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Abstract The time evolution of an autoionizing atomic system is studied theoreti-
cally in the presence of a moderately intense dressing laserpulse. We first examine
how an autoionizing wave packet evolves in time in the absence of an external field,
and take the single 2pns(1P) resonances in beryllium as examples. Alternatively, we
study the electron dynamics where an attosecond extreme ultraviolet (XUV) pulse
excites two autoionizing states in the presence of a strong time-delayed coupling
infrared (IR) laser pulse. The IR can be viewed as a probe to extract or a con-
trol to modify the autoionization dynamics. The photoelectron and photoabsorption
spectra are calculated for various time delays between the XUV and the IR pulses,
and the results are compared with the available experiments. Finally, simulation of
the coupled 2s2p(1P) and 2s2(1S) resonances in helium shows substantial spectral
modifications by the dressing field parameters. Its analogy to electromagnetically
induced transparency in the time domain is discussed.

1 Introduction

The recent developments in attosecond light pulses have brought numerous appli-
cations in measuring and controlling electron dynamics in the past decade [1, 2, 3].
Single attosecond pulses (SAPs), first realized in 2001 [4],have been used in the ex-
periments in atomic [5, 6, 7], molecular [8, 9], and condensed systems [10]. These
pulses, produced by the high-order harmonic generation (HHG) process of atoms
in an intense infrared (IR) light source usually cover up to the extreme ultraviolet
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(XUV) range and last for as short as a hundred attoseconds. With such energy and
time scales, these attosecond pulses are ideal for the studyof autoionization dynam-
ics in an atomic or molecular system.

The wave packet of one or several autoionizing states (AISs)initiated by a short
XUV pulse evolves in time. This evolution in the absence of anexternal field after
the pump has been formulated and analyzed previously [11, 12, 13, 14]. We de-
velop a simple analytical model for the freely propagating wave packet, where the
atomic structure is conveniently given by a set of parameters. Taking the 2p4s(1P)
resonance in beryllium as an example, the photoelectrons distributed in energy and
in space are calculated and analyzed until the end of the autoionization when the
energy distribution converges to the well-known Fano lineshape. This process takes
about ten times the decay lifetime of the AIS. Our model is further generalized for
a series of resonances, demonstrated by the 2pns(1P) series in beryllium. To probe
the evolution of the wave packet, a pump-probe scheme with two attosecond XUV
pulses is proposed; however, the scheme is currently impractical since the required
light sources are still unavailable.

Alternatively, autoionizing systems have been studied in the XUV-plus-IR pump-
probe scheme theoretically [15, 16, 17, 18] and experimentally [19] with long
pulses–typically tens of femtoseconds to picoseconds, which are longer than the
resonance lifetimes. In these cases, the total ionization yield versus the photon en-
ergy of the probe pulse is measured. Contrary to using long pulses, very recently the
decay of the AIS has been measured in the broadband spectra using an XUV SAP
and a femtosecond IR [20, 21]. In order to treat the accurate wave packet dynamics
in the broadband lights, which has not been done before theoretically, in Sec. 3 and
4, we calculate the electron and absorption spectra, respectively, with the analyses
and comparisons to the available experiments.

In the XUV-plus-IR experiments, a considerably intense IR should be viewed
more rigorously as a modification of the dynamics rather thanjust a probe. In
this aspect, in the last part of this Chapter, we calculate the 2s2p(1P) and 2s2(1S)
AISs coupled by a dressing laser, and discuss the dynamics manipulated by the tun-
able dressing pulse. When the dressing field is long, the comprehensive controlling
scheme is reduced to the electromagnetically induced transparency (EIT) [22, 23]
condition, which is at the heart of many current researches in optical control [24, 25,
26, 27]. While the dynamics in our model system would providea real attosecond
electron control, the EIT-like light modification therein would also open a platform
for optical control when incorporated with macroscopic effects in the medium.

In this Chapter, as a general rule, atomic units (a.u.) are used for the model de-
scriptions in Sec. 2, 3, and 4; electron Volts (eV) and femtoseconds (fs) or attosec-
onds (as) are used in energy and in time, respectively, for the applications or the
simulations, unless otherwise specified. The pulse duration is defined by the full
width at half maximum (FWHM) of the intensity.
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2 Evolution of an isolated autoionizing state

Atomic autoionization typically occurs in a few to tens of femtoseconds and is one
of the fastest many-electron correlation phenomena. It hasbeen observed in fre-
quency domain for decades via photoionization using synchrotron radiations, where
the resonance features can be characterized by Fano’s configuration interaction (CI)
theory [28]. Tremendous improvements in experiments and theories in the past few
decades have matured this research field [29, 30, 31]. Recently, with the advances
in ultrafast technologies, autoionization dynamics measured in the time domain are
beginning to appear with attosecond light pulses [20, 21]. It is thus of interest to
formulate theories that would help to understand the evolution of an autoionizing
wave packet [32].

2.1 Time evolution of an autoionizing wave packet

Assume that an ultrashort light pulse pumps an atomic systemfrom the ground state
to an AIS. After the pulse is over, an isolated autoionizing wave packet is consisting
of a bound state|α〉 and its background continuum|βE〉. The wave packet can be
written either in the configuration basis as

|Ψex(t)〉 = dα(t)|α〉+
∫

dE(t)|βE〉dE, (1)

or in the eigenstate basis (|ψE〉) as

|Ψex(t)〉 =

∫

cEe−iEt |ψE〉dE. (2)

Note that the notationsc andd are for eigenstates and for configurations, respec-
tively. Applying Fano’s theory of configuration interaction [28], for the atomic
Hamiltonian near the resonance given by

