Probing and controlling autoionization
dynamics of atoms with attosecond light pulses

Wei-Chun Chu and C. D. Lin

Abstract The time evolution of an autoionizing atomic system is stddheoreti-
cally in the presence of a moderately intense dressing fagse. We first examine
how an autoionizing wave packet evolves in time in the absefhen external field,
and take the singleghs(1P) resonances in beryllium as examples. Alternatively, we
study the electron dynamics where an attosecond extremawiolet (XUV) pulse
excites two autoionizing states in the presence of a striomg-dielayed coupling
infrared (IR) laser pulse. The IR can be viewed as a probe t@exor a con-
trol to modify the autoionization dynamics. The photoaleatand photoabsorption
spectra are calculated for various time delays between W ahd the IR pulses,
and the results are compared with the available experimeimslly, simulation of
the coupled &p(1P) and 2%(1S) resonances in helium shows substantial spectral
modifications by the dressing field parameters. Its analoggldéctromagnetically
induced transparency in the time domain is discussed.

1 Introduction

The recent developments in attosecond light pulses hawgghtamumerous appli-
cations in measuring and controlling electron dynamictépast decade [1, 2, 3].
Single attosecond pulses (SAPs), first realized in 200hpie been used in the ex-
periments in atomic [5, 6, 7], molecular [8, 9], and condeimsgstems [10]. These
pulses, produced by the high-order harmonic generation@Hptocess of atoms
in an intense infrared (IR) light source usually cover uphe éxtreme ultraviolet
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(XUV) range and last for as short as a hundred attosecondk.dch energy and
time scales, these attosecond pulses are ideal for the stadyoionization dynam-
ics in an atomic or molecular system.

The wave packet of one or several autoionizing states (Aifigted by a short
XUV pulse evolves in time. This evolution in the absence otaternal field after
the pump has been formulated and analyzed previously [1113,214]. We de-
velop a simple analytical model for the freely propagatiraye/packet, where the
atomic structure is conveniently given by a set of pararsef&aking the p4s(P)
resonance in beryllium as an example, the photoelectratstdited in energy and
in space are calculated and analyzed until the end of theasization when the
energy distribution converges to the well-known Fano lirag. This process takes
about ten times the decay lifetime of the AIS. Our model ishfer generalized for
a series of resonances, demonstrated by fims(2P) series in beryllium. To probe
the evolution of the wave packet, a pump-probe scheme withattosecond XUV
pulses is proposed; however, the scheme is currently irtipadsince the required
light sources are still unavailable.

Alternatively, autoionizing systems have been studietiéXUV-plus-IR pump-
probe scheme theoretically [15, 16, 17, 18] and experintlgnii9] with long
pulses—typically tens of femtoseconds to picoseconds;iwaie longer than the
resonance lifetimes. In these cases, the total ionizafigd yersus the photon en-
ergy of the probe pulse is measured. Contrary to using lofsgpuvery recently the
decay of the AIS has been measured in the broadband spertggamsXUV SAP
and a femtosecond IR [20, 21]. In order to treat the accuratewacket dynamics
in the broadband lights, which has not been done beforedkieally, in Sec. 3 and
4, we calculate the electron and absorption spectra, régglgcwith the analyses
and comparisons to the available experiments.

In the XUV-plus-IR experiments, a considerably intense hewd be viewed
more rigorously as a modification of the dynamics rather thesh a probe. In
this aspect, in the last part of this Chapter, we calculageXp(*P) and 2?(1S)
AlISs coupled by a dressing laser, and discuss the dynamitipoiated by the tun-
able dressing pulse. When the dressing field is long, the oeimgpsive controlling
scheme is reduced to the electromagnetically inducedgeaaacy (EIT) [22, 23]
condition, which is at the heart of many current researamegiical control [24, 25,
26, 27]. While the dynamics in our model system would proadeal attosecond
electron control, the EIT-like light modification thereirowld also open a platform
for optical control when incorporated with macroscopieets in the medium.

In this Chapter, as a general rule, atomic units (a.u.) agd & the model de-
scriptions in Sec. 2, 3, and 4; electron \olts (eV) and femtosds (fs) or attosec-
onds (as) are used in energy and in time, respectively, fafiplications or the
simulations, unless otherwise specified. The pulse durasia@efined 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 ofifesseconds and is one
of the fastest many-electron correlation phenomena. Itbeen observed in fre-
quency domain for decades via photoionization using syotobm radiations, where
the resonance features can be characterized by Fano’swatitm interaction (Cl)
theory [28]. Tremendous improvements in experiments aadrtas in the past few
decades have matured this research field [29, 30, 31]. Rgceith the advances
in ultrafast technologies, autoionization dynamics meagin the time domain are
beginning to appear with attosecond light pulses [20, 21k thus of interest to
formulate theories that would help to understand the eiautf an autoionizing
wave packet [32].

