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In the present paper, the time-resolved transient absorption spectroscopy of helium atoms is investigated based on the
three-level modeling. The helium atoms are subjected to an extreme ultraviolet (XUV) attosecond pulse and a time-delayed
infrared (IR) few-cycle laser field. The odd excited state are populated from the ground state by the XUV pulse due to
the dipole selection rule, and probed by the time-delayed IR laser. The time-resolved transient absorption spectroscopy
based on the different coupling mechanism demonstrate some different features, the photoabsorption spectrum based on
three-level model with rotating wave approximation (RWA) cannot repeat the fast oscillation and the sideband structure
which have been observed in the previous experimental investigation. The dressing effect of IR laser pulse on the ground
state can contribute new interference structures in the photoabsorption spectrum.

Keywords: extreme ultraviolet (XUV), photoabsorption, time delay, three-level model

PACS: 33.20.Xx, 32.30.Jc, 32.80.Qk, 32.80.Wr

1. Introduction

In the last decade, attosecond technology has made great
progresses which have offered much opportunities for the
investigation of the time-resolved dynamics of electrons in
atoms and molecules.['3! In general, an attosecond pulsed
XUV light together with a synchronized infrared (IR) laser
pulse is employed to shine on atoms or molecules, and then
measure the photoions, photoelectrons, or the XUV photoab-
sorption spectrum. Especially, attosecond transient XUV ab-
sorption spectroscopy!*°! explores a delay-dependent pump-
probe scheme to investigate ultrafast electron dynamics down
to the subfemtosecond time scale, which provides very high
precision control of the delay time between them. Information
on the time-resolved dynamics can be extracted by adjusting
the time delay between the XUV and the IR pulses.

Recently, much effort has been made on the transient
absorption spectrum.[”~2%) It is demonstrated that attosecond
absorption spectrum varies as a function of the IR laser in-
tensity and the XUV-IR time delay. The shifting, splitting
and broadening of main absorption lines were observed, new
IR laser-induced absorption structures corresponding to mul-
tiphoton excitation of dipole-forbidden transitions were also

13-15] Bven several new features of subcycle oscilla-

observed.!
tions resulted from quantum interferences from different mul-
tiphoton excitation pathways were observed in the transient

absorption spectroscopy.!!?! Furthermore, Fano profile!>’! has
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been observed in several attosecond absorption spectrum stud-
ies carried for the doubly-excited states,!'®!! resonance line
shapes can be converted among the symmetric Lorentz, regu-
lar Fano, and inverted Fano shapes in the presence of a time-
delayed IR laser field.

For recent experimental research, ab initio solutions of
the time-dependent Schrodinger equation (TDSE) have also
been obtained. However, it is demonstrated that it is diffi-
cult to do full numerical simulation and understand attosec-
ond transient absorption spectrum (ATAS) experiments from
intuitive physics.['”! For this reason, most experiments were
interpreted more generally by exploring a three-level model
or other simplified systems to explain the dominant features

12.17.22] However, it is unclear whether the

of the experiments.
three-level model employed in the most studies can fully re-
produce the full information of the transient absorption spec-
trum, and what is the differences between them. These con-
siderations motivate the current work. In this paper, by em-
ploying three different kinds of three-level models, we inves-
tigate the attosecond transient absorption spectroscopy of he-
lium atoms and comparing among them. In our study, the ex-
cited states are populated by a single attosecond XUV pulse.
We study the initiated wave-packet oscillations under the in-
fluence of a moderately strong IR laser pulse with a controlled
time delay with respect to the XUV pump pulse, which tran-
siently induces spectral modifications and compare among dif-
ferent modeling.
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The paper is structured as follows. Section 2 is our theo-
retical models. The main results are presented and discussed
in Section 3. We draw our conclusions in Section 4. Atomic
units (a.u.) are used throughout the paper unless otherwise
specified.