〈α|H|α〉 = Er,

〈βE |H|α〉 = VE ,

〈βE ′ |H|βE〉 = Eδ (E ′−E), (3)

the eigenstates in the form of

|ψE〉 = aE |α〉+
∫

bEE ′ |βE ′〉dE ′, (4)

are solved, i.e.,aE andbEE ′ are obtained. Note that the continuum states|βE〉 are
assume to be real standing waves by convention so thatVE is real. By the further ap-
proximation that|βE〉 differ only slightly across the resonance, the resonance width
and theq-parameters, defined by
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Γ ≡ 2πV2, (5)

q ≡ 〈α|T |i〉
πV 〈βE |T |i〉

∣

∣

∣

∣

E=Er

, (6)

are taken as constants estimated atEr.
With Eq. (4), the forms in Eq. (1) and in Eq. (2) are equated to give

dα(t) =

[

d(0)
α e−

Γ
2 t +

∫

d(0)
E gE(t)dE

]

e−iErt , (7)

dE(t) =

[

d(0)
α gE(t)+

∫

d(0)
E ′ fEE ′(t)dE ′

]

e−iErt + d(0)
E e−iEt , (8)

whered(0)
α ≡ 〈α|Ψex(0)〉= 〈α|T |i〉 andd(0)

E ≡ 〈βE |Ψex(0)〉= 〈βE |T |i〉 are the initial
values of the bound and continuum coefficients, respectively, for initial (ground)
state|i〉 and pump transition operatorT , andgE(t) and fEE ′(t) are defined by

gE(t) ≡ V
E −Er + iΓ /2

[

e−i(E−Er)t − e−
Γ
2 t
]

, (9)

fEE ′(t) ≡ V
E −E ′ [gE(t)−gE ′(t)] . (10)

The evolution ofΨex(t) is uniquely determined once the Fano parameters and the

initial valuesd(0)
α andd(0)

E , taken at the end of the pump pulse, are given.
The analytical form of the wave packet has a time scale of 1/Γ and an energy

scale ofΓ . In other words, we have arrived in a universal behavior of the autoion-
izing wave packet by scaling the time and the energy with respect toΓ . This will
be shown in more details in the example in Sec. 2.2. For an AIS that can be treated
independently, this model evaluates its evolution efficiently by importing the Fano
parameters without any tedious numerical efforts. However, we have to limit the
pump to be weak and short such that it is a one photon process and that the decay
starts mainly after the pump, which are not necessary in theab initio calculations.

For an autoionization process initiated by a broadband pulse, the “electron pro-
file”, or simply “profile”, of the resonance is defined by the projection of wave
packet onto the continuum waves of momentumk at any given time during the pro-
cess. The energy-normalized continuum waves are

ψk(r) =

√

2
πk

1
r ∑

lm

ileiηl ul(kr)Y m
l (r̂)Y m∗

l (k̂), (11)

whereul(kr) are taken as real standing waves for consistency with|βE〉. Since the
current study concerns only one continuum channel, or one partial wave, we focus
on the total energy distribution by integrating the projection over all directions. For
the wavefunction in Eq. (1), the profile is a function of energy and time given by

PE(t) = |dE(t)|2. (12)

cdlin
Highlight
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As t → ∞, the bound state decays to zero, andPE(t) converges to the familiar Fano
lineshape. The total probability of the wave packet in Eq. (1) is normalized to 1
since the ground state is not needed after the pump ends. The expression of the
model so far is for a single resonance. However, for a broadband SAP that covers
multiple resonances, the model is further generalized to deal with a Rydberg series
of resonances embedded in a background continuum by neglecting the higher-order
interactions between the AISs.

2.2 Applications to the 2p4s resonance in beryllium

To fully comprehend the short-time behavior of the wave packet, we look at the
photoelectron profilePE(t) in energy domain and the associated electron density
in space. By assuming the pump pulse is perturbative and in a Gaussian envelope
shorter than the autoionization time, the initial continuum distribution is given by a
Gaussian function whose bandwidth is inversely proportional to the pulse duration.
This distribution, consolidated with theq-parameter, determines the initial coeffi-

cientsd(0)
α andd(0)

E . Thus, for given pump parameters and given Fano parameters,
the wave packet can be calculated exactly. In the following,we take the isolated
2p4s(1P) resonance and the 2pns(1P) series in the 2sε p(1P) background contin-
uum in neutral beryllium as examples. The Fano parameters are taken from the
earlier calculation [33] and the experiment [34].

Following the expression in Eq. (1), the isolated 2p4s autoionizing wave packet
can be projected onto the two-electron coordinate space as

Ψex(r1,r2; t) = dα(t)φα(r1,r2)+

∫

dE(t)φE(r1,r2)dE, (13)

where we have assumed only two active electrons. The bound-state configuration
φα(r1,r2) is composed by the 2p and 4s orbitals, and the continuum-state configu-
rationφE(r1,r2) is composed by the 2s orbital and theε p partial wave, where both
configurations are symmetrized betweenr1 andr2. The one-electron radial density
for the wave packet is defined by

ρ(r,t) =

∫ ∫ ∫

|Ψex(r,r′; t)|2r2r′2dΩdΩ ′dr′. (14)

Figure 1 shows the time evolution of the 2p4s autoionizing wave packet in beryl-
lium initiated by an 1.5-fs XUV pump. The time scale of the plot is relative to the
decay lifetimeT = 3.78 fs. The 1.2-eV finite bandwidth confines the overall energy
distribution throughout the evolution up tot = 10T . The profile att = T is at the
halfway between the initial Gaussian function and the final form. After that, the
evolution slows down until the profile reaches its final Fano shape at roughly 10T .