2.1 Time evolution of an autoionizing wave packet

Assume that an ultrashort light pulse pumps an atomic systamthe ground state
to an AlS. After the pulse is over, an isolated autoioniziray@/packet is consisting
of a bound statéa) and its background continuuffie). The wave packet can be
written either in the configuration basis as

[Y8(t)) = da (1)) + [ c (1) Be)E. @
or in the eigenstate basiglg)) as
Walt)) = [ cee ™) dE. @)
Note that the notations andd are for eigenstates and for configurations, respec-

tively. Applying Fano’s theory of configuration interaatid28], for the atomic
Hamiltonian near the resonance given by

(alH|a) = E;,
(BelH|a) = Ve,
(Ber|H|Be) = ES(E'—E), 3)

the eigenstates in the form of
W) = aela) + [ bee| P o @

are solved, i.e.ag andbggs are obtained. Note that the continuum stafgs are
assume to be real standing waves by convention s&/thiatreal. By the further ap-
proximation thatg) differ only slightly across the resonance, the resonandéwi
and theg-parameters, defined by
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With Eq. (4), the forms in Eqg. (1) and in Eq. (2) are equatedye g
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whered?) = (a|¥x(0)) = (a[T|i) andd®) = (Be|¥x(0)) = (Be[T|i) are the initial
values of the bound and continuum coefficients, respegtivet initial (ground)
state|i) and pump transition operatdr, andge (t) and fz/ (t) are defined by
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The evolution of¥s(t) is uniquely determined once the Fano parameters and the

initial valuesd((),0> anddg)), taken at the end of the pump pulse, are given.

The analytical form of the wave packet has a time scale/6f &nd an energy
scale off". In other words, we have arrived in a universal behavior efabitoion-
izing wave packet by scaling the time and the energy withaeisfo ™. This will
be shown in more details in the example in Sec. 2.2. For an #dSdan be treated
independently, this model evaluates its evolution effityely importing the Fano
parameters without any tedious numerical efforts. Howewer have to limit the
pump to be weak and short such that it is a one photon procesthanthe decay
starts mainly after the pump, which are not necessary imalbhaitio calculations.

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

() = \/% 5 it (kY™ () (11)

whereu (kr) are taken as real standing waves for consistency \@ith. Since the
current study concerns only one continuum channel, or onte@apwave, we focus
on the total energy distribution by integrating the praecver all directions. For
the wavefunction in Eq. (1), the profile is a function of eneagd time given by

Pe(t) = |de(t)[%. (12)
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Ast — oo, the bound state decays to zero, &dt) converges to the familiar Fano
lineshape. The total probability of the wave packet in Eq.i¢Inormalized to 1
since the ground state is not needed after the pump ends.xpinession of the
model so far is for a single resonance. However, for a broadil$sA\P that covers
multiple resonances, the model is further generalized & \dgh a Rydberg series
of resonances embedded in a background continuum by niegj¢loe higher-order
interactions between the AlSs.

2.2 Applicationsto the 2p4sresonancein beryllium

To fully comprehend the short-time behavior of the wave pacle look at the
photoelectron profild:(t) in energy domain and the associated electron density
in space. By assuming the pump pulse is perturbative and iaus&an envelope
shorter than the autoionization time, the initial continudistribution is given by a
Gaussian function whose bandwidth is inversely propodiitmthe pulse duration.
This distribution, consolidated with thepparameter, determines the initial coeffi-
cientsdf},0> anddéo). Thus, for given pump parameters and given Fano parameters,
the wave packet can be calculated exactly. In the following take the isolated
2p4s(1P) resonance and thepBs('P) series in the &p(*P) background contin-
uum in neutral beryllium as examples. The Fano parametersaken from the
earlier calculation [33] and the experiment [34].

Following the expression in Eqg. (1), the isolatgoi autoionizing wave packet
can be projected onto the two-electron coordinate space as

Wae( 1,1 2:t) = A () (r1,72) +/dE(t)<pE(rl,r2)dE, (13)

where we have assumed only two active electrons. The batatel-configuration
@ (r1,r2) is composed by theand 4 orbitals, and the continuum-state configu-
ration@=(r1,r») is composed by thesbrbital and theep partial wave, where both
configurations are symmetrized betwegrandr,. The one-electron radial density
for the wave packet is defined by

p(rt) :/' / /'|wex(r,r';t)|2r2r’2deQ’dr'. (14)

Figure 1 shows the time evolution of the4s autoionizing wave packet in beryl-
lium initiated by an 1.5-fs XUV pump. The time scale of thetgkrelative to the
decay lifetimeT = 3.78 fs. The 1.2-eV finite bandwidth confines the overall energy
distribution throughout the evolution up te= 10T. The profile at = T is at the
halfway between the initial Gaussian function and the filaht. After that, the
evolution slows down until the profile reaches its final Fanape at roughly 1D.

The radial electron densiy(r,t) at short times and at long times are shown in
Fig. 1(b) and 1(c) respectively. At the start of the proceiss, 2p4s bound-state
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wavefunction is dominant, as shown by the O curve. Then, the ionized electrons
grow and move in a bulk to around 40 a.u. &Dand to around 80 a.u. at, and

in the meantime, the bound state component drops. In the & 5 a.u. region, the
sharp rising of the density means the increase of thelétrons in the &p con-
figuration. As the time passesT0in Fig. 1(c), the photoelectrons move outwardly
with a constant average speed, but they spread wider in¢pace. This is consis-
tent with the stabilized energy profile foe> 10T in Fig. 1(a) where the electrons
congregate around 2.5 eV and 3.2 eV. These two groups of@tscinove farther
away from each other in space. Considefi,t) andp(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 autoidioreof 2p4sin Be, initiated by
an 1.5 fs XUV pulse centered at the resonance energy. (anRese profiles at=0, T, and 10 .
The radial density of the autoionized electrons in coordirgpace is shown in (b) for short times
and in (c) for long times. The time is scaled by the lifetimele resonancel = 3.78 fs.

