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Probing dipole-forbidden autoionizing states by isolated attosecond pulses
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We propose a general technique to retrieve the information of dipole-forbidden resonances in the autoionizing
region. In the simulation, a helium atom is pumped by an isolated attosecond pulse in the extreme ultraviolet
(EUV) combined with a few-femtosecond laser pulse. The excited wave packet consists of the IS 1P, and 'D
states, including the background continua, near the 252 p('P) doubly excited state. The resultant electron spectra
with various laser intensities and time delays between the EUV and laser pulses are obtained by a multilevel
model and an ab initio time-dependent Schrodinger equation calculation. By taking the ab initio calculation as
a “virtual measurement,” the dipole-forbidden resonances are characterized by the multilevel model. We found
that in contrast to the common assumption, the nonresonant coupling between the continua plays a significant
role in the time-delayed electron spectra, which shows the correlation effect between photoelectrons before they
leave the core. This technique takes the advantages of ultrashort pulses uniquely and would be a timely test for

the current attosecond technology.
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I. INTRODUCTION

Photoexcitation or photoionization processes are among the
most common tools to study the structures of matters. For
atomic or molecular systems, the details in the spectroscopy
reveal the information at the microscopic regime such as the
energy levels, decay rates, and transition strengths between the
quantum states. A large amount of data has been obtained and
recorded by synchrotron radiations up to the x-ray regimes.
Due to the limited brilliance of the light sources, or the limited
intensity of the fields, normally only single-photon processes
are considered in synchrotron measurements. Although it can
be very precise and reliable to obtain the atomic energy
levels, the dipole-forbidden states (DFSs) with respect to the
ground state are not accessible. Nonetheless, these DFSs are
essential in numerous optical techniques or subjects including
electromagnetically induced transparency (EIT) [1,2], two-
photon absorption [3,4], Raman spectroscopy, and more. It is
noteworthy that some of these or similar quantum phenomena
have been reconsidered in ultrafast optical configurations
[5-9] and attract much attention, where their interpretations
are based on the dynamics involving DFSs. Until now the
aspiration for better measurements or characterizations of
DFSs is tremendous.

In recent years, there are renewed interests in the studies
of Fano resonances and the corresponding autoionizing states
(AISs), which have long been perceived in the energy domain
as interpreted by Fano more than 50 years ago [10]. The
new interests are founded on the developments in ultrashort
light sources and ultrafast optical techniques. The EIT effect
between the coupled AISs was observed by time-delayed
transient absorption in the femtosecond timescale [7]. The
time-domain measurements of the autoionization dynamics
using attosecond pulses were reported in argon [11] and
in helium [12]. Most recently, the Fano line shapes modu-
lated by time-delayed intense fields in transient absorption
spectroscopy have been measured and analyzed [8,9], which
has also brought to light the astounding potential to shape
and to control the attosecond pulses [13]. In these studies
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and the related theoretical works, the dynamics of the Fano
wave packet were mostly implemented as attosecond streaking
[14,15] or resonant coupling [16-19] of the Fano states,
if not carried out by ab initio calculations [20-22], which
were numerically expensive and less intuitive. While the
attention has been put on the directly measurable resonances
under the dressing field, the properties of the dipole-forbidden
resonances (DFRs) in the coupling were largely overlooked.
In this work, we aim to provide a model describing the realistic
coupling between the AISs where the DFRs can be “probed,”
and their essential properties can be characterized.

Taking the helium atom in the energy range near the
252 p('P) resonance as an example, we carry out an ab initio
two-active-electron time-dependent Schrodinger equation
(TAE-TDSE) based on the time-dependent hyperspherical
(TDHS) method [23-25] to virtually provide the reference
experimental data. Then a multilevel model with parametrized
atomic structure is developed and applied to the case, where
the comparison to the virtual experiment optimizes the atomic
parameters of the DFRs. In our previous model consisting
of coupled AISs [19], the transitions between the AISs were
reduced to the transitions involving only the bound states—
bound-bound (B-B) transitions—by ignoring the second-order
(two-electron) transitions. This naive picture successfully
predicted the inversion of Fano line shapes under intense
dressing fields, but the effects on the DFRs were missing. The
present model includes the transitions between the discrete
states and the background continua (bound-continuum, B-C),
and between the background continua of different symmetries
(continuum-continuum, C-C). With ultrashort dressing fields,
the significance of the B-C and C-C transitions is justified
because these transitions take place in such a short time
when electrons are still near the ionic core, and the distorted
continuum waves are far from plane waves. This improved
picture emphasizes the influences of these added transitions in
the dressing field on the Fano line shapes of all resonances,
including the DFRs. This signature broadly implies that in ul-
trafast dynamics, even in weak fields in the sense of few-photon
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transitions, the implementation or neglection of the C-C
transitions needs to be reconsidered carefully, especially for
ultrashort overlapping pulses.