The radial electron densityρ(r,t) at short times and at long times are shown in
Fig. 1(b) and 1(c) respectively. At the start of the process,the 2p4s bound-state
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wavefunction is dominant, as shown by thet = 0 curve. Then, the ionized electrons
grow and move in a bulk to around 40 a.u. at 0.5T and to around 80 a.u. atT , and
in the meantime, the bound state component drops. In the 0< r < 5 a.u. region, the
sharp rising of the density means the increase of the 2s electrons in the 2sε p con-
figuration. As the time passes 10T , in Fig. 1(c), the photoelectrons move outwardly
with a constant average speed, but they spread wider in ther-space. This is consis-
tent with the stabilized energy profile fort ≥ 10T in Fig. 1(a) where the electrons
congregate around 2.5 eV and 3.2 eV. These two groups of electrons move farther
away from each other in space. ConsideringP(E,t) andρ(r,t) together assists us to
“visualize” the whole autoionization process.
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Fig. 1 Time evolution of the wave packet describing the autoionization of 2p4s in Be, initiated by
an 1.5 fs XUV pulse centered at the resonance energy. (a) Resonance profiles att = 0, T , and 10T .
The radial density of the autoionized electrons in coordinate space is shown in (b) for short times
and in (c) for long times. The time is scaled by the lifetime ofthe resonance,T = 3.78 fs.

For the generalized model for multiple resonances, in Fig. 2, we show the elec-
tron profile of the 2pns series at different times, initiated by an 1-fs pulse centered at
2.5 eV. Att = 0, the curve represents the directly ionized electrons, whose distribu-
tion is proportional to the light spectrum. Then, the bound states start to decay. The
decay lifetimes for then = 3, 4, and 5 resonances, atEr = 1.6, 2.8, and 3.3 eV, are
1.3, 3.6, and 7.9 fs, respectively. With these specific lifetimes, as seen in the 2.5- and
5-fs curves, the resonances build up at different speeds. By100 fs, the profile of the
series shows all the resonance shapes quite clearly up to 2p9s, whose decay lifetime
is 55 fs. The experimental photoionization spectrum measured by synchrotron is
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shown for reference. The experimental signals are rescaledin our plot range. Other
than the background curvature determined by the pulse bandwidth, our model agrees
well with the experiment. In particular, the 2p4s resonance, which sits at the center
of the pulse, is almost unaffected by the pulse profile.
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Fig. 2 Comparison of 2pns resonance series obtained from synchrotron radiation measurement
[16] (light gray solid curve) with the simulated time-dependent profile of the same series att = 0,
2.5, 5, and 100 fs, populated by an 1-fs pulse (bandwidth is 1.8 eV) centered at 2.5 eV above the
threshold. The resonances forn = 3-9 are included in the model. The resonance parameters are gen-
erated by quantum defectµ = 0.6, Γ ν3 = 7.1 eV whereν=n-µ , andq = −0.8. The experimental
data has been scaled to match the calculated 2p4s peak att = 100 fs.

We have developed and tested a simple analytical model for the dynamics of
one or a series of autoionizing states that evolve freely after populated by an SAP.
In an actual measurement, the retrieval of the time-dependent electron profile that
evolves in only a few femtoseconds is desirable. To this end,we propose a pump-
probe scheme [32] where two XUV SAPs are employed. Taking the2p4s resonance
analyzed above as an example, the scheme works in the following way. After the
pump, a time-delayed 40-eV XUV SAP is applied to the system, which ionizes
the 2s electron in the Be+ ion core. These ionized electrons, at 22 eV, are much
more energetic than the autoionized electrons at 2.5 eV. In other words, the probe
transforms a small fraction of the system to the doubly charged Be2+ ions plus the
2.5- and 22-eV electrons. In the meantime, most atoms are notinfluenced by the
probe; they only finish the autoionization process by producing the Be+ ions and
the 2.5-eV autoionized electrons that reach the ideal Fano shape. To single out the
profile at the time of the probe, the detector has to record theelectron signals in
coincidence with the Be2+ ions. Theoretically, this scheme enables us to trace the
fast-changing photoelectron distribution in the time scale of the pulse durations.
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However, the required light sources, with moderate intensity for sufficient signal
strength, are not available at the present time.

3 Electron dynamics of laser-coupled autoionizing states

The XUV-plus-IR pump-probe scheme has been utilized to study electron dynamics
in various systems since the first such experiment a decade ago [5]. Typically, this
setup is prepared by the HHG, and the IR is much stronger than the XUV. Thus,
while the IR is designed to “probe” the dynamics of the systeminitiated by the
XUV, it actually modifies the dynamics. Furthermore, in manyoccasions, the two
pulses are overlapped for better signal strength, where theroles of the pump and the
probe are not clearly assigned. Thus, the whole process is more suitably described
as the photoionization of a system dressed by a laser pulse.

In such a scheme, photoionization of a system in the structureless region above
the ionization threshold is carried out in a number of experiments [4, 35, 36, 37],
and modeled by the “streaking” theory based on the strong-field approximation
(SFA) [38]. If the region contains an AIS, the theory is modified to include the
bound-state structure [39], which has been employed in the recent experiment in he-
lium [21]. The simulation therein only considers the ionization of the 2s2p(1P) AIS
but not its coupling to the 2p2(1S) AIS. Such a system with two laser-coupled AISs
has been formulated and studied widely for long pulses, where the photoionization
spectrum is investigated by the total ionization yield versus the photon energy or
detuning of the XUV [15, 16, 17, 18]. For the broadband SAP used in Ref. [21],
the pulses are much shorter than the decay lifetime, or equivalently, much broader
than the resonance widths, such that each XUV shot projects the whole resonance
spectrum within its bandwidth. The dynamics of the photoelectron wave packet is
our main concern. The model and its simulation for the experiment in Ref. [21] have
been previously reported by us [40].

3.1 Model for total wavefunction

Here we model the time-dependent wavefunction of a three-level system, where the
top two levels are AISs coupled by a laser pulse, and an XUV SAPpumps one of
them from the ground state. The bound states and the photoelectrons with respect to
the AISs are calculated.