For the generalized model for multiple resonances, in Figi2show the elec-
tron profile of the Pnsseries at different times, initiated by an 1-fs pulse cextat
2.5 eV. Att = 0, the curve represents the directly ionized electrons selstribu-
tion is proportional to the light spectrum. Then, the boutades start to decay. The
decay lifetimes for the = 3, 4, and 5 resonances,Bt= 1.6, 2.8, and 3.3 eV, are
1.3, 3.6, and 7.9 fs, respectively. With these specificififes, as seen in the 2.5- and
5-fs curves, the resonances build up at different speed$0BYs, the profile of the
series shows all the resonance shapes quite clearly ygPg)®hose decay lifetime
is 55 fs. The experimental photoionization spectrum mesabsbry synchrotron is



Probing and controlling autoionization dynamics of atonithattosecond light pulses 7

shown for reference. The experimental signals are resaaleadr plot range. Other
than the background curvature determined by the pulse bidiftwur model agrees
well with the experiment. In particular, thep2s resonance, which sits at the center
of the pulse, is almost unaffected by the pulse profile.
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t=5.0fs ------- 1
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Resonance profile (1/eV)

Electron energy (eV)

Fig. 2 Comparison of Pns resonance series obtained from synchrotron radiation uneaent
[16] (light gray solid curve) with the simulated time-deplent profile of the same seriestat 0,
2.5, 5, and 100 fs, populated by an 1-fs pulse (bandwidth8i£¥) centered at 2.5 eV above the
threshold. The resonances foe 3-9 are included in the model. The resonance parametergase g
erated by quantum defept= 0.6, I v3 = 7.1 eV wherev=n-, andq = —0.8. The experimental
data has been scaled to match the calculap#d peak at = 100 fs.

We have developed and tested a simple analytical model &dymamics of
one or a series of autoionizing states that evolve freebr givpulated by an SAP.
In an actual measurement, the retrieval of the time-depsralectron profile that
evolves in only a few femtoseconds is desirable. To this mdpropose a pump-
probe scheme [32] where two XUV SAPs are employed. Takin@dsresonance
analyzed above as an example, the scheme works in the fotjoway. After the
pump, a time-delayed 40-eV XUV SAP is applied to the systemickvionizes
the X electron in the Bé ion core. These ionized electrons, at 22 eV, are much
more energetic than the autoionized electrons at 2.5 eMheravords, the probe
transforms a small fraction of the system to the doubly cbdBe ions plus the
2.5- and 22-eV electrons. In the meantime, most atoms arenfioénced by the
probe; they only finish the autoionization process by prauuthe Be ions and
the 2.5-eV autoionized electrons that reach the ideal Fhapes To single out the
profile at the time of the probe, the detector has to recorcetbetron signals in
coincidence with the Be ions. Theoretically, this scheme enables us to trace the
fast-changing photoelectron distribution in the time scal the pulse durations.
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However, the required light sources, with moderate intgrfsir 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 toysélectron dynamics
in various systems since the first such experiment a decadgbhagrypically, this
setup is prepared by the HHG, and the IR is much stronger tiaiXtV. Thus,
while the IR is designed to “probe” the dynamics of the systritiated by the
XUV, it actually modifies the dynamics. Furthermore, in martgasions, the two
pulses are overlapped for better signal strength, whenetas of the pump and the
probe are not clearly assigned. Thus, the whole processtis suitably described
as the photoionization of a system dressed by a laser pulse.

In such a scheme, photoionization of a system in the streletss region above
the ionization threshold is carried out in a number of expernts [4, 35, 36, 37],
and modeled by the “streaking” theory based on the strong-&pproximation
(SFA) [38]. If the region contains an AIS, the theory is maatifito include the
bound-state structure [39], which has been employed ingbent experimentin he-
lium [21]. The simulation therein only considers the iotiaa of the 22p(*P) AIS
but not its coupling to the @(1S) AIS. Such a system with two laser-coupled AlSs
has been formulated and studied widely for long pulses, ttex photoionization
spectrum is investigated by the total ionization yield usrthe photon energy or
detuning of the XUV [15, 16, 17, 18]. For the broadband SAPdugseRef. [21],
the pulses are much shorter than the decay lifetime, or algutty, much broader
than the resonance widths, such that each XUV shot projeete/hole resonance
spectrum within its bandwidth. The dynamics of the phototets wave packet is
our main concern. The model and its simulation for the expeni 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 threel-ystem, where the
top two levels are AISs coupled by a laser pulse, and an XUV Béiaps one of
them from the ground state. The bound states and the photais with respect to
the AlSs are calculated.

The atomic system consists of the ground stgieand two AlSs,|a) and|b),
embedded in the background contirjig) and|E,), respectively (see Fig. 3). Note
that these “states” are not atomic eigenstates, but coafiguss; we will discuss the
wavefunction in eigenstate basis later. Supgasés lower than|b) in energy, i.e.,
Ea < Ep, for the model description. An XUV pulse couples to the|a)-|E;) AlS,
and a time-delayed laser pulse couples the two AlSs. Herlaslee is not necessar-
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ily an IR, considering the energy difference between theAl8s; nonetheless, the
laser energy is always much lower and well separated frofXthé energy. The to-

tal Hamiltonian isH (t) = Ha+Hx (t) + HL(t), whereH, is the atomic Hamiltonian,
andHy (t) andH_ (t) are the dipole interactions of the atomic system with the XUV
and laser, respectively. The Hamiltonian of the field itselieglected. Both pulses
are assumed to be in the formBft) = F(t)é“t +F*(t)e”'“", wherew is the car-
rier frequency, ané (t) is a cosine-square type function. Note tRét) is in general
complex, but now taken as real in the calculation by negigdtie carrier-envelope
phase and the chirping. The total wavefunction of this sgste

910 = e Seolg) + 5 |du(tfa)+ | d, (D[Ex)
+e B [db(t)|b>+ / dEz(t)|E2)dE2] : (15)

whereEy is the ground state energy, aist = Eq+ wx andE_. = Eg+ wx + w_
represent the central energies pumped by the pulses. Siaéast-oscillating terms
are factored out, the(t) andd(t) coefficients are smooth functions of time.

