by Ha
and HL�t�. Its equation of motion can be written as

~U�t; t0� � UL�t; t
0� 	 i

Z t

t0
dt00UL�t; t

00�V ~U�t00; t0� (8)

with

UL�t; t0� � e	i
R
t

t0

H0�HL�t00��dt00 : (9)

Equation (8) provides a convenient starting point for ap-
proximately incorporating the effect of the probe laser.
Since its intensity is only moderate (IL � 1012 W=cm2)
and its one-photon energy is of the order of the outer shell
ionization energy, its effect on the deeply bound level jgi
can be safely neglected. However, the effect of the probe
laser must be taken into account nonperturbatively for the
final continuum states jEi, for which we involve the strong-
field approximation [21]. Accordingly, UL in Eq. (9) will
be replaced by the Volkov propagator,UV , of free electrons

UV�t; t0�jEi � e	i�V �E;t;t0�jE�t; t0�i; (10)

where �V�E; t; t0� is the Volkov phase, �V�E; t; t0� �R
t
t0 dt

00E�t00; t0�, with E�t00; t0� � 
pE � A�t00�=c 	

A�t0�=c�2=2. The resonant state is assumed to be either
unaffected or only weakly perturbed which can be taken
into account by a complex dynamical Stark shift �EcS�t�
that includes both a real energy shift �ES as well as a
damping due to coupling to other states outside the sub-
space of the Fano resonance. Consequently, ~U inside the
integral on the right-hand side of (8) can be replaced by the
2-2
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propagator for Fano states, possibly modified for dynamical Stark shifts, UF�t; t
0� � expf	i

R
t
t0 dt

00
H0 � V �
jri�EcS�t

00�hrj�g. With these approximations, the time-energy-differential ionization amplitude becomes

hEj �t�i � 	i
Z t

	1
dt0ei�V �E;t0;t� _aE�t0;t��t0� 	

Z t

	1
dt0

Z t

t0
dt00

Z
d ~Eei�V �E;t00;t�VE�t00;t�hrjUF�t00; t0�j ~Ei _a ~E�t

0�

	
Z t

	1
dt0

Z t

t0
dt00ei�V �E;t00;t�VE�t00;t�hrjUF�t00; t0�jri _ar�t0�; (11)
with _aE�t� � hEjHX�t�jgit and _ar�t� � hrjHX�t�jgit . The
three terms in Eq. (11) represent different coherent path-
ways to the continuum final state jEi: the first two terms
describe the direct excitation resulting from transition from
the ground state to the Volkov continuum in the absence of
the resonance (first term) modified by a correction term due
to interactions with the resonance (second term). The latter
signifies virtual transitions from the continuum to the
resonance and back to the continuum. The third term
describes indirect transitions to the continuum via the
resonant state jri. The present treatment is somewhat com-
plementary to the analysis of laser excitation of autoioniz-
ing resonances [22] in which the resonant coupling
between the ground state and the autoionizing resonance
is treated nonperturbatively within the framework of the
rotating wave approximation.

It is instructive to analyze first the temporal evolution of
the Fano resonance, P�E; t� in the absence of a probe pulse.
Figure 2 shows the case of the evolution of a typical
asymmetric Fano resonance in the time-integral limit [q �
1 in Eq. (5)]. In view of anticipated experimental inves-
tigations of super-Coster-Kronig transitions in the 4d
giant resonances of the lanthanides [18], we chose a life-
time of the autoionizing resonance �r � �2�jVEj2�	1 �
400 asec, an XUV pulse of duration �X � 250 asec, and
excitation energy of �h!X � 150 eV. The probe laser pulse
has a mean photon energy �h!L � 1:6 eV corresponding to
a cycle period TL � 2:6 fs. For t & �r the broad spec-
tral distribution reflects the width of the XUV pump pulse
FIG. 2 (color). Time-dependent ionization probability P�E; t�
as a function of energy and time. Inset 1: spectral distribution at
short times t � �r. Inset 2: spectral distribution in the scattering
limit t! 1 for q � 1.
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X (inset 1). For t * �r the wave packet representing