The atomic system consists of the ground state|g〉 and two AISs,|a〉 and |b〉,
embedded in the background continua|E1〉 and|E2〉, respectively (see Fig. 3). Note
that these “states” are not atomic eigenstates, but configurations; we will discuss the
wavefunction in eigenstate basis later. Suppose|a〉 is lower than|b〉 in energy, i.e.,
Ea < Eb, for the model description. An XUV pulse couples|g〉 to the|a〉-|E1〉 AIS,
and a time-delayed laser pulse couples the two AISs. Here thelaser is not necessar-
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ily an IR, considering the energy difference between the twoAISs; nonetheless, the
laser energy is always much lower and well separated from theXUV energy. The to-
tal Hamiltonian isH(t) = HA +HX(t)+HL(t), whereHA is the atomic Hamiltonian,
andHX (t) andHL(t) are the dipole interactions of the atomic system with the XUV
and laser, respectively. The Hamiltonian of the field itselfis neglected. Both pulses
are assumed to be in the form ofE(t) = F(t)eiωt + F∗(t)e−iωt , whereω is the car-
rier frequency, andF(t) is a cosine-square type function. Note thatF(t) is in general
complex, but now taken as real in the calculation by neglecting the carrier-envelope
phase and the chirping. The total wavefunction of this system is

|Ψ(t)〉 = e−iEgtcg(t)|g〉+ e−iEXt
[

da(t)|a〉+
∫

dE1(t)|E1〉dE1

]

+ e−iELt
[

db(t)|b〉+
∫

dE2(t)|E2〉dE2

]

, (15)

whereEg is the ground state energy, andEX ≡ Eg + ωX andEL ≡ Eg + ωX + ωL

represent the central energies pumped by the pulses. Since the fast-oscillating terms
are factored out, thec(t) andd(t) coefficients are smooth functions of time.

Fig. 3 Scheme of the autoionizing three-level system coupled by two ultrashort pulses. The dashed
lines represent negligible transitions.

When solving the Schrödinger equation for the wavefunction, the following ap-
proximations are taken. Rotating wave approximation is applied since both pulses
are nearly resonant. For the atomic systems and field conditions in our concern,
the second-order electron transition between|E2〉 and |b〉 and the free-free elec-
tron transition between|E1〉 and|E2〉 are disregarded. The off-diagonal terms of the
Hamiltonian are thusVa andVb for the autoionization processes for the two AISs,
−µagEX (t) and−µE1gEX (t) for the dipole interactions for the XUV, and−µbaEL(t)
and−µE2aEL(t) for the dipole interactions for the laser, whereµ are dipole matrix
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elements. All theV andµ are taken as constants because the continuum waves vary
slightly across the resonances. The Schrödinger equationthen gives the coupled
equations for all the coefficients, including the continuumones by

iḋE1(t) = (E1−EX)dE1(t)− µE1gF∗
X (t)cg(t)+Vada(t), (16)

iḋE2(t) = (E2−EL)dE2(t)− µE2aF∗
L (t)da(t)+Vbdb(t). (17)

By adiabatic elimination of the continuum, i.e., assumingḋE1(t) = ḋE2(t) = 0,
Eqs. (16)–(17) are integrated into other coupled equationsto give

iċg(t) = −i
γg(t)

2
cg(t)−λaFX(t)da(t), (18)

iḋa(t) = −λaF∗
X (t)cg(t)−

[

δX + i
Γa + γa(t)

2

]

da(t)−λbFL(t)db(t), (19)

iḋb(t) = −λbF∗
L (t)da(t)−

[

δX + δL + i
Γb

2

]

db(t), (20)

for the bound-state coefficients, whereλa ≡ µag− iπVaµE1g andλb ≡ µba− iπVbµE2a

are the complex dipole matrix elements combining the directbound-bound transi-
tions and the indirect transitions going through the continua;δX ≡ ωX − (Ea −Eg)
andδL ≡ ωL− (Eb−Ea) are the detunings of the fields; andγg(t)≡ 2π |DE1gFX(t)|2
and γa(t) ≡ 2π |D2aFL(t)|2 are the laser-induced broadenings. Note that inλ , the
two µ values andV uniquely determine theq-parameter, as shown by Eq. (6). The
energy independence of the continua across the resonances removes the ac Stark
shifts between|g〉 and|E1〉 and between|a〉 and|E2〉.

By solving Eqs. (18)–(20), the bound-state part of the wavefunction in Eq. (15) is
obtained. With the bound coefficientscg(t), da(t), anddb(t), we return to Eqs. (16)–
(17) for the “second iteration” of the continuum coefficients. These newly obtained
continuum coefficients, opposing the divergent ones generated by the adiabatic elim-
ination, are the final numerical functions that we apply to the total wavefunction
|Ψ(t)〉 in Eq. (15). For weak fields, the system is completely described by this
wavefunction. However, for strong fields, the multiphoton process or tunneling may
prompt the electrons to other states or continua that are notincluded in the current
form of |Ψ(t)〉. In the case of moderately intense laser, which is in our mainconcern,
we have to adjust the resonance widths by adding the ionization rates estimated by
the model by Ammosov, Delone, and Krainov (ADK theory) [41] or the model by
Perelomov, Popov, and Terent’ev (PPT theory) [42]. In thesemodels, the tunneling
of the electrons from a bound state by an electric field is calculated at each instance.
In our case, the rates are estimated with respect to the instantaneous electric field
strength during the 9-fs laser. Note that while the tunneling rates correct the reso-
nance profiles, the total probability calculated by|Ψ(t)〉 is no longer conserved.

Equivalent to Eq. (15), the wavefunction can be written in terms of atomic eigen-
states as

|Ψ(t)〉 = e−iEgtcg(t)|g〉+ e−iEXt
∫

ca
E(t)|ψa

E〉dE
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+ e−iELt
∫

cb
E(t)|ψa

E〉dE, (21)

where the superscriptsa andb indicate the eigenstates associated with|a〉 and|E1〉
and with|b〉 and|E2〉, respectively. By incorporating Fano’s CI theory, the eigenstate
coefficientscE(t) are given in terms of the bound and continuum coefficients by

ca
E(t) =

sinΘ a
E

πVa
da(t)− (cosΘ a

E − isinΘ a
E)dE1(t)|E1=E , (22)

where

Θ a
E ≡− tan−1 Γa/2

E −Ea
(23)

for a, and by the same form forb where all the terms are associated with|b〉 and
|E2〉. On one hand, in the configuration basis, the coefficients evolve until both the
fields and the decays are over. On the other hand, in the atomiceigenstate basis,
the Hamiltonian is already diagonalized for the autoionization, i.e., the off-diagonal
terms are only the dipole transition terms, and the coefficients stop changing at the
end of the field. Thus, in the eigenstate basis, the calculation is necessary only up to
the end of the external field, and the analytical form in Eq. (22) requires almost no
additional efforts. Taking these advantages, the computational steps in the present
model are first the bound-state coefficients, then the continuum-state coefficients, fi-
nally the eigenstate coefficients, where all the calculations are up tot f at the end of
the external field. The electron profiles for the two resonances arePa(E) = |ca