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

When solving the Schrodinger equation for the wavefumctibe following ap-
proximations are taken. Rotating wave approximation idiaggince both pulses
are nearly resonant. For the atomic systems and field condiin our concern,
the second-order electron transition betwé¢€s) and |b) and the free-free elec-
tron transition betweefk;) and|E,) are disregarded. The off-diagonal terms of the
Hamiltonian are thu¥, andV, for the autoionization processes for the two AlSs,
— HagEx (t) and— g, gEx (t) for the dipole interactions for the XUV, andpupaEy (t)
and—Ug,aE (t) for the dipole interactions for the laser, wherere dipole matrix
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elements. All thé/ andu are taken as constants because the continuum waves vary
slightly across the resonances. The Schrodinger equdtem gives the coupled
equations for all the coefficients, including the continuomes by

e, (1) = (E1 — Ex)e, (1) ~ He,gi (0106 (0) + Vada(t). (16)
idEz(t) =(Ex— EL)dEz(t) — IJEzaFL* (t)da(t) —I—Vbdb(t). a7

By adiabatic elimination of the continuum, i.e., assumilig(t) = dg,(t) = 0,
Egs. (16)-(17) are integrated into other coupled equatmgs/e

) =~ eyt) At a9
ida(t) = —AaFx (t)cg(t) — {5)( +i I'a%ya(t)] da(t) — ApFL(t)dp(t),  (19)
(1) = ~ Mo (00— |-+ 8+ 177 () (20)

for the bound-state coefficients, Whére= [iag— i VallE,g aNdAp = Upa — i Vo UE,a
are the complex dipole matrix elements combining the dibecind-bound transi-
tions and the indirect transitions going through the cardidx = wx — (Ea — Eg)
andd. = @ — (Ep — E,) are the detunings of the fields; apglt) = 271|Dg,gFx (t)[2
and ya(t) = 2mD2qF (1)|? are the laser-induced broadenings. Note thak jitihe
two u values and/ uniquely determine thg-parameter, as shown by Eq. (6). The
energy independence of the continua across the resonareses the ac Stark
shifts betweeng) and|E;) and betweeta) and|Ey).

By solving Egs. (18)—(20), the bound-state part of the warefion in Eq. (15) is
obtained. With the bound coefficiertg(t), da(t), anddy(t), we return to Eqgs. (16)—
(17) for the “second iteration” of the continuum coefficienthese newly obtained
continuum coefficients, opposing the divergent ones géeetey the adiabatic elim-
ination, are the final numerical functions that we apply te thtal wavefunction
|#(t)) in Eq. (15). For weak fields, the system is completely describy this
wavefunction. However, for strong fields, the multiphotoagess or tunneling may
prompt the electrons to other states or continua that areolitded in the current
form of |¥(t)). In the case of moderately intense laser, which is in our m@mntern,
we have to adjust the resonance widths by adding the ioaizadites estimated by
the model by Ammosov, Delone, and Krainov (ADK theory) [4t]tloe model by
Perelomov, Popov, and Terent'ev (PPT theory) [42]. In thresdels, the tunneling
of the electrons from a bound state by an electric field isutated at each instance.
In our case, the rates are estimated with respect to thentasieous electric field
strength during the 9-fs laser. Note that while the tunmglates correct the reso-
nance profiles, the total probability calculated|B(t)) is no longer conserved.

Equivalentto Eg. (15), the wavefunction can be written imtg of atomic eigen-
states as

W) = & Seg(V]g) + e [ B (1)) dE
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e B [ (n]yd)dE. (1)

where the superscriptsandb indicate the eigenstates associated yayhand|E;)
and with|b) and|Ey), respectively. By incorporating Fano’s Cl theory, the esfate
coefficientsce (t) are given in terms of the bound and continuum coefficients by

i a
@) = sineg

2(t) = -y da(t) — (cosOg —isin@)dg, (t)|g, €. (22)
a
where r2
a_ _ 41 "2
O = —tan E E (23)

for a, and by the same form fdr where all the terms are associated wibh and
|E2). On one hand, in the configuration basis, the coefficientlvewmtil both the
fields and the decays are over. On the other hand, in the awigeostate basis,
the Hamiltonian is already diagonalized for the autoioti@zg i.e., the off-diagonal
terms are only the dipole transition terms, and the coefftsistop changing at the
end of the field. Thus, in the eigenstate basis, the calom@inecessary only up to
the end of the external field, and the analytical form in EQ) (2quires almost no
additional efforts. Taking these advantages, the comiput@tsteps in the present
model are first the bound-state coefficients, then the coatmstate coefficients, fi-
nally the eigenstate coefficients, where all the calcutetiare up tds at the end of
the external field. The electron profiles for the two resoearzeP?(E) = |c2 (tf)|?
andP®(E) = |c2(ts)|? respectively. The Fano parameters and the dipole matrix el-
ements therein are taken from literatures or generatedddinpnary calculations.
Their values, involving only the atomic structures, arelgvant to the formation of
the present model.