The structure of this article is in the following. Section II
gives detail accounts of the formulation of the present model
for the multilevel autoionizing systems and its differences from
previous models. The limitation of the current model is dis-
cussed. Section III A connects the laser-dressed angle-resolved
electron spectroscopy—the preassumed measurement—to the
retrieval of the parameters in the model. Section III B compares
the calculations by the present model and by TAE-TDSE to
determine the atomic parameters. Using the present model
with the retrieved parameters, Sec. III C presents the time-
delayed electron spectra by the synchronized attosecond
extreme ultraviolet (EUV) and strong laser pulses, as such
a scheme is commonly performed experimentally to extract
the ultrafast dynamics. The role of the C-C coupling in the
model is elaborated in Sec. III D. Finally, Sec. IV gives the
concluding remarks. In this paper, we use eletron volts (eV)
and femtoseconds (fs) except in Sec. II, unless otherwise
specified. Field intensity is defined by the cycle-averaged
values.

II. MODEL

The present model describes the dynamics of an autoion-
izing wave packet in an atom consisting of the AISs of
two different symmetries, which are pumped by a weak
EUV attosecond pulse and dressed by a relatively strong
(TW /cm?) femtosecond laser pulse. The goal is to calculate
the photoelectron spectrum with a given set of fields and
atomic parameters. Providing the angular distribution of the
electrons in real measurements, we assume that the spectrum of
each spherical partial wave can be isolated. The separation of
partial waves in the experimental point of view will be further
discussed in Sec. III. Each partial wave is then compared with
the result from the TAE-TDSE calculation, which is described
in details in Refs. [24,25]. By optimizing the modeled spectra,
the atomic parameters are retrieved. In this section, atomic
units (a.u.) are used unless otherwise specified.

The autoionizing system pumped by the EUV and strongly
coupled by the laser is schematically plotted in Fig. 1. The
total wave function of the atomic system is written as

[W(1) = e "' cy(1)lg)

1l |:Zcm(t)|m> +fce|(t)|€1>d€1

m

+ ) anlln) + / cQ(r>|ez>dez] ()

where |g) is the ground state with energy €,,and €, = €, + wx
corresponds to the central energy level pumped by the EUV,
where wy is the photon energy of the EUV. The fast oscillation
in terms of the EUV frequency is factored out, where the c(¢)
coefficients are slowly varying in time. The bound excited
states |m) and |n) are embedded in the background continua
le1) and |€;), respectively, where the labels |m) and |e;) are
used exclusively for dipole-allowed states, and |n) and |e;) are
used exclusively for dipole-forbidden states. The Hamiltonian
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FIG. 1. (Color online) Schematics of the coupled autoionizing
system. The purple and red arrows are the transitions by the EUV
and laser pulses. The bandwidths of the EUV covers a group of
AlSs |m) and the background continuum |€;). The laser couples |m)
and |e;) to states of other symmetries by single-photon transitions
following the selection rule. The final wave packet after the pulse is
projected out in the photoelectron spectroscopy.

of the system is H(t) = Hy — [Ex(t) + EL(t)] D, where Hy
is the atomic Hamiltonian, Ex(¢) and E;(t) are the electric
fields of the EUV and the laser, respectively, and D is the dipole
operator. Thus, in this basis set, the off-diagonal elements in
the Hamiltonian are

(g|H|m) = —Dgu Ex(2), (2)
(81H€e1) = —Dye, Ex (1), (3)
(m|H|n) = =Dy EL(2), 4)
(m|H|€2) = =Dy, EL(1), (5)
(e11H|n) = =Den EL(1), (6)
(e11H|€2) = —Dei, EL(1), (7
for the dipole transitions, and
(m|Hle1) = Ve, (8)
(n|H|€2) = Vie,, )

for the configuration interactions responsible for autoioniza-
tion, and D and V are determined by the atomic structure. Note
that the dimensions of the Hamiltonian matrix elements are
€, 4/€, and 1 for B-B, B-C, and C-C transitions, respectively,
where € denotes energy. For simplicity, we employ the standing
wave representation for the continuum states in Eq. (1), so all
D and V are real quantities.