E(t f )|2
andPb(E) = |cb

E(t f )|2 respectively. The Fano parameters and the dipole matrix el-
ements therein are taken from literatures or generated by preliminary calculations.
Their values, involving only the atomic structures, are irrelevant to the formation of
the present model.

In the analyses later in this Chapter, Rabi oscillation is atthe heart of the dynam-
ics. The generalized Rabi frequency, defined by

Ω(t) ≡
√

|µE(t)|2 + |δ |2, (24)

is often evaluated for the coupling strength between the states. For an ultrashort
pulse,Ω(t) is only instantaneous, so the coupling over the whole pulse is illustrated
by the pulse area given by

A ≡
∫ ∞

−∞
Ω(t)dt. (25)

Note that the pulse area is calculable only in a good resonance condition where
Ω(t) is finite in time by neglectingδ . For aπ-pulse, i.e.A = π , the population in a
two-state system is transfered from one state to the other thoroughly.
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3.2 Experiment in helium

The experiment by Gilbertsonet. al. [21] measures the photoelectrons near the
2s2p(1P) resonance in helium ionized by an XUV pulse with a time-delayed IR
pulse. We simulate the spectra and compare the result with the measurement. For
the XUV pulse, the central photon energy isωX = 60 eV, the duration isτX = 100 as,
and the intensity is weak (perturbative). For the time-delayed IR, the wavelength is
λL = 780 nm (ωL = 1.6 eV), the duration isτL = 9 fs, and the peak intensity is
IL = 7× 1011 W/cm2. The time delayt0 is defined as the separation between the
pulse peaks, andt0 > 0 means that the XUV is earlier. With a bandwidth of about
20 eV, the XUV pumps helium from the ground state to the 2snp resonance series.
Due to the resolution of the spectrometer, only the strongest 2s2p state was ob-
served. The natural lifetime of this state is 17 fs. By measuring electron spectra vs
the time delay, the autoionization dynamics of 2s2p in the IR field can be followed.

In Ref. [21], a simulation using the SFA model developed by Zhao and Lin [39]
was used, with additional account of the ionization by the IR, where the ionization
rate was estimated by the PPT theory. The simulation concluded that the intense
IR depletes 2s2p. From the time-delay spectra, the decay rate of lifetime of the
state was extracted. Limited by the spectral resolution, however, modifications of
the Fano resonance profiles were not reported.

Our simulation, unlike that in Ref. [21], takes the IR coupling between 2s2p and
the 2p2(1S) resonance into account. The background continua in the measurement,
for the two AISs, are 1sε p(1P) and 1sεs(1S), respectively. With the given Fano
parameters for 2s2p [43] and for 2p2 [44] and the dipole matrix elementsµag [18]
andµba [45], we carry out the model calculation and fit the tunnelingparameters in
the PPT theory for the experiment. The calculated time-delayed electron spectra are
shown in Fig. 4. For a negative delay such ast0 = −10 fs, the IR appears before the
XUV without affecting the autoionization, and thus the usual Fano profile appears.
This Fano lineshape is shown in the figure as a reference. Ast0 increases, the IR
strikes the system at the beginning of the decay of 2s2p, and significantly depletes
the 2s2p bound state and its autoionized electrons, resulting in minimum of the
profile att0 = 4 fs shown as the lowest curve in Fig. 4(b). Whent0 increases further,
passing the range specified by the horizontal bar in Fig. 4(a), the two pulses separate
in time. For largert0, more decay of the 2s2p state has occurred before the IR acts on
the system, and the state is less influenced by the IR, whetherby tunnel ionization
or by the coupling to 2p2. As shown in Fig. 4(c), the profile gradually revives until
it reaches the original Fano profile ast0 → ∞.

Other than the overall depletion and revival, the 2s2p profile basically keeps
the same shape. Moreover, with the 0.7 eV energy resolution of the spectrometer
used in the experiment, no distinguished spectral featurescan be seen other than the
overall depletion, by which the decay lifetime of 2s2p can be extracted. In Fig. 5,
the signal value at the resonance peak is plotted witht0. As explained earlier, this
value drops to the minimum at aboutt0 = 5 fs, where the IR appears when the
autoionization has just started. By adjusting the parameters in the ionization rates,
the model agrees with the experiment very well, except an undefined fluctuation in
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the experimental data, which has not been understood so far.For the analysis, we
add two additional calculations to clarify the influence from the tunnel ionization.
Without the ionization rate for 2p2 (Wb), the depletion is reduced to only half of
that with full consideration of all the effects. This is because the binding energy of
2p2 (3.3 eV) is much lower than that of 2s2p (5.3 eV) so that 2p2 is ionized by the
IR more easily. We now recognize that the coupling between the two states and the
ionization of 2p2 by the IR are responsible for the depletion of the 2s2p profile.

Summing up the observation on the simulation and the measurement, the model
produces the time-delayed photoelectron spectra of the 2s2p resonance that agree
well with the experiment by taking the IR coupling and the tunnel ionization into
account. Such a three-level photoionization by a single XUVshot has never been
modeled before. The Rabi oscillation between the top two levels could potentially
change the resonance shape dramatically. However, contradictory to our interest, the
coupling effect is largely smeared and concealed by the tunnel ionization, where the
indication of the oscillation does not stand out.
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4 Photoabsorption of laser-coupled autoionizing states

In spectroscopy, higher spectral resolution is achieved inphotoabsorption measure-
ments than in photoelectrons. As demonstrated in Sec. 3, detailed study of a reso-
nance profile typically requires electron energy resolution of tens to hundreds meV.
In this section we formulate photoabsorption with the totalwavefunction introduced
in Sec. 3. A simulation is carried out and compared with the experiment by Wang
et. al. [20]. The theory and the simulation were reported in detailsby us [46].