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

Q(t) =/ [ME(1)[>+ 9], (24)

is often evaluated for the coupling strength between theesté&or an ultrashort
pulse,Q(t) is only instantaneous, so the coupling over the whole pslgkistrated
by the pulse area given by

A= /m Q(t)dt. (25)

Note that the pulse area is calculable only in a good res@aandition where
Q(t) is finite in time by neglecting. For ar-pulse, i.e A = 1, the population in a
two-state system is transfered from one state to the otbeotighly.
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3.2 Experiment in helium

The experiment by Gilbertsoa. al. [21] measures the photoelectrons near the
2s2p(*P) resonance in helium ionized by an XUV pulse with a time-dethyR
pulse. We simulate the spectra and compare the result watimdresurement. For
the XUV pulse, the central photon energyds = 60 eV, the duration isx = 100 as,
and the intensity is weak (perturbative). For the time-gethlR, the wavelength is
AL =780 nm . = 1.6 eV), the duration ig_ = 9 fs, and the peak intensity is
IL = 7 x 10 W/cn?. The time delayy is defined as the separation between the
pulse peaks, ang > 0 means that the XUV is earlier. With a bandwidth of about
20 eV, the XUV pumps helium from the ground state to tee@resonance series.
Due to the resolution of the spectrometer, only the strongs®p state was ob-
served. The natural lifetime of this state is 17 fs. By meiaguelectron spectra vs
the time delay, the autoionization dynamics e2@in the IR field can be followed.

In Ref. [21], a simulation using the SFA model developed bg@hnd Lin [39]
was used, with additional account of the ionization by theviRere the ionization
rate was estimated by the PPT theory. The simulation cordluldat the intense
IR depletes &p. From the time-delay spectra, the decay rate of lifetimehef t
state was extracted. Limited by the spectral resolutioméaver, modifications of
the Fano resonance profiles were not reported.

Our simulation, unlike that in Ref. [21], takes the IR conglbetween &p and
the 2p%(1S) resonance into account. The background continua in theureraent,
for the two AISs, are dp(*P) and kes('S), respectively. With the given Fano
parameters for@p [43] and for 202 [44] and the dipole matrix elementsg [18]
and Uy, [45], we carry out the model calculation and fit the tunnefiagameters in
the PPT theory for the experiment. The calculated timeydel@lectron spectra are
shown in Fig. 4. For a negative delay suchigs —10 fs, the IR appears before the
XUV without affecting the autoionization, and thus the udeano profile appears.
This Fano lineshape is shown in the figure as a referencéy isreases, the IR
strikes the system at the beginning of the decaysgp2and significantly depletes
the 22p bound state and its autoionized electrons, resulting inmMmim of the
profile atty = 4 fs shown as the lowest curve in Fig. 4(b). Whgmcreases further,
passing the range specified by the horizontal bar in Fig, #{@)fwo pulses separate
in time. For largety, more decay of thes2p state has occurred before the IR acts on
the system, and the state is less influenced by the IR, whiethimnel ionization
or by the coupling to 2. As shown in Fig. 4(c), the profile gradually revives until
it reaches the original Fano profile §s— co.

Other than the overall depletion and revival, the2(2 profile basically keeps
the same shape. Moreover, with the 0.7 eV energy resolufitineospectrometer
used in the experiment, no distinguished spectral feataede seen other than the
overall depletion, by which the decay lifetime of2p can be extracted. In Fig. 5,
the signal value at the resonance peak is plotted tyitAs explained earlier, this
value drops to the minimum at aboyt= 5 fs, where the IR appears when the
autoionization has just started. By adjusting the pararaétethe ionization rates,
the model agrees with the experiment very well, except arfimeld fluctuation in
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Fig. 4 Electron profile of the p resonance in helium. (a) Spectrogram fipe= —10 to 45 fs.
The horizontal cyan bar indicates the delay range wherewibeptilses overlap. Particularly, the
spectra are shown in (b) foag = —2 and 4 fs, and in (c) for 10 and 20 fs. Original Fano lineshape
is shown by the gray curve.

the experimental data, which has not been understood sbdathe analysis, we
add two additional calculations to clarify the influencenfréhe tunnel ionization.
Without the ionization rate for @ (W), the depletion is reduced to only half of
that with full consideration of all the effects. This is basa the binding energy of
2p? (3.3 eV) is much lower than that 062p (5.3 eV) so that §? is ionized by the
IR more easily. We now recognize that the coupling betweerlo states and the
ionization of 202 by the IR are responsible for the depletion of tis8@profile.

Summing up the observation on the simulation and the mewmsunre the model
produces the time-delayed photoelectron spectra of $8p &2sonance that agree
well with the experiment by taking the IR coupling and thertehionization into
account. Such a three-level photoionization by a single Xdldgt has never been
modeled before. The Rabi oscillation between the top tweltewould potentially
change the resonance shape dramatically. However, cartogdo our interest, the
coupling effect is largely smeared and concealed by thediianization, where the
indication of the oscillation does not stand out.
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Fig. 5 Experimental and theoretical peak values of ti&presonance profile. The cyan bar indi-
cates the time-delay range where the two pulses overlapeTdets of theoretical data are shown,
where the label€oup., W,, andW, represent the coupling and the ionizations fresgand 2?2,
respectively. For each data set, the signé) at —10 fs is normalized to 1. The experimental data
is shifted by 4.5 fs to the positive delay.

4 Photoabsor ption of laser-coupled autoionizing states

In spectroscopy, higher spectral resolution is achievgrhtoabsorption measure-
ments than in photoelectrons. As demonstrated in Sec. 8iletktudy of a reso-
nance profile typically requires electron energy resotutibtens to hundreds meV.
In this section we formulate photoabsorption with the tatavefunction introduced
in Sec. 3. A simulation is carried out and compared with theeeiment by Wang
et. al. [20]. The theory and the simulation were reported in detajlsis [46].