this spectral distribution acquires an internal structure due
to the coupling to the quasibound level jri. As a result, the
destructive interference due to the transient coupling to the
resonance starts to ‘‘burn a hole’’ into the energy distribu-
tion at times t=�r * 1. Finally, in the limit t! 1 the
spectral distribution converges to that of an asymmetric
Fano resonance (inset 2). Clearly, as this ultrafast re-
arrangement process happens on the time scale of the
lifetime of a Coster-Kronig resonance, direct observation
of P�E; t� is out of reach. However, pump-probe experi-
ments provide the key to retrieve real-time information
about such fast processes by correlating the wave packet
with a probing light field. The pump pulse FX�t� �
cos�!Xt�fX�t� initializes the coherent excitation and a
delayed probe laser pulse FL�t� � cos
!L�t��t��fL�t�
probes the population of the continuum states. We assume
both envelope functions fX and fL to be Gaussians where
the duration of the probe pulse is long compared to that of
the pump �L � �X (in current experiments �L � 5 fs).
The field of the probe pulse modifies the energy and
momentum distribution of the emitted electrons which
depends on the time delay �t. Consequently, the observed
time-integral spectrum will depend on �t, P�E; t! 1� �
P�t�E� and thereby provides time-differential information.
Two limiting cases can be distinguished [6,23]. If the life-
time is much shorter than the period of the probe laser
pulse, �r � TL the energy spectrum fluctuates due to the
oscillations of the vector potential ~A�t� entering the canoni-
cal momentum and thus resembles the behavior of a clas-
sical particle in an oscillating electric field. In the opposite
limit of long lifetime compared to the period of the probe
pulse, �r � TL, the quantized nature of the interaction of
the electron with the radiation field is retained and energy
shifts occur in multiples of the photon energy �h!L giving
rise to spectral sidebands. Figure 3 displays typical simu-
lated spectra P�t�E� as a function of pump-probe delay.
The resulting signal depends on three different time scales:
the lifetime of the resonance, �r, the duration of the pump
pulse, �X and the period, TL, of the probe pulse. We present
results for two different lifetimes of the resonance: �r �
400 asec corresponding to the giant resonance in Dy and,
for comparison, a significantly larger lifetime of 2.5 fs. A
rich variety of spectral features as a function of delay time
can be observed. The key point is that these intricate
features in P�t�E� appear only when all three time scales
�X, �r, and TL are comparable to each other. Figure 3(a)
shows the spectrum for the case of a window resonance
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FIG. 3 (color). P�t�E� as a function of the time delay between
pump and probe pulse and observed in the direction of the
polarization of the probe laser pulse. (a) Direct ionization with
the resonant excitation suppressed (q � 0), (b)–(c) autoionizing
resonance with both pathways open (q � 2:2) for different �r,
(d)–(e) complex Fano parameters with q � 2:2ei�=4 and q �
2:2e	i�=4, respectively, and (f) ionization in the absence of a
resonance ( _ar � 0; VE � 0).
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� _ar � q � 0�. In Figs. 3(b) and 3(c) the spectra for a
generic autoionization process with interfering open path-
ways for the direct and the resonant channels [all three
terms in Eq. (11) contribute] are shown. For short lifetimes,
an asymmetric Fano profile with the q value of the Dy
resonance (q � 2:2) is still recognizable unlike the case of
longer lifetimes. Remarkably, in Fig. 3(c) complementary
time and spectral features are simultaneously present. Both
the resonant and the direct ionization channels contribute
to the population of the sidebands.

One extension of this approach is the investigation of
complex Fano parameters. While for systems with time-
reversal symmetry q is real, in systems with broken time-
reversal symmetry [24,25] due to the presence of decoher-
ence and time-dependent fields, q may take on complex
values. One remarkable feature of the time-integral spec-
tral distribution P�E� is that it is invariant under complex
conjugation q! q�; i.e., the phase angle cannot be
uniquely determined. The time-resolved spectrum, instead,
P�t�E�, is found to be sensitive to this phase angle.
Figures 3(d) and 3(e) display the attosecond streak spectra
for the same parameters as in Fig. 3(b), however, for
complex Fano parameters with phase ��=4. For compari-
son, Fig. 3(f) shows the direct ionization in the absence of a
resonance. Another extension is the coherent excitation of
several closely spaced resonances [18]. This leads to a
more complex streaking image from which information
on the energy spacing between the resonances can be
extracted. Clearly, for strong streaking probe pulses the
direct even-order multiphoton coupling between interfer-
ing channels may strongly perturb the resonances such that
resonance parameters may no longer be easily determined.

In summary, we have presented first evidence for the
feasibility to observe time-resolved Fano resonances in
02300
inner atomic shells by utilizing the recently demonstrated
attosecond streak camera technique. The evolution of the
nonstationary wave packet results in a rich variety of
structures in the experimental observable, the time-delay
spectral distribution P�t�E�. Coster-Kronig-type processes
within the parameter range explored in this Letter are
expected to become accessible to experimental observation
in atomic vapors of metal atoms, e.g., the lanthanide group.
The method holds the promise of identifying and quantify-
ing coherent as well as incoherent pathways to ionization.
Similarly, observation of time-resolved Fano resonances in
doped quantum dots employing THz radiation should be
possible.
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