4.1 Model for photoabsorption

The formulation of photoabsorption in terms of frequency-dependent response func-
tion S̃(ω) by Gaardeet. al. [47] is incorporated into our model wavefunction to
obtain the absorption spectra.

The total energy absorbed by an atomic system through dipoleinteraction with a
finite light pulse is

∆U =

∫ ∞

0
ω S̃(ω)dω , (26)

=

∫ ∞

−∞

dµ(t)
dt

E(t)dt, (27)

in the energy and time domains, respectively, whereω is the absorbed photon en-
ergy,µ(t) is the dipole moment, andE(t) is the external field. The response function
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S̃(ω) is the probability density of the absorption in the frequency domain, and thus
is dubbed “absorption profile”. It is related to the absorption cross section by

σ̃(ω) =
4παω S̃(ω)
∣

∣Ẽ(ω)
∣

∣

2 , (28)

whereα is the fine-structure constant. By the Fourier transforms ofthe real func-
tionsµ(t) andE(t), Eqs. (26)–(27) are combined to give

S̃(ω) = −2 Im
[

µ̃(ω)Ẽ∗(ω)
]

, (29)

which is positive for absorption and negative for emission.
For the time-dependent wavefunction given by Eq. (21),µ̃(ω) is

µ̃(ω) =
1√
2π

∫ ∞

−∞

[

ei(ωX−ω)tuX(t)+ ei(ωL−ω)tuL(t)
]

dt, (30)

under the rotating wave approximation, whereuX(t) anduL(t) are defined by

uX(t) ≡ cg(t)
∫

Mag
E ca∗

E (t)dE, (31)

uL(t) ≡
∫

ca
E(t)

∫

Mba
E ′Ecb∗

E ′(t)dE ′dE, (32)

andMag
E andMba

E ′E are the dipole matrix elements between the eigenstates, i.e.,

Mag
E ≡ 〈ψa

E |µ |g〉 =
sinΘ a

E

πVa
µag −cosΘ a

E µE1g, (33)

Mba
E ′E ≡ 〈ψb

E ′ |µ |ψa
E〉 =

(

sinΘ b
E ′

πVb
µba −cosΘ b

E ′

)

sinΘ a
E

πVa
. (34)

The absorption of the whole target gas is assumed to be linearly proportional to the
single-atom response if the gas density is considerably low. Thus, in our simulation,
the absorption and transmission profiles are simply taken asS̃(ω) and 1− S̃(ω),
respectively. Since the XUV and laser energies are in general widely separate, the
profiles for each of the two pulse is calculated independently by taking only the
necessary terms in Eqs. (30) to (34).

4.2 Experiments in argon

Recently, an experiment reported by Wanget. al. [20] measured the time-delayed
XUV transmission spectra in argon to study its autoionization. In the report, the re-
sult was analyzed by the simulation based on an earlier model[15, 18]. It concluded
that the IR significantly modified the XUV photoabsorption profile and provided a
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tool for detecting and controlling autoionization. We simulate the experiment and
present the comparisons with both the measurement and the calculation therein.

The 140-as SAP covers an energy range from 20 to 40 eV and populates
the [Ne]3s3p6np(1P) resonance series in argon. A time-delayed IR pulse with
λL = 750 nm andτL = 7 fs is applied to the system. Its intensities are 0.5 and
1 TW/cm2 in two independent arrangements. The energy resolution of the measure-
ment is 50 meV. Figure 6(a)–(b) shows the measured transmitted XUV profiles of
the 3s3p64p resonance. When the two pulses overlap, the signal is depleted, and the
resonance peak roughly shifts upward in energy. As the IR lags behind the XUV, the
profile gradually revives toward its Fano lineshape (note that by the convention in
Ref. [20], the positive delay is on the left hand side of the plots). The result is similar
to the experiment in Sec. 3. With two IR intensities, the higher one magnifies the
depletion of the transmission, and a break is seen at the overlap of the two pulses.

Fig. 6 Phototransmission spectrograms of the 3s3p64d resonance. The left and the right panels
are for 0.5 and 1 TW/cm2 IR intensities, respectively. The top, middle, and bottom rows are the
measurement and the simulation in Ref. [20], and the presentsimulation, respectively.

The simulation in Ref. [20] has been revised after its publication by Zhang [48]
recently. The model [15, 18] calculates the total wavefunction of the system that
is equivalent to the bound state part of Eq. (15) plus the preliminary continua that
are used in the adiabatic elimination. This version of the wavefunction, although
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unable to derive the photoelectron spectra, preserves the dipole moment quite well
since the dipole moment is predominantly determined by the bound states. Zhang’s
simulation, plotted in Fig. 6(c)–(d), reproduces the main feature of the measurement,
where the resonance profile drops abruptly from the negativedelay and ascends
slowly at the decay rate of the AIS to the positive delay. However, the difference
between the two IR intensities is not as obvious as what the measurement shows; it
seems that the simulated IR is not fully responsible for the break representing the
strong AIS depletion in the measurement. Comparing our simulation in Fig. 6(e)–(f)
to Zhang’s simulation, the main addition of our model is the IR ionization estimated
by the ADK theory, with which the spectral features near the overlap of the pulses
are closer to the experiment than the previous ones, including the opening and the
stronger upward curved shape of the ridge.