4.1 Model for photoabsorption

The formulation of photoabsorption in terms of frequenependentresponse func-
tion é(oo) by Gaardeet. al. [47] is incorporated into our model wavefunction to
obtain the absorption spectra.

The total energy absorbed by an atomic system through dipi@eaction with a
finite light pulse is

AU = /0 " w0&w)do, (26)
_ [~ du(t)
- '/700 e, 27)

in the energy and time domains, respectively, whers the absorbed photon en-
ergy,U(t) is the dipole moment, arigl(t) is the external field. The response function
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é(oo) is the probability density of the absorption in the frequedomain, and thus
is dubbed “absorption profile”. It is related to the absamptiross section by

ama w3 w)

0(w)=—
E(w)|*

(28)
wherea is the fine-structure constant. By the Fourier transformshefreal func-
tionsu(t) andE(t), Egs. (26)—(27) are combined to give

Yw) = —2Im[A(w)E" ()], (29)

which is positive for absorption and negative for emission.
For the time-dependent wavefunction given by Eq. (20}p) is

1 /o0, :
f(w) = — g(@x=@tyy (1) + @-9ty (1) dt, 30
i =—[ | (0 L(0) (30)

under the rotating wave approximation, whesgt) andu (t) are defined by
= o / M2 (31)
/ G (t / M,g?Ecgf t)dE'dE, (32)

andMg? andML are the dipole matrix elements between the eigenstates, i.e

sin®2
ME = (g@lulg) = Euag—coseéuElg, (33)

sineg, Sin©g

Hba — CO s@@) - (34)
a

M = (g2 |u|yd) = (

The absorption of the whole target gas is assumed to be ljn@aportional to the
single-atom response if the gas density is considerablyTows, in our simulation,
the absorption and transmission profiles are simply takeﬁ(@s and 1— é(w),
respectively. Since the XUV and laser energies are in génédaly separate, the
profiles for each of the two pulse is calculated indepengdnyltaking only the
necessary terms in Egs. (30) to (34).

4.2 Experimentsin argon

Recently, an experiment reported by Waatgal. [20] measured the time-delayed
XUV transmission spectra in argon to study its autoionaatin the report, the re-
sult was analyzed by the simulation based on an earlier njb8gl8]. It concluded
that the IR significantly modified the XUV photoabsorptionfie and provided a
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tool for detecting and controlling autoionization. We siate the experiment and
present the comparisons with both the measurement andltheéateon therein.

The 140-as SAP covers an energy range from 20 to 40 eV and gtepul
the [Ne]33pPnp(P) resonance series in argon. A time-delayed IR pulse with
AL = 750 nm andr. = 7 fs is applied to the system. Its intensities are 0.5 and
1 TW/cn? in two independent arrangements. The energy resolutidmeafieasure-
ment is 50 meV. Figure 6(a)—(b) shows the measured trareittyV profiles of
the 33p®4p resonance. When the two pulses overlap, the signal is @eplend the
resonance peak roughly shifts upward in energy. As the IRlbafpind the XUV, the
profile gradually revives toward its Fano lineshape (nota by the convention in
Ref. [20], the positive delay is on the left hand side of tra ). The result is similar
to the experiment in Sec. 3. With two IR intensities, the leigbne magnifies the
depletion of the transmission, and a break is seen at théapvefrthe two pulses.

27.0

26.8
26.6

26.4

Photon energy [eV]

26.2

27.0

26.8

26.6

26.2

Delay [fs]

Fig. 6 Phototransmission spectrograms of tte8$4d resonance. The left and the right panels
are for 0.5 and 1 TW/cRIR intensities, respectively. The top, middle, and bottanvs are the
measurement and the simulation in Ref. [20], and the presentlation, respectively.

The simulation in Ref. [20] has been revised after its pabion by Zhang [48]
recently. The model [15, 18] calculates the total wavefiomcof the system that
is equivalent to the bound state part of Eq. (15) plus themneary continua that
are used in the adiabatic elimination. This version of theef@nction, although
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unable to derive the photoelectron spectra, preservedpoédnoment quite well
since the dipole moment is predominantly determined by thand states. Zhang'’s
simulation, plotted in Fig. 6(c)—(d), reproduces the maitéire of the measurement,
where the resonance profile drops abruptly from the negdtay and ascends
slowly at the decay rate of the AIS to the positive delay. Hasvethe difference
between the two IR intensities is not as obvious as what ttesarement shows; it
seems that the simulated IR is not fully responsible for tfeak representing the
strong AlS depletion in the measurement. Comparing ourlsitiom in Fig. 6(e)—(f)
to Zhang’s simulation, the main addition of our model is tRednization estimated
by the ADK theory, with which the spectral features near therlap of the pulses
are closer to the experiment than the previous ones, intuttie 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 pulséiesothe electron
and absorption profiles by both the coupling between the Al&$ their tunnel
ionization; however, the effect of the coupling, which snas the theme of the
study, cannot be easily singled out due to the presence oétimg. Here we propose
a new XUV-plus-IR scheme in helium where2p is coupled to the £(1S) AIS
resonantly with a 540-nm laser pulse. The binding energiebdth AISs are high,
and tunnel ionization is totally disregarded; the main dyits is thus the Rabi
oscillation between the AlS. By adjusting the coupling putke resonance profiles
can be manipulated more flexibly and forcefully, which wothlids provide a tool
for the coherent control of electrons and photons. This sasly has been proposed
and discussed by us for the electron dynamics [40] and phstoption [46].