Certain approximations are adopted to simplify the model.
The type of measurement in our concern involves a pertur-
bative EUV pulse with the bandwidth of a few eVs, and a
few-cycle laser pulse in the infrared to visible energy region
and with the intensity up to the TW /cm? scale. The EUV field
is written in the form of

Ex(1) = Fx(1)e'™' + Fx(t)e ", (10)

where Fx(t) is the field envelope containing any additional
phase other than the carrier phase. The rotating wave approx-
imation (RWA) can be applied to the EUV, where for each
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transition, only one of the two terms in Eq. (10) is taken into
account. For the laser pulse, RWA is not suitable since the
bandwidth for a few-cycle pulse is comparable to its central
frequency. The wave packet is in the energy range much
higher than the binding energy so that the background continua
change only slightly across each resonance, where the D and V
elements are constants of energy estimated at each resonance.
In the following derivation, the energy dependence of D and V
is kept in the expression for clarity if necessary, but is removed
in the numerical evaluation.

By solving TDSE with the total wave function in Eq. (1),
the equation of motion (EOM), or the coupled equations
for all the c(¢) coefficients can be established. By applying
adiabatic eliminations (AE) of the continua, i.e., assuming
Ce,(t) = €, (t) = 0 in the original coupled equations for the
continuum, the preliminary forms of the continuum-state
coefficients are obtained as

1
Cfl (t) = 8_ [_F;(I)Delgcg(t) + Z Velmcm(t)

€1

- EAt)ZDmcn(r)}, (11)

Cgpz(t) :81: |: ; Vezncn(t) - EL(t) ; Dezmcm(t):|v (12)

where 6 =€, —€; and &, =€, — ¢, are the detuning of
the continuum states. With the assumption c,(¢) = 1 for the
perturbative EUYV, the preliminary forms are then inserted back
to the EOM, which gives the coefficients of the bound excited
states by

icu(t) = _F;(I)Dmg — (8 + ikm)em(t)

— EL() ) Duncalt), (13)

icy(t) = _iF;(t)EL(t)jng — (8 +ikn)cy(?)
— EL(t) ) Dumcm (1), (14)

where §,, = €, — €,, and §,, = €, — €, are the detuning of the
AISS, kyy =T, /2 = 7| Ve, |? and k, = T,,/2 = 7|V, |* are
the half widths of the resonances, and j,, = 7 Dy, De,, is
the light-induced broadening of the DFRs. The composite
dipole matrix elements D are defined by

Dy = Doy — i Dge, Veym, (15)
Dmn =D,y — 772Vmel Delez Vezn
- in(Vmel Deln + Dmez Vezn)- (16)
The elements Dy, and D, are responsible for the EUV and
laser transitions, respectively. For a given Dy, the Fano ¢
parameter of the |m) state is easily identified as
Dy,

=45 (17
7T Dge, Veym

qm

For each dipole-allowed state |m), g,, only takes the EUV
transition from the ground state into account, and is the
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commonly known and measured Fano line shape parameter.
On the other hand, for each DFR |n), the ¢ parameter needs
to consider the laser transitions from all possible paths, and to
represent the phase induced by the interference between the
autoionization paths and the direct ionization paths. Each D,,,
counts only one pair of |m) and |n) states, and the general line
shapes of |n) is determined by the collection of D,,, of all
m under the laser bandwidth. As one of the approximations,
because the structures of the background continua change
sufficiently slowly in the energy ranges in concern, I';,, [,
ng, Diun> Gm, and Jon are constant of energy estimated just at
the single energy points €; = ¢, and €; = ¢,, except that jg,
is estimated at €] = ¢,.

After the calculation of the bound-state coefficients c,,(t)
and c,(t), we aim to recover the continuum-state coefficients
ce,(t) and c,(¢) from the preliminary forms. Note that AE
works for the treatment in Eqgs. (13) and (14) because only the
collective effects by the continua are needed there, which are
not strongly affected by the detail shapes of the continua. Here,
when the goal is to acquire the electron spectra, we have to
go beyond AE and keep the previously eliminated terms, i.e.,
iCe,(1)/8¢, and ié,(t)/8.,,in ¢l (¢) and ¢l (), respectively. The
corrected preliminary forms are then employed in the mutual
coupling terms between the continua to finally obtain

iCe,(t) = —F3()Deyg — 8e,ce, () + D VermCn(t)

— EL(1) [Z Denen(t) + ael(r)} . (8)

n

iée,(t) = =i FY(DEL(D) g = 8ese(®) + ) Vea(D)

— EL(1) [Z Deymem () + aezm} , (19)

m

where the composite dipole matrix elements therein are defined
by

Deln = Deln - ijTDeleg Veznv (20)