2. Theoretical method
2.1. Three-level models

In the present paper, we choose the central frequency of
the attosecond XUV pulse in the vicinity of the singly ex-
cited states of the helium atom and well below the doubly ex-
cited states, thus the well-known single-active-electron (SAE)
approximation is valid. Under this assumption, the time-
dependent Schrodinger equation (TDSE), in the length gauge
with dipole approximation, can be written as

oW (1
220 (4 B0 0. n
where Hy = —%Vz — 1/r is the Hamiltonian of the system it-

self, = is the coordinate of the electron. The external field E(r)
is a superposition of an XUV pulse Ex (z,74) and an IR laser
pulse Ey (7). The pulses are linearly polarized in the same di-
rection and defined by

EX(tatd) — Exoe—(Zan)[(t+td>/TX]2 cos (Dx(t + [d)7 2)
it iz g

E)=1{ "
L= Erof(t)cosmpt, otherwise ,

respectively. Here, f(¢) = cos? (7t /7L) is the IR laser profile,
Exo and Ey are the electric-field amplitudes; wx and o, are
the central frequencies of the two pulses; 7x is the XUV pulse
duration defined as the full width at half maximum (FWHM)
and 7 are the IR laser full pulse duration; and 74 is the time
delay between the two pulses, and it is positive if the IR pulse
arrives after the XUV pulse.

~— time delay

Fig. 1. (color online) Three-level system configuration scheme of the
attosecond transient absorption spectroscopy.

The energy levels of helium atom can be obtained by solv-
ing the time-independent Schrodinger equation through the

generalized pseudospectral method.!?*! In order to understand
the physical mechanism and simplify the calculation, we con-
sider an three-level atomic system including the states |1s),
|2p), and |2s). In three-level model system, the ground state
[1), two excited states |2) and |3) stand for the states |1s), |2p)
and |2s) of helium atom, respectively (see Fig. 1). The dipole
transition is allowed between the states |1) and |2), |2) and
|3). For the helium atom, the energy difference A, between
the states |1) and |2) is 21.01 eV, the energy difference Ap3
between the states |2) and |3) is 0.82 eV. The dipole matrix
elements between the states |1) and |2) is D1, = 0.38 a.u. and
the dipole matrix elements between the states |2) and |3) is
Dy3 = 2.72 a.u., both of which are obtained by solving the
Schrodinger equation of helium atom. For the one-photon ab-
sorption process, because the ground state |1) is an even-parity
state, the atom can only be excited to odd-parity state |2) by the
attosecond XUV pulse. The even-parity states |3) is not occu-
pied after the XUV pulse excitation. The total time-dependent
wave function of the system can be written as

P(t)=Ci(t)e 1)+ Co(t)e & |2) +C3(t) e 1|3), (4)

where €] is the ground-state energy; & and &3 are the energy
of the excited states |2) and |3). Inserting the wave function
Y (t) into the TDSE (Eq. (1)), then

RS 0 Hp O G
ia G|=|H1 0 Hsz| |G|, )
C3 0 Hp O (]

Hj; and H3, are the complex conjugate of the Hj; and Hjs,
respectively.

Model (i) We consider the routinely used three-level
model?>>] and RWA is only used for the interaction between
system and IR laser, the fast oscillating term is neglected. In
this case, XUV pulse only couples the ground state |1) and
the excited state |2), IR pulse couples the two excited states
|2) and |3). Suppose their energy levels and the external fields
are arranged in such a way that the XUV is near resonance
between |1) and |2), then

Hiy = —e 412D Ex(t,1q), (6)
1.
Hy; = ) el Dy o f (1), @)

where 0,3 = @, — Aps.

Model (ii) We also consider the routinely used three-level
model,?>23] but the fast oscillating term is not neglected and
RWA is not used. In this case, XUV pulse also only couples
the ground state |1) and the excited state |2), IR pulse couples
the two excited states |2) and |3)

Hiy = —e 412D Ex(t,1q), (8)
Hyy = —e 5Dy (1). 9)

Model (iii) In the routinely used three-level model men-
tioned above, the IR laser influence on the ground state is not
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taken into account, and the RWA neglects the fast oscillating
term. In this model, we consider the IR effect on the ground
state, and all the coupling mechanism is taken into account.

