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We demonstrate an all-optical method for time-domain characterization of ultrashort optical pulses
using nonionizing lasers. A moderately intense laser pulse couples the doubly excited states of helium
and induces the ac Stark effect. A synchronized weak signal field perturbs the coupling process and alters
the quasienergies of the dressed atom, upon which the carrier oscillation of the signal field is encoded.
The nonionizing lasers used in current approach minimize plasma-induced pulse distortion and provide a
complementary detection scheme for effective and reliable optical oscilloscope.
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I. INTRODUCTION

The development of femtosecond pulses together with
the attosecond pulses produced by them makes it possi-
ble for one to go into detail about the electron dynamics
of atoms, molecules, and solids [1,2]. Nowadays, most
ultrafast optics laboratories have the ability to generate
ultrashort near-infrared (NIR) laser pulses, the electric
fields of which only oscillate four or five times during the
whole pulse duration. Therefore, their temporal structure is
crucial for the detection and control of electron dynamics
[3-6].

However, the upper limit of the sampling frequency of
modern detectors based on electronics is of the order of
gigahertz due to the limitations of their working principle
[7] and many approaches have been developed to diagnose
the temporal structure of optical pulses. The simplest auto-
correlation method only gives limited information about
the pulse envelope [8]. Frequency-domain measurements
are most commonly used for broadband pulse characteriza-
tion, including frequency-resolved optical gating (FROG)
[9], spectral-phase interferometry for direct electric field
reconstruction (SPIDER) [10], and all their variants [11,
12]. But these methods require all the reflecting and trans-
mitting optical components to have ultrabroad bandwidths
and at the same time large phase-matching bandwidths
of the nonlinear medium are needed. The dispersion-scan
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(d-scan) technique can be performed with more simpli-
fied devices compared to FROG and SPIDER, but it relies
on complicated reconstruction algorithms [13,14]. With
the invention of high-harmonic-based attosecond pulses,
direct time-domain measurement of the electric field of
an optical pulse becomes possible. Photoelectron spec-
troscopy such as the attosecond streak camera is a reliable
way of directly measuring the vector potential of the elec-
tric field [15—17]. Compared to all-optical approaches,
it normally requires sophisticated particle-detection tech-
niques and the data acquisition can be time consuming in
order to avoid the space-charge effect. Recently, all-optical
approaches based on perturbed high-harmonic generation
(HHG) have been demonstrated to successfully recon-
struct the waveform of an optical pulse [18-21]. However,
HHG is a strong-field process accompanied by laser-driven
plasma, which may distort the waveform of the electric
field that passes through [22,23]. Thus care has to be taken
to minimize this propagation effect on the signal pulse that
is to be measured.

Here, we demonstrate an all-optical method for direct
time-domain measurement of the electric field oscillations
based on the EUV absorption spectrum of laser-dressed
atoms. The current scheme utilizes nonionizing lasers
to induce the ac Stark effect in the helium atom. By
interrogating the quasienergies of the laser-dressed atom
using EUV attosecond pulses, the waveform of an opti-
cal pulse can be precisely diagnosed. The nonionizing
lasers used in the current approach minimize the plasma-
induced pulse distortion that is generally encountered in
strong-field-based schemes, providing a reliable approach
for waveform sampling in the optical domain.

© 2020 American Physical Society
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II. PRINCIPLE OF OPTICAL-WAVEFORM
SAMPLING

Figure 1 shows the principle of the time-domain
waveform-sampling method. A moderately intense driv-
ing pulse (DP) couples the energy levels and induces the
ac Stark effect in the N =2 Rydberg series of helium
atoms. When the coupling condition is resonant, where the
frequency of the laser field coincides with a two-level tran-
sition, each individual energy of the bare atom splits into
two components, this being known as Autler-Townes (AT)
splitting [24]. When the coupling is nonresonant, the ener-
gies of the bare atom experience a shift, termed the ac Stark
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FIG. 1. A schematic diagram of the optical-waveform-

sampling method. (a) The experiment is using a three-pulse
configuration. The EUV pulse is phase locked with the DP. The
SP is combined with the DP using an annular mirror and delayed
by a high-precision delay stage. All three pulses are copropagat-
ing and are focused into a helium-filled gas target. The absorption
spectrum is analyzed with an EUV spectrometer. (b) A typical
two-dimensional (2D) EUV spectrum taken using a charged-
coupled device (CCD) camera and (c) the spectrum lineout by
integrating the vertical axis, while the gray dashed lines represent
the energies of the undressed 2s2p and sp, 35 states. (d) With-
out the perturbing SP, the helium 2s2p shows an AT-splitting
absorption profile (solid lines). When a relatively weak SP is
introduced, the AT-splitting feature is perturbed and depends
sensitively on the arrival time of the signal pulse (dashed lines).
(e) A simulated helium 2s2p transient absorption spectrogram
using the few-level model. The energy shift of the individual
AT-splitting peak resembles the incident SP waveform (black
solid line).