5.1 Time-delayed electron and photoel ectron spectra

In the following we keeping the field parameters used in Séttl3e helium system
but changing the laser wavelengthAp = 540 nm. The binding energies 0§2
and 22 are 5.3- and 7.6-eV, respectively. The dynamics is intéggrenly in terms
of the coupling between the AlSs.

The photoelectron profiles in thesdp and Ises continua, associated withs2p
and 22, respectively, are calculated against the time delay, assin Fig 7(a)—(b).
The photoabsorption profiles of the XUV and laser pulses laogr in Fig. 7(c)—
(d). The four plots are in the same energy and time-delagsgcab their effects in
energy and in time can be compared visually. Practically,ahsorption signal is
adequate only when it is comparable to the incident lighalig.e., the total light
intensity must not overwhelm the absorbed intensity alés@liopagation through
the medium. This has not been considered in our single-atodemNote that most
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previous studies concerned only the XUV spectra that anetheaesonance energy,
while we include the laser spectra which contains abundanttalling features and
supports the understanding of the dynamics.

(a) 2s2p

(c) XUV 6x108
4x10°8
2x10°®

0x10°

10 0 10 20 30 40
2x10°®

334 (d) laser

Electron energy [eV]
Photon energy [eV]

1x1078
333
0x10°
33.2
-1x10°8
33.1

-2x10°8
10 0 10 20 30 40 10 0 10 20 30 40

Delay [fs]

Fig. 7 Photoelectron spectrograms for the (a22and (b) 2° resonances, and photoabsorption
spectrograms of the (c) XUV and (d) laser pulses. The bluegad colors appearing in (c) and (d)
represent the negative absorption, or in effect, the phoigson. The upper (lower) panels share
the same color codes.

As shown in Fig. 7(a)—(b), The dramatic modifications on ked#dctron profiles,
including the enhancement, splitting, and inversion ofglafile shapes, are sensi-
tively controlled by the time delay. As the delay shifts frgya= —5 to 5 fs, the 82p
profile evolves from the Fano lineshape to almost its mimmage in energy, i.e. the
spectra flips upside down in Fig. 7(a) acrgss: 0, in addition to the overall reduc-
tion in signal strength; thes2 profile is maximized for 6 tg < 5 fs. The pulse area
ofthe 0.7 TW/cm laser isA = 1.671, which means that the Rabi oscillation runs 0.8
cycle between the AlSs. While the laser appears right dfeeKtUV, most electrons
in 2s2p are driven to 8 before they take time to autoionized. Then, about half of
the electrons stay ins?, while the other swing back tas2p, before both states au-
toionize. The electrons going back te?® change their phase bydue to the Rabi
flopping, where the Fang-parameter changes sign, resulting in the inverse image
atto = 5 fs. This mechanism is also evident in the very strong pe&ign7(b). As
tp increases, since the laser appears later in the decas2pf Bore electrons are
autoionized to thep profile before the rest are brought t&*dy the Rabi oscilla-
tion. Fewer electrons make a round trip & and back to &p, and more electrons
never leave 2p. The population without experiencing Rabi flopping growhijai
is shown in Fig. 7(a) by the lower ridge that merges upwardeetthe inverse pro-
file shape. When the time delay long passes the 17-fs deesiylé of Z2p, all the
electrons in 8p autoionize without ever influenced by the laser, and no edast
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show up in 2°. Consequently, thes2p profile resumes the original Fano lineshape,
and the 2? profile attenuates to zero.

The XUV absorption spectra are similar to th&2@ electron spectra in the gen-
eral appearance but with higher signals fgr- 0. This is understood where the
XUV absorption is the only path for the electrons to be extitem the ground
state, while the excited electrons end up in either &#&p2r the 2° resonance. In
other words, the XUV primarily supplies theZp electrons, but with the existence
of the laser, it also supplies the “additionak’2electrons via the laser coupling.
As for the laser absorption, as shown in Fig. 7(d), the speajtpear to be compli-
cated. The large negative peak at 2.35 eV ngar 0 represents the light emission
corresponding to the population transfer froe2@to 2s°. Astg 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 specteecéianged significantly
by the dressing laser pulse. Here we examine how the las@&levayth and intensity
manipulate the spectra, where the duratipn= 9 fs and the time delaty = 15 fs
are unchanged.

In Fig. 8, the profiles are shown for peak intensities: 0.3, 1.1, and 2.5 TW/cf
where the pulse areas ake= 1, 211, and 3t, respectively, with fixed = 540 nm.
Forl_ = 0.3 TW/cn?, the r-pulse mainly brings the electrons frors2p to 25% in a
one-way route; the2p profile is strongly suppressed and tr& profile is highly
populated. Ad, proceeds to 1.1 TW/cfnthe Rabi oscillation forms a round trip in
the pulse duration. Thes2 bound electrons return tes2p, and the 2 profile flat-
tens. As explained previously, the returning electronsy@phase change af and
the inversey is materialized in the mirror peak imageRt: 35.6 eV in Fig. 8(a).
The X2p electrons that autoionize before the lagge{ 15 fs) form the broad peak
atE = 3545 eV. If the intensity increases tp = 2.5 TW/cn?, the 22p electrons
move to 22 again, and the€2p profile depresses. The electrons relocatingsfar?
the second Rabi cycle unite the electrons already theregharntd/o groups interfere
to form the double-peak profile in Fig. 8(b). The same dynarnmterprets the XUV
profiles in Fig. 8(c), which are synonymous with tre2@ electron profiles but hav-
ing higher signal intensities. As for the laser spectra g B{d), we observe that by
increasing, both the emission and the absorption signals heightenlgouwaile
the profile shapes basically keep the same.