Dméz = Dméz - ianE]Déléz' (21)

The direct coupling terms between the continua (not via any
resonances), given by

ael(t) = nDE]GzéEQ(t)| ’ (22)

€)=¢€,

aéz(t) = 7TD€1€26"€|(t)| ’ (23)

€1=¢€,

are calculated in each time step by Eqs. (18) and (19)
without the «(?) terms, and they are then added back as
iterative corrections. The coupling between the continua
through «(¢) greatly reduce the number of coupled equations
in the numerical calculation from 2N? to 2N, where N is
the number of energy steps in the range in concern. An 8-eV
wide wave packet with the energy resolution of 20 meV will
require N = 400, which is typical for an IAP + IR excitation.
The validity of the «(#) terms relies on the smoothness of
the continuum coefficients, which makes possible a simple
collective effect for the other continuum in the coupling.
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By Egs. (13), (14), (18), and (19), and with a given set of
atomic and field parameters, the total wave function in the form
of Eq. (1) is uniquely determined. The electron spectra for the
two symmetries are Pj(€1) = |cq, (t£)1> and Pa(€2) = |ce,(t7)]?
where 7 is much larger than all the resonance lifetimes after
the coefficients are stablized [16]. Alternative to Eq. (1), the
total wave function can also be written in atomic eigenstates,
where the coefficients ¢ (t7) and C,(f7), associated with
the two symmetries, respectively, are stabilized right after
the end of the external field. Thus, in cases with ultrashort
pulses, employing the form of the total wave function in
eigenstate basis cuts down the calculation time significantly.
The conversion between the eigenstate coefficients and the
bound-state and continuum-state coefficients has been detailed
in Ref. [16] and is given by

tan 0
Ce(t) = (i sinO, — cos ;) ce(t) + cos b, Xl: ?V;Z (o).

(24)

where
tanf = — —" (25)

€ — €
and
tanf, = Z tané,;, (26)
!

where € and / are the indices belonging to the same symmetry
(€1, m or €, n in the present case).

The inclusion of the laser coupling involving continuum
states, particularly the C-C transitions that have been ignored
previously, raises the dressing intensities that could be handled
properly. Nonetheless, we should stress the restrictions of this
model in the following. First of all, the model works only in
the presence of bound states on both sides of the coupling.
The assumption that the continua evolve more slowly than the
bound states is required for AE, which relies on the existence of
near-resonant bound states to mediate all transitions. Second,
the description of the system is in terms of atomic angular
momentum eigenstates, which is not suitable for the strong
field ionization in the streaking regime [26]. In such a regime,
the momentum of emitted electrons are shifted in the direction
parallel to the polarization of field, so that the wave packet in
general consists of a large number of angular momenta.

III. RESULTS AND ANALYSIS

A. Partial wave analysis of photoelectrons

We apply the general technique described above to the
simplest autoionizing system, helium atom, in the energy range
centered at the lowest dipole-allowed doubly excited state
252 p('P) (referred by 252 p hereafter). With linearly polarized
EUYV and laser pulses and following the selection rules, the
final detected photoelectron wave packet is composed by 'S¢,
1Po, and 'D° states of magnetic quantum number m = 0,
under the constraint that the laser intensity is within the limit
of 1 TW/cm? so that other symmetries are negligible. Thus
following the same derivation introduced in the model, the
third symmetry is included in the coupled equations, and its
coefficients are solved accordingly.
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The excited wave packet |Wg(?)), consisting of the excited
bound and continuum states as defined in Eq. (1), is written as

2
|WE (1)) = e~ Z/Esz(t)lel)de, 27)
=0

where |el) are the atomic eigenstates with electron energy e
and angular momentum /, following the conventional atomic
orbital notations. Note that in this expression, the core orbital
is skimmed because in our case and the energy range in
concern, the core orbital is always ls (the excitation energy
of 2s and 2p from the ionic ground state is 40.8 eV, which is
5.3 eV higher than the 252 p level). The angular momentum of
the photoelectron in the s, p, or d partial wave is already
the total angular momentum. The symmetry in the model
description is directly mapped onto the angular momentum
of the photoelectron in the present calculation. The shorthands
S, P, and D are used hereafter for the three symmetries of the
total wave function in concern.