Hiy = 7e_iA12tD12[EX(t,[d) +EL(I)]7 (10)
H23 _ —eiiAZﬁDz}[EX(t,td)+EL(I)]' (11)

2.2. Calculation of absorption cross section

In general, the transient absorption spectrum is used to
describe the atom response to the external field. The weak
XUV pulse induces a time-dependent dipole moment in the
atom dressed by the IR field, which in turn results in a dipole
emission that coherently contributes to the XUV field. For a
dilute gas, the relative change of the spectral intensity of the
XUYV pulse can be expressed in terms of an effective transient

absorption atomic cross section ¢ (), 2?7
d(w
o(w) = —4nowlm ~( ) , (12)
E(w)

where « is the fine structure constant, £(®) represents the
Fourier transformation of the XUV field, and d(®) denotes the
Fourier transformation of the time-dependent dipole moment

the time-dependent dipole moment d(¢)

d(t) = (P (@)|r[¥(1)). (13)

3. Results and discussion
3.1. A direct comparison between different models

In this section, we will discuss the differences among the
different models. In the calculation, the XUV pulse duration
of FWHM 1x = 200 attosecond (as), central photon energy

Population/10-6 arb. units

0 E|
—40 —20 0 20 40 60
Time/fs

ox = 21 eV, peak intensity is 10'© W/cm?. The IR laser peak
intensity is 10'> W/cm?, central photon energy @y is 0.6 eV.
The full pulse duration 7. of the IR pulse is 20 optical cycle (a
long IR laser with narrower bandwidth).

Firstly, we fixed the time delay between the XUV pulse
and the IR pulse as four optical cycle (about 27 fs), the XUV
pulse is centered at —27 fs and IR pulse is centered at O fs.
The XUV pulse excites the electron to the excited state |2)
from the ground state |1) by one-photon transition. We com-
pare the results based on different models. Figure 2 shows
the population and dipole moment based on different models,
when the atom interacts with the XUV pulse, state |2) is popu-
lated but state |3) still remains zero. As IR pulse comes, states
|2) and |3) are coupled and the Rabi cycling among them is
observed, after the interaction of the IR pulse, both of them
are populated. It is important to note that there are little oscil-
lations in Fig. 2(b) compared to Fig. 2(a), which attributed to
the fast oscillating term neglected in RWA. IR laser can lead
to the fast oscillation in the population of state |2) when the
XUV pulse and IR laser temporally overlaps, which is mainly
attributed to the IR laser coupling of state |2) and state |3).
However, there are no fast oscillations in Figs. 2(a) and 2(b),
compared with Fig. 2(c). The XUV pulse induces a fast os-
cillating dipole moment, as IR pulse interacts with the system,
the fast oscillating dipole moment is modified severely when
the XUV pulse and IR laser temporally overlaps, the dipole
moment in Figs. 2(d)-2(f) evolve in similar tendency, but there
are big differences compared with each other during the XUV
pulse and IR laser temporally overlaps. when the XUV pulse
and IR laser is turned off, the dipole moment does not exhibit
obvious differences among different models.

81(a)

—40 —20 0 20 40 60

Population/10~* arb. units

—40 —-20 0 20 40 60
Time/fs

Fig. 2. (color online) The population (a)—(c) and dipole moment (d)—(f) based on different models. (a) and (d) are based on model (i); (b) and

(e) are based on model (ii), (¢) and (f) are based on model (iii).
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16104 ) ]
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Photoabsorbtion/arb. units
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Fig. 3. (color online) Attosecond transient absorption spectroscopy of XUV
pulse, which are calculated from the dipole moment shown in Figs. 2(d)-2(f).
The insert is an enlarge of the photoabsorbtion spectrum.

As for the transient absorption spectrum, figure 3 shows
the same principal peak corresponding to the state |3) which
corresponds to the one-photon absorbtion process. However,
there are no side peaks in the model (i), but the side peaks
are observed in the cases based on the model (ii) and (iii),
it is demonstrated that the fast oscillating term neglected in
RWA plays an important role in the emergence of the side
peaks. Furthermore, the photoabsorbtion based on the model
(iii) shows more side peaks than the results based on the model
(ii) in the inserted figure, the side peaks at 21.6 eV and 22.8 eV
are only observed in the model (iii).

3.2. Attosecond transient absorption spectroscopy in the
presence of an IR laser

In this section, we will compare the photoabsorption
spectra based on different models in detail and discuss the
differences in the presence of an IR laser. The photoabsorp-
tion spectra of XUV light in three-level model versus time
delay between the XUV pulse and the IR laser are shown in
Fig. 4. The overall shape of the photoabsorption spectrum cor-
responding to the state |2) near 21 eV agrees very well among
the different models, but the interference structure misses in
Fig. 4(a). As can be seen in Fig. 4, for the case that the IR
pulse arrives before the XUV pulse, i.e., at large negative time
delays, the main absorbtion line corresponding to state |2) in
photoabsorption spectrum exhibits the same features and dis-
plays the characteristic Lorentz profiles as if there is only an
XUV pulse. By contrast, the main absorbtion line is strongly
modified in the presence of the IR pulse near temporal overlap
with the XUV pulse: a shifting, splitting and broadening of
the main absorption lines can be clearly observed when the IR
and XUV pulses overlap in time. This is induced by the strong
coupling of the excited states and multiple Rabi cycling be-
tween the states |2) and |3). For the case of large positive time
delays, the spectrum converges again to the XUV-only case.
Furthermore, the fringes around the main absorption lines can