We have kept the laser in the perfect resonance conditicarsiod., the detuning
between the AlSs is 0. However, since the laser durationrigpemable to the decay
lifetime, the bandwidth does not necessarily cover thenmasoe region well. Thus,
the dependence of the dynamics on the detuning should be tateeaccount. In
Fig. 9, the spectra are shown fgr= 0.7 TW/cn? and three wavelengthls = 515,
540, and 565 nm, or the photon energieswf= 2.41, 2.30, and 2.19 eV, respec-
tively. Relative to the perfect resonance condition, tisetgrofiles in Fig. 9(d) shift
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Fig. 8 Photoelectron spectra of the (a2p and (b) 2° resonances, and photoabsorption spectra
of the (c) XUV and (d) laser pulses, for a fixed 540-nm wavelerand the intensities of 0.3, 1.1,
and 2.5 TW/cr of the laser. The negative signals of the absorption reptgs®toemission. The
Fano lineshape is shown in the gray curve as a reference.l@tle torizontal line labels zero.

upward and downward, and the?drofiles in Fig. 9(b) shift downward and upward
(note that 2% is lower than 82p energetically) in energy, fan_. = 2.41 and 2.19 eV,
respectively. Similar shifts are also seen in ts2@resonances in Fig. 9(a) and the
XUV spectra in Fig. 9(c); nonetheless, the strong indicetifor the resonance po-
sition, at 35.55 eV electron energy or 60.15 eV photon enamgyunaffected by the
laser detuning.

The analysis above show that additional to the time delayéden the pulses, the
laser intensity and wavelength also manipulate the outafities electron and pho-
ton spectra in various and sensational ways. These passgdre provided where
Rabi oscillation is the dominant mechanism, and tunnelzation is too weak to
smear the sharp contrasts produced in the spectra. The shiathges in the spec-
tra, such as the splitting and the flipping of the resonane@eshare measurable
only when the spectrometer resolution is well beyond thegnscale of a single
resonance. Considering both the resolution and efficieheyneasurement of light
rather than the electrons is more suitable to study this lasaipulation on the AlS.

5.3 Dependence on pulse duration

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

100-as XUV and a 9-fs laser. However, in the traditional gtofda dressed system,
the dressing field is long, and it is to change the propertheitaterial rather than
the dynamic process. In the following, we will study the 8iion between short
and long dressing fields using the present model.

For the two primary electron dynamics of the2p resonance, the autoionization
has a decay lifetime of 17 fs, and the Rabi oscillation bet2®p and 2 has
a period, evaluated at the@TW/cn? pulse peak, of 15.6 fs. In other words, both
dynamic processes have roughly the same speed, and tha$efgllse, which is
shorter than these dynamics, provides a qualified tempesalution. In Fig. 10,
we show the XUV absorption spectrograms for two longer dingspulses, . =
40 fs and 1 ps, compared with the short dressing case in Fiyy. Fgr . = 40 fs,
many spectral features seen fpr= 9 fs, such as the inverggand the exponential
revival of the Fano peak alorig, disappear. The major effect is the splitting of the
resonance peak betwegn= —10 and 30 fs. The temporal dependence is confined
by the 40-fs pulse duration, and thus the autoionizatiortl@&abi flopping cannot
be resolved anymore. Nonetheless, by changing the delayntgnitude of the
splitting can still be controlled. Fai. = 1 ps, as shown in Fig. 10(b), the time
delay becomes meaningless while any temporal dependenaally washed out
in the spectrogram. The system is reduced to a simple acedtregstem. The EIT
condition is recovered, where an Autler-Townes doubleliglSeen with the energy
splitting of 0.26 eV.

Autler-Townes doublet is interpreted as the splitting otarrgy level due to the
diagonalization of the Hamiltonian when the external fieddttibutes the coupling
terms. Essentially, the = 40 fs case just produces a tunable doublet that exists
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Fig. 10 Photoabsorption spectrograms for= 540 nm |, = 0.7 TW/cn?, and the laser durations
7. of (@) 40 fs and (b) 1 ps.

before the AISs decay, i.e., have the two states been achmlind states, the tun-
ability would vanish. This type of temporal control of EITshbeen studied in the
experiment by Lolet. al. [45] with the 22p and 20? AISs in helium. In brief, we

have demonstrated the spectral features in an autoionixistgm controlled by a
coupling laser pulse whose duration is compared with theianization and the

Rabi oscillation in the system.

6 Summary

This Chapter aims to utilize the SAP to study and to cont@klectron and photon
dynamics in an autoionizing system. The evolving wave pifckean isolated Fano

resonance is calculated in energy and in space analytiogligcorporating Fano’s

theory. For the recently available SAP-plus-IR experiragne expand a previous
three-level model to contemplate the photoelectrons ptedthby the broadband
XUV pulse. By including tunnel ionization, the simulatecteron emission and
photoabsorption of the laser-coupled AlSs achieve goodeents with the mea-
surements. To maximize the degree of manipulation in th@@wization dynamics,

we propose a scheme where the Rabi oscillation between th&l8s surpasses the
tunneling effect, and the electron and light spectra seegitdepend on the dress-
ing condition. The results shows a promising ability of camt quantum control.
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