For detecting photoelectrons with angular distribution, the
wave packet in Eq. (27) should be projected onto the final state
of momentum k that satisfies incoming boundary conditions
and represents the ejected photoelectron [27]. In particular, it
is written in the energy-normalized form by

- 21 A .
VOB =\ o Yo Mty Gy, (@8)
Im

where n; are the total phase shift due to the atomic potential
and u; (kr) are the radial waves corresponding to |e/). The mea-
sured signal is P(E) = |(1//I§7)|\IJE(tf)) |2, where tr is the detec-
tion time, which is infinite after the ionization in the atomic
timescale. The angle- and energy-resolved electron yield,
corresponding to the k component of the wave packet, is thus

P(e,0) = | 1We(p)

2 2l 1en
D g T Galtp)Pilcos6)
=0 T 1

where € = k?/2, 6 is the polar angle of the momentum
direction k with respect to the polarization of fields, and the
azimuth dependence has been removed by considering only
m =0.

In the above, we have described how the electron yield
P(€,0) is related to the final wave packet of each partial wave
expressed by e/ &, (t ). Nonetheless, with P(e,0) given by a
photoelectron measurement, the process to assign e'™ ¢ (ty)
should be achieved by numerical fitting with caution. In
the current case, for each energy point, the three complex
coefficients corresponding to/ = 0, 1, 2 are fitted for the signal
intensity as a function of 6. The energy range in concern is far
above the binding energy, and the energy dependence of the
phase of e/ (t ) is significant only across the resonances. In
our case, the phase of /™ Cea(ty) is set as an arbitrary constant
of € since there are no / = 2 resonances in this energy range.
In this way, the coefficients of all partial waves in the whole
energy region in concern are extracted from the experiment,
i.e., we convert P(e,0) to '™ Ce(ty) as the main experimental
data to be compared with.

; (29)
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FIG. 2. Photoionization electron spectra near the He 252 p reso-
nance by a 690-as EUV pulse, calculated by TAE-TDSE and by the
multilevel model. The EUV pump is weak, and only the p partial
wave is nonnegligible. The energy, width, and ¢ parameter of the
resonance are retrieved by fitting with the TAE-TDSE.

B. Retrieval of atomic structure parameters

In the following, the TAE-TDSE calculation is taken as a
virtual experiment, and the parameters in the model calculation
are adjusted to achieve the best agreement. Since TAE-TDSE
calculates photoelectron spectra in partial waves, the step to
“dissemble” the measured signal into partial waves described
in Sec. III A is skipped in our comparison to TAE-TDSE. In
the physical process, a weak broadband EUV pulse is applied
first to ionize the system. The duration is 690 as and the peak
intensity is 10° W/cm?. It excites a wave packet consisting
of the 2s2p AIS and the lsep continuum about 4 eV wide
around the resonance. In this laser-free condition, any states
with symmetries other than P are negligible. The TAE-TDSE
result of the electron spectrum is shown in Fig. 2 by the gray
solid curve. The 253 p('P) resonance appearing at 39.1 eV is
very weakly pumped and neglected in this study. With only
the TAE-TDSE result, the Fano parameters can already be
characterized by the Fano line shape formula [10]

(q + €7

o(e) =005

(30)
combined with the bandwidth profile of pulse, where € =
2(E — E,)/ T is the photon energy relative to the resonance
energy E, and normalized by the width I". Thus I' = 41 meV
and the line shape ¢ = —2.66 for the 2s2p resonance are
extracted. The obtained parameters agree well with the actual
experimental values ' = 37 meV and ¢ = —2.75 [28]. Note
that E, in the model can be arbitrarily shifted by the binding
energy and is not uniquely defined. With such parameters,
the multilevel model reproduces the lineshape very well. By
fitting the overall signal strength with TAE-TDSE, the absolute
values of the dipole matrix elements Dy 5, = 0.036 a.u.
and Dig ., = —0.278 a.u. are also obtained, where the ratio
between them is already determined by ¢g. This retrieval
process relies on the frequency profile of the EUV pulse, which
should be considerably wider than the resonance width and
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FIG. 3. (Color online) Laser-dressed EUV electron spectra of the
dominant partial waves for the peak laser intensities of 0.5 and
1 TW/cm?, calculated by TAE-TDSE and the multilevel model. For
such moderately intense dressing fields, ep still surpasses, while es
and ed increase with the intensity of the dressing field. The atomic
parameters in the model calculation are optimized for best agreement
inthe Iy = 0.5 TW/cm? case. When the laser intensifies, more signals
are “lost” due to the ionization by the laser, which is not counted by
the multilevel model and responsible for the discrepancies in the
comparison to the TAE-TDSE results.

very smooth in frequency. A high-quality isolated attosecond
pulse could do the job well.