also be observed. All of these agree very well with the recent
research.l!%14] However, when the XUV pulse and IR laser
temporally overlaps and IR laser behind the XUV pulse, the
region above and below the main absorbtion line, some stripes
and fast oscillations can be observed across the delay scan in
Figs. 4(b) and 4(c), which cannot be observed in Fig. 4(a).
This means the stripes and fast oscillations are contributed by
fast oscillating term neglected by the RWA. The fast oscillating
stripes below the main absorbtion line are stronger than that
above the main absorbtion line, which is mainly attributed to
the three-level model configuration through our multiple cal-
culation.

Photon energy/eV

—-60 O 60 —60 O 60 —-60 O
Time delay/fs

Fig. 4. (color online) Attosecond transient absorption spectroscopy of
XUV light in three-level system. (a), (b), and (c) are calculated based
the model (i), (ii), and (iii), respectively.

The absorbtion sideband corresponding to the line of
|2) £2ar, |3) & @, and |3) £ 3@ due to the dipole selec-
tion rule, is observed in Figs. 4(b) and 4(c). However, there
are more oscillating stripes in Fig. 4(c) (marked by the white
solid line) near 22.8 eV and 21.6 eV, which cannot be ob-
served in Fig. 4(b), which suggests that model (ii) neglects
some physical information and model (iii) seizes the basic
essence. The absorption spectroscopy are fourier transformed
along the time delay axis and shown in Fig. 5, the half-cycle
modulation frequency of 2@, (1.2 eV) are observed in both
Figs. 5(a) and 5(b) corresponding to the position of |2) 42y,
and |3) £ or, |3) £ 3w, even the 4@, (2.4 eV) Fourier fre-
quency is also observed. All of these are the same as reported
in Ref. [10]. Besides these Fourier frequencies, some new FFT
frequencies (0.45 eV, 1.65 eV) are observed in Fig. 5(b), but
we cannot observe them in Fig. 5(a). In order to understand
these frequency, we transformed the states population based on
the model (iii) along the time axis by FFT. Obviously, there are
complicated frequency distribution in the population FFT fre-
quency when the IR dressing effect between the ground state
[1) and the state |2) is taken into account, and the multiple
frequency mixture induces the oscillating stripes in Fig. 4(c)
(marked by the white solid line) near 22.8 eV and 21.6 eV,
and the FFT frequencies (0.45 eV, 1.65 eV) reflect the results
displayed in Fig. 6.
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Photon energy/eV

0 1.0 2.0 3.0

0

LT
o
[e=]

1.0 2.0 3.0

Fourier frequency/eV

Fig. 5. (color online) Fourier transformation of attosecond transient absorption spectroscopy along the time delay axis. (a) and (b) are

the results based on Figs. 4(b) and 4(c), respectively.

103
10—
3

105

Amplitude

10-6

107
19

Frequency/eV

Fig. 6. (color online) Fourier transformation of population based on
model (iii).

4. Conclusion

In this paper, time-resolved transient absorption spec-
troscopy of helium atoms are studied by numerically solving
the time-dependent Schrodinger equation (TDSE) numerically
based on three-level modeling. The atom is subjected to an
XUV pulse and a time-delayed IR laser, we find that three-
level model with rotating-wave approximation (RWA) only
demonstrates the main absorbtion line corresponding to the
one-photon absorbtion process, but can not repeat the fast os-
cillation structure observed in previous experimental measure-
ments. Three-level model without RWA can show the main
features observed in the previous studies, but lost some dress-
ing effect by the IR laser, However, the photoabsorption spec-
trum based on our modified three-level model (including IR
effect on ground state) exhibits more interferences induced by
the multiple frequencies mixture. All of these may provide
helpful understanding for the XUV absorption spectroscopy.
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