5 Resonant coupling in autoionizing helium

By now, we have demonstrated that the dressing laser pulse modifies the electron
and absorption profiles by both the coupling between the AISsand their tunnel
ionization; however, the effect of the coupling, which serves as the theme of the
study, cannot be easily singled out due to the presence of tunneling. Here we propose
a new XUV-plus-IR scheme in helium where 2s2p is coupled to the 2s2(1S) AIS
resonantly with a 540-nm laser pulse. The binding energies for both AISs are high,
and tunnel ionization is totally disregarded; the main dynamics is thus the Rabi
oscillation between the AIS. By adjusting the coupling pulse, the resonance profiles
can be manipulated more flexibly and forcefully, which wouldthus provide a tool
for the coherent control of electrons and photons. This casestudy has been proposed
and discussed by us for the electron dynamics [40] and photoabsorption [46].

5.1 Time-delayed electron and photoelectron spectra

In the following we keeping the field parameters used in Sec. 3in the helium system
but changing the laser wavelength toλL = 540 nm. The binding energies of 2s2p
and 2s2 are 5.3- and 7.6-eV, respectively. The dynamics is interpreted only in terms
of the coupling between the AISs.

The photoelectron profiles in the 1sε p and 1sεs continua, associated with 2s2p
and 2s2, respectively, are calculated against the time delay, as shown in Fig 7(a)–(b).
The photoabsorption profiles of the XUV and laser pulses are shown in Fig. 7(c)–
(d). The four plots are in the same energy and time-delay scales, so their effects in
energy and in time can be compared visually. Practically, the absorption signal is
adequate only when it is comparable to the incident light signal, i.e., the total light
intensity must not overwhelm the absorbed intensity along its propagation through
the medium. This has not been considered in our single-atom model. Note that most
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previous studies concerned only the XUV spectra that are near the resonance energy,
while we include the laser spectra which contains abundant controlling features and
supports the understanding of the dynamics.
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Fig. 7 Photoelectron spectrograms for the (a) 2s2p and (b) 2s2 resonances, and photoabsorption
spectrograms of the (c) XUV and (d) laser pulses. The blue andcyan colors appearing in (c) and (d)
represent the negative absorption, or in effect, the photoemission. The upper (lower) panels share
the same color codes.

As shown in Fig. 7(a)–(b), The dramatic modifications on bothelectron profiles,
including the enhancement, splitting, and inversion of theprofile shapes, are sensi-
tively controlled by the time delay. As the delay shifts fromt0 =−5 to 5 fs, the 2s2p
profile evolves from the Fano lineshape to almost its mirror image in energy, i.e. the
spectra flips upside down in Fig. 7(a) acrosst0 = 0, in addition to the overall reduc-
tion in signal strength; the 2s2 profile is maximized for 0< t0 < 5 fs. The pulse area
of the 0.7 TW/cm2 laser isA = 1.6π , which means that the Rabi oscillation runs 0.8
cycle between the AISs. While the laser appears right after the XUV, most electrons
in 2s2p are driven to 2s2 before they take time to autoionized. Then, about half of
the electrons stay in 2s2, while the other swing back to 2s2p, before both states au-
toionize. The electrons going back to 2s2p change their phase byπ due to the Rabi
flopping, where the Fanoq-parameter changes sign, resulting in the inverse image
at t0 = 5 fs. This mechanism is also evident in the very strong peak inFig. 7(b). As
t0 increases, since the laser appears later in the decay of 2s2p, more electrons are
autoionized to the 2s2p profile before the rest are brought to 2s2 by the Rabi oscilla-
tion. Fewer electrons make a round trip to 2s2 and back to 2s2p, and more electrons
never leave 2s2p. The population without experiencing Rabi flopping grows, which
is shown in Fig. 7(a) by the lower ridge that merges upward to meet the inverse pro-
file shape. When the time delay long passes the 17-fs decay lifetime of 2s2p, all the
electrons in 2s2p autoionize without ever influenced by the laser, and no electrons
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show up in 2s2. Consequently, the 2s2p profile resumes the original Fano lineshape,
and the 2s2 profile attenuates to zero.

The XUV absorption spectra are similar to the 2s2p electron spectra in the gen-
eral appearance but with higher signals fort0 > 0. This is understood where the
XUV absorption is the only path for the electrons to be excited from the ground
state, while the excited electrons end up in either the 2s2p or the 2s2 resonance. In
other words, the XUV primarily supplies the 2s2p electrons, but with the existence
of the laser, it also supplies the “additional” 2s2 electrons via the laser coupling.
As for the laser absorption, as shown in Fig. 7(d), the spectra appear to be compli-
cated. The large negative peak at 2.35 eV neart0 = 0 represents the light emission
corresponding to the population transfer from 2s2p to 2s2. As t0 increases, the laser
emission and absorption generate the interference pattern.

5.2 Wavelength and intensity dependence

For a given XUV light, the electron and absorption spectra are changed significantly
by the dressing laser pulse. Here we examine how the laser wavelength and intensity
manipulate the spectra, where the durationτL = 9 fs and the time delayt0 = 15 fs
are unchanged.

In Fig. 8, the profiles are shown for peak intensitiesIL = 0.3, 1.1, and 2.5 TW/cm2,
where the pulse areas areA = π , 2π , and 3π , respectively, with fixedλL = 540 nm.
For IL = 0.3 TW/cm2, theπ-pulse mainly brings the electrons from 2s2p to 2s2 in a
one-way route; the 2s2p profile is strongly suppressed and the 2s2 profile is highly
populated. AsIL proceeds to 1.1 TW/cm2, the Rabi oscillation forms a round trip in
the pulse duration. The 2s2 bound electrons return to 2s2p, and the 2s2 profile flat-
tens. As explained previously, the returning electrons carry a phase change ofπ , and
the inverseq is materialized in the mirror peak image atE ≈ 35.6 eV in Fig. 8(a).
The 2s2p electrons that autoionize before the laser (t0 = 15 fs) form the broad peak
at E = 35.45 eV. If the intensity increases toIL = 2.5 TW/cm2, the 2s2p electrons
move to 2s2 again, and the 2s2p profile depresses. The electrons relocating to 2s2 in
the second Rabi cycle unite the electrons already there, andthe two groups interfere
to form the double-peak profile in Fig. 8(b). The same dynamics interprets the XUV
profiles in Fig. 8(c), which are synonymous with the 2s2p electron profiles but hav-
ing higher signal intensities. As for the laser spectra in Fig. 8(d), we observe that by
increasingIL, both the emission and the absorption signals heighten equally, while
the profile shapes basically keep the same.