In the presence of the laser pulse, the wave packet promoted
by the EUV is distorted and projected onto a combination
of symmetries of bound and continuum states. Nevertheless,
in the intermediate intense laser, P is still the dominant
symmetry, followed by S and D. For overlapping EUV and
laser pulses, i.e., in the time delay #) = 0 condition (# is
defined by the temporal shift between the two pulse peaks and
is positive when the EUV comes first), the electron spectra
by TAE-TDSE of the dominant partial waves are shown in
Fig. 3. The laser pulse is 4-fs (FWHM) long with the central
wavelength of 540 nm, which corresponds to the central
frequency of w; = 2.3 eV. The carrier-envelope phase is set
to 0, which means that at o = 0, the EUV is at the maximum
of the laser field in the positive polarization direction. The top
and bottom panels of the figure are for peak laser intensities
Ip = 0.5 and 1 TW/cm?, respectively. Two resonances clearly
show up in €s at about 33.3 and 38.1 eV while ed is spectrally
flat. These resonances have been reported in earlier works
[29-31] and are identified as 2s%('S) and 2 p>('S) (referred by
2s? and 2 p? hereafter), respectively. We note that 2 p*('D) at
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35.3 eV [31] is not excited by the laser pulse considered here,
so it is not taken into account in the following analysis.

To retrieve the parameters of the dipole-forbidden states,
we take the Iy = 0.5 W/cm? case in Fig. 3 as the reference.
In the region between 34 and 37 eV where no resonances
are involved, the C-C dipole matrix elements D, ., and
D¢y ca control the absolute signal strengths of es and ed
exclusively. The fitting gives De¢p s =29 a.u. and D g =
27 a.u. For the resonances 2s> and 2p?, three parameters for
each resonance are extracted at the same time by fitting its line
shape, which are I'y> = 225 meV, Dyp 22 = 1.5 au., and
Disepos2 = 2au. for 2s? and I'y,2 = 35 meV, Dagpnp2 = 1.8
a.u., and Diye, 2,2 = 2 a.u. for 2p%. The signals surrounding
25 and 2 p>—most significantly at 37.5 and 38.5 e V—form small
bumps away from the resonances, which further determine
Disrp.15es = 1 a.u. The ed spectrum is quite insensitive to
D)5, 15¢a Which can be set as 0. Now all the atomic structure
parameters have been obtained. We keep the same parameters
for further simulations with arbitrary dressing fields. As seen
in the bottom panel of Fig. 3, as the laser intensifies, the
€p spectrum decreases, and the e€s and ed spectra, including
the resonance part and the background part, increase. This
means that the laser transfers the electrons from the 2s2p
resonance—including its background continuum-to the S and
D states, mainly by single-photon transitions.

With the same set of parameters, which have been retrieved
in the Iy = 0.5 TW/cm? case, the discrepancy between the
multilevel model and TAE-TDSE grows with the dressing
field intensity, as seen in Fig. 3. It is especially obvious in the
depletion of the € p spectrum. This discrepancy comes from the
laser ionization of the wave packet, which is not considered
by our model. For the ionization from 2s2p to 2lel’, with
the binding energy I, = 5.3 €V, the central laser frequency
wp, = 2.3 eV, and the peak laser intensity Iy = 0.5 TW/cmZ,
the Keldysh parameter (y = \/me/Eo where Ej is the
peak field strength) is 13.8. This means that multiphoton
ionization prevails over tunnel ionization. Considering the
binding energies of 2s52p, 252, and 2p2, their multiphoton
ionization processes are at least third-order. Thus with the
present laser intensities, the multiphoton ionization should
not overpower the coupling between the resonances, and will
not change the conclusion of this technique. The precise
calculation of ionization rate of doubly excited states is a
research field of its own and beyond the scope of this report.

C. EUV-plus-VIS spectroscopy

To study the dynamic optical response of the system, instead
of tuning the laser intensity, experimentally it is easier to
scan the time delay between the pulses while keeping the
intensity the same. With the fixed Iy = 0.5 TW/cm? and the
detector direction at O degree (along the positive polarization
direction of light), the angular-differential time-delay electron
spectra by the multilevel model are shown in Fig. 4. In the time
delay range where EUV and laser overlap and in the energy
range between 2s> and 2p?, the interference pattern forms
fringes along the energy axis, which oscillate in the time delay
in the period of the laser optical cycle (1.8 fs). When the
EUV is at the zeros of the laser field (e.g., tp = 0.9 fs), the
spectrum is slightly deviated from the 2s2p line shape, and
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FIG. 4. (Color online) Angular differential electron spectra in the
forward direction along the polarization by the model calculations.
The signals are normalized and plotted in log scale (color bar is
labeled by log,, o where o is the signal strength) with 20 dB dynamic
range. The same parameters in Fig. 3 are applied, but with fixed laser
intensity (I = 0.5 TW/cm?). The fringes near the overlap of the
pulses form streakinglike patterns. The signals corresponding to the
2s5% and 2p? resonances form sidebandlike structures. The magenta
bar on the right indicates the pulse length (FWHM) of the dressing
laser.