shift [25]. These aforementioned laser-dressed atomic lev-
els are detectable when a broadband EUV attosecond pulse
or attosecond pulse train is illuminated on the laser-atom
combined system [4,26]. Figure 1(b) shows the typical
transmitted EUV spectrum of a helium atom dressed by
the NIR field. The bifurcation of the 2s2p peak around 60
eV results from the near-resonant laser coupling between
the 2s2p and 2p? states and is a typical AT-splitting
feature. Other high-lying bright states above 63 eV are
off resonance with any intermediate dark states and thus
mainly experience the nonresonant ac Stark shift. As is
demonstrated by Chini et al, the transient absorption
spectrum can successfully capture the subcycle ac-Stark-
shifted energy, i.e., the transient quasienergy of the dressed
atom, when the EUV attosecond pulse is phase locked
with the DP [26]. In this case, the EUV pulse is acting
as a fast probe to access the instantaneous intensity of the
dressing field. In the single-NIR pulse configuration, the
laser-induced energy shift is either proportional to the laser
intensity (the ac Stark shift) or proportional to the envelope
of the electric field of the NIR pulse (AT splitting). None
of these absorption features shows clear correspondence
to the oscillating electric field of a laser pulse. Therefore,
the regular attosecond transient absorption spectroscopy
(ATAS) experiment using a single laser pulse is not suit-
able for direct time-domain sampling of an electric field.
If an additional weak signal pulse (SP) is introduced to
overlap with the DP, it perturbs the waveform of the DP
slightly and induces an observable shift of the quasiener-
gies, as shown schematically in Fig. 1(d). The position
of the shifted quasienergy depends sensitively on the rel-
ative delay between the SP and the DP-EUV pulse pair.
According to our theoretical derivation, for both resonant
and nonresonant coupling conditions, the delay-dependent
energy shift induced by the SP can be written as follows
(for further details, see the Supplemental Material [27—30])

SE(t) o< Ex(ty — 1) cos [wa(ty — T) +5(tg — T) — ol .
(1)

The incident SP electric field is & (¢) cos [wof + s(£)], with
& (1), wy and s(¢) representing the time-dependent enve-
lope, the central frequency, and the arbitrary temporal
phase, respectively. #y is a time offset with respect to the
peak of the DP and is mainly determined by the envelope
of the DP [27]. Equation (1) indicates that the energy shift
induced by the SP is a direct mapping of the waveform of
the SP, except that an artificial phase offset ¢y = w7 is
introduced, where w; is the central frequency of the DP.
To confirm the validity of Eq. (1), we perform a numeri-
cal simulation using a few-level model incorporating the
autoionizing process in helium doubly excited states [4].
The calculated results show that the shifted quasienergy
has an excellent resemblance to the waveform of the signal
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pulse, indicating a proof-of-principle demonstration of an
optical oscilloscope using a nonionizing laser field.

III. RESULTS

A. Sampling experiments

The experiment is carried out using a three-pulse config-
uration as shown in Fig. 1(a). The NIR pulse produced by
a 25-fs 800-nm titanium:sapphire amplifier is sent into a
neon-filled hollow-core fiber for spectral broadening (span
from 550 nm to 950 nm) and is compressed down to 7 fs
using broadband chirped mirrors. A broadband 50:50 beam
splitter splits the few-cycle laser pulse. The transmitted
beam is then used to produce an EUV pulse via HHG.
Temporally, the EUV pulse is a pulse-train structure con-
sisting of several equally spaced attosecond bursts. The
residual laser pulse copropagating with the EUV pulse
is acting as the DP. The reflected beam is acting as the
weak SP and recombines with the DP-EUV pulse pair via
an annular mirror. The DP and the EUV pulse are phase
locked, while the relative time between the DP and the
SP can be adjusted precisely by a piezoelectric transducer
with attosecond precision. The three pulses are focused
into the helium-filled gas target (gas pressure 26.2 mbar).
The residual DP and SP are filtered out by an aluminum
foil. The EUV spectrum is analyzed with a high-resolution
spectrometer that is composed of a flat-field grating and a
CCD camera.

The experimental results are presented in Fig. 2. For
each delay, the spectrum is accumulated for 1500 laser
shots. The relative optical density (AOD) is evaluated
from the measured spectra following the method in [31].
A reference spectrum is obtained by low-pass Fourier
filtering the transmitted spectra. In this way the calcu-
lated absorption cross section represents the