We have kept the laser in the perfect resonance condition so far, i.e., the detuning
between the AISs is 0. However, since the laser duration is comparable to the decay
lifetime, the bandwidth does not necessarily cover the resonance region well. Thus,
the dependence of the dynamics on the detuning should be taken into account. In
Fig. 9, the spectra are shown forIL = 0.7 TW/cm2 and three wavelengthsλL = 515,
540, and 565 nm, or the photon energies ofωL = 2.41, 2.30, and 2.19 eV, respec-
tively. Relative to the perfect resonance condition, the laser profiles in Fig. 9(d) shift
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Fig. 8 Photoelectron spectra of the (a) 2s2p and (b) 2s2 resonances, and photoabsorption spectra
of the (c) XUV and (d) laser pulses, for a fixed 540-nm wavelength and the intensities of 0.3, 1.1,
and 2.5 TW/cm2 of the laser. The negative signals of the absorption represent photoemission. The
Fano lineshape is shown in the gray curve as a reference. The black horizontal line labels zero.

upward and downward, and the 2s2 profiles in Fig. 9(b) shift downward and upward
(note that 2s2 is lower than 2s2p energetically) in energy, forωL = 2.41 and 2.19 eV,
respectively. Similar shifts are also seen in the 2s2p resonances in Fig. 9(a) and the
XUV spectra in Fig. 9(c); nonetheless, the strong indications for the resonance po-
sition, at 35.55 eV electron energy or 60.15 eV photon energy, are unaffected by the
laser detuning.

The analysis above show that additional to the time delay between the pulses, the
laser intensity and wavelength also manipulate the outcomeof the electron and pho-
ton spectra in various and sensational ways. These possibilities are provided where
Rabi oscillation is the dominant mechanism, and tunnel ionization is too weak to
smear the sharp contrasts produced in the spectra. The subtle changes in the spec-
tra, such as the splitting and the flipping of the resonance shape, are measurable
only when the spectrometer resolution is well beyond the energy scale of a single
resonance. Considering both the resolution and efficiency,the measurement of light
rather than the electrons is more suitable to study this laser manipulation on the AIS.

5.3 Dependence on pulse duration

In a pump-probe experiment, the light pulses are ideally shorter than the time scale
of the dynamics being studied. This is satisfied in the current case study with an
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Fig. 9 As of Fig. 8 but for a fixed 0.7 TW/cm2 laser intensity and the wavelength of 515, 540, and
565 nm.

100-as XUV and a 9-fs laser. However, in the traditional study of a dressed system,
the dressing field is long, and it is to change the property of the material rather than
the dynamic process. In the following, we will study the transition between short
and long dressing fields using the present model.

For the two primary electron dynamics of the 2s2p resonance, the autoionization
has a decay lifetime of 17 fs, and the Rabi oscillation between 2s2p and 2s2 has
a period, evaluated at the 0.7 TW/cm2 pulse peak, of 15.6 fs. In other words, both
dynamic processes have roughly the same speed, and the 9-fs laser pulse, which is
shorter than these dynamics, provides a qualified temporal resolution. In Fig. 10,
we show the XUV absorption spectrograms for two longer dressing pulses,τL =
40 fs and 1 ps, compared with the short dressing case in Fig. 7(c). ForτL = 40 fs,
many spectral features seen forτL = 9 fs, such as the inverseq and the exponential
revival of the Fano peak alongt0, disappear. The major effect is the splitting of the
resonance peak betweent0 = −10 and 30 fs. The temporal dependence is confined
by the 40-fs pulse duration, and thus the autoionization andthe Rabi flopping cannot
be resolved anymore. Nonetheless, by changing the delay, the magnitude of the
splitting can still be controlled. FortL = 1 ps, as shown in Fig. 10(b), the time
delay becomes meaningless while any temporal dependence istotally washed out
in the spectrogram. The system is reduced to a simple ac dressed system. The EIT
condition is recovered, where an Autler-Townes doublet [49] is seen with the energy
splitting of 0.26 eV.

Autler-Townes doublet is interpreted as the splitting of anenergy level due to the
diagonalization of the Hamiltonian when the external field contributes the coupling
terms. Essentially, theτL = 40 fs case just produces a tunable doublet that exists
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Fig. 10 Photoabsorption spectrograms forλL = 540 nm,IL = 0.7 TW/cm2, and the laser durations
τL of (a) 40 fs and (b) 1 ps.

before the AISs decay, i.e., have the two states been actually bound states, the tun-
ability would vanish. This type of temporal control of EIT has been studied in the
experiment by Lohet. al. [45] with the 2s2p and 2p2 AISs in helium. In brief, we
have demonstrated the spectral features in an autoionizingsystem controlled by a
coupling laser pulse whose duration is compared with the autoionization and the
Rabi oscillation in the system.

6 Summary

This Chapter aims to utilize the SAP to study and to control the electron and photon
dynamics in an autoionizing system. The evolving wave packet for an isolated Fano
resonance is calculated in energy and in space analyticallyby incorporating Fano’s
theory. For the recently available SAP-plus-IR experiments, we expand a previous
three-level model to contemplate the photoelectrons promoted by the broadband
XUV pulse. By including tunnel ionization, the simulated electron emission and
photoabsorption of the laser-coupled AISs achieve good agreements with the mea-
surements. To maximize the degree of manipulation in the autoionization dynamics,
we propose a scheme where the Rabi oscillation between the two AISs surpasses the
tunneling effect, and the electron and light spectra sensitively depend on the dress-
ing condition. The results shows a promising ability of coherent quantum control.
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