the bright fringes appear. When the EUV is on top of the local
maximum of the laser field (e.g., #p = 1.8 fs), the P-state wave
packet excited by the EUV is distorted, and a large portion of
photoelectrons are transferred to the S and D states. The final
wave packet in momentum is less directional in z, which results
in the dark fringes. As stated in Sec. I1, streaking effect is based
on the linear momentum shift of the electrons and should be
described by high angular momentum states in the spherical
coordinates. Since the present model considers the angular
momentum only up to L = 2, it is intrinsically incapable of
quantitatively describing the streaking effect.

To further illuminate the atomic response near fyp = 0 in
terms of coupled partial waves, we show the es spectra
calculated by TAE-TDSE and by the multilevel model for
small time delays in Fig. 5. The results agree well between
the calculations. A clear feature seen in the figure is that the
middle flat part of the spectrum oscillates alone 7, with roughly
half optical cycles (0.9 fs). In Fig. 4, with the alternating
phase, €s is coherently added to ep to give the interference
pattern oscillating in full optical cycles. On the contrary, the
es spectra at the 2s% and 2p? resonances remain stable over
to. The latter features come from the EUV excitation of 2s2p
and the subsequent laser transition to 25> and 2 p? before 252 p
decays. This contrast will be further investigated in view of
ultrafast electron dynamics in Sec. III D.

The sidebandlike signals at 2s> and 2p? extend in the
time delay up to #yp = 15 fs. The formation of the sideband
pattern corresponds to two ionization pathways—the direct
EUYV ionization to 1sep, and the EUV 4 VIS ionization
through 252 p. Thus the sidebands at both 2s% and 2p? vanish
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FIG. 5. (Color online) Transient electron spectra for 7y = 0-
2.5 fs of the s partial waves by the TAE-TDSE calculations (top
panel) and the present model (bottom panel), in logarithmic scale
and in 20-dB dynamic range. The strength of the middle flat part of
the spectrum oscillates with #, in the period of half optical cycle and
is weakened as the laser pulse lags behind the EUV pulse, but the
resonance parts sustain over large time delays.

as to approaches the 2s2p decay lifetime (17 fs), where the
second ionization pathway effectively stops. The slopes of the
tilted fringes on both resonances change along fy, which are
controlled by the phase differences between 2s2p and 2s>
and between 2s2p and 2p?, respectively, in the duration after
the EUV excitation and before the VIS kicks in. This feature
of tilted fringes has been explained by several attosecond
ionization studies [32-34].

D. Short-time behavior of C-C coupling

At to =0, the effective bandwidth of the laser that
corresponds to the dynamics of the wave packet initiated by
the EUV pump is 0.9 eV. Considering this laser bandwidth, the
signals in 34-37 eV of the es spectrum, shown in Figs. 3 and
5, are only from the laser coupling with the 1sep background
continuum instead of with the 252 p state. While the C-C dipole
matrix elements are fixed values with the atomic structure,
the signals in 34-37 eV vary closely with the laser field in
fo, as shown in Fig. 5, i.e., when the EUV pulse is on top of
the local peaks of the laser field, the signals are strong, and
when the EUV pulse is at the zero field of the laser, the signals
attenuate. Such behavior suggests that the C-C transition is
only significant at the beginning of the EUV ionization when
the electrons are still at the neighborhood of the atomic core.
On the other hand, the excitation of 2s2p lasts long after the
EUV pulse, and thus the B-B coupling between 252 p and 2s>
or 2p? is insensitive to the time delay between the laser and
EUV pulses.

To elucidate the role of the C-C coupling responsible for
signals in 34-37 eV in the es and ed spectra, beside the
full model calculation with all the original retrieved dipole
matrix elements (described in Sec. III B), we made two extra
calculations with only the nonresonant (C-C) and only the
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FIG. 6. (Color online) Electron spectra of the s partial wave for
three sets of dipole matrix elements by the model calculation. The
first set includes all the dipole matrix elements, while the second and
the third sets include just the nonresonant (C-C) and just the resonant
dipole matrix elements (B-B and B-C), respectively. The peak laser
intensity is fixed at | TW/cm?. The EUV either overlaps the laser
peak or leads in time by 3 fs.

resonant (B-B and B-C) ones, respectively, for #, = 0 and 3 fs.
The fy = 3 fs case is for non-overlapping pulses where the laser
comes later than the EUV. The resultant €s electron spectra are
plotted in Fig. 6. In the nonresonant, #y = 0 case, the spectrum
reproduces the 34-37 eV part of the full calculation very well.
At 2s% and 2p?, the resonance peaks shrink to two slight
bumps, which are the results of the configuration interaction
to the continuum. When the laser is delayed to fyp =3 fs,
the overall nonresonant signals drop dramatically, where the
bumps at 33 and 37.6 eV indicate the “actual bandwidth”
0.5 eV of the laser. The effect of the C-C coupling is substantial
only if the two pulses overlap, or more specifically, the EUV
overlaps the local maximum of the laser field, where the
EUV-excited continuum electrons can be driven by the laser.
On the contrary, in the resonant case, the flat part remains 0,
and the 2s% and 2 p? peaks retain. The bandwidth of the laser
slightly changes the line widths of the resonances, but it has
no effect on the empty spectral range in 34-37 eV.

The short-time behavior of the photoelectrons described
above can be alternatively explained and reaffirmed by analyz-
ing the motion of the electron wave packet in the coordinate
space. Determined by the EUYV, the wave packet has the central
kinetic energy around 2s52p at 35.6 eV, corresponding to the
velocity of 67 a.u./fs and the momentum of ky = 1.6 a.u.
For photoelectrons along, the asymptotic condition of the
continuum wave is determined by kr > 1, and the “core” size
of the system can be defined by 1/ky = 0.6 a.u. For bound
electrons, the core size can be defined by the bound orbitals,
which are less than 1 a.u. for n < 2. Within the core range, the
emitted electrons still have the chance to interact with each
other or with bound electrons. Considering the core size and the
average velocity, it takes less than 20 as for the wave packet to
leave the core, which is significantly shorter than the 0.9-fs half
optical cycle of the laser. In other words, the photoelectrons
right after the EUV ionization are boundlike only instantly in
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terms of a laser optical cycle before they dissipate away. As a
result, in Fig. 5, the 34-37 eV signals follow the instantaneous
intensity of the laser closely. Meanwhile the excited 2s2 p state
holds electrons in the timescale of tens of femtoseconds where
the laser couples 2s2p to the surrounding of 2s> and 2p?,
e.g., at 37.5 eV, which shows the slow attenuation of signals
along 1.

The above demonstration shows that the C-C transition
in the coupled autoionizing systems is nonnegligible even in
moderately intense fields, in a short period of time after the
ionizing pulse. This is in contrast to the common assumption in
previous studies to neglect C-C transitions when applying long
pulses [35-38] and ultrashort pulses [11,18,19]. By fitting the
model to the TAE-TDSE result, the C-C dipole matrix elements
Disep,1ses and Digep 15¢s are determined to be about 1 a.u./eV.
This quantity is equivalent to a 0.1-a.u. dipole matrix element
between the discrete states of the same widths of 2s2p and
252, which is 15 times smaller D,,, 252

IV. CONCLUSIONS

A general technique has been developed and tested to
retrieve the properties of the DFRs in the autoionization
region. An IAP with a synchronized short dressing pulse
are applied to an atomic system to obtain the photoelectron
spectra. The simulations are carried out by a multilevel
model and a TAE-TDSE program, where their comparison
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characterizes the DFRs, in particular the dipole matrix ele-
ments of the transitions involving DFRs. Ultrafast technology
is critical in this technique for the broadband excitation
to cover the resonance region in concern. The multilevel
model successfully recovers the electron wave packet for laser
intensities up to 1 TW/cm?. Surprisingly, it shows that the
C-C transition by the laser coupling contributes significantly
in the photoelectron spectra when the laser overlaps the EUV
pulse. It indicates the correlation effect between the “free”
photoelectrons before they move away from the core, in
comparison with the bound-state coupling that has been well
studied in laser-dressed systems. The effect depends on the
proximity between the electrons and is controlled by the
timing of the laser pulse. The general technique developed
here would help the identification and characterization of
DFRs for applications involving multiphoton processes, and
would utilize the most advanced ultrafast optical technologies
in atomic and molecular studies. An algorithm to automatically
optimize the DFR parameters could be developed in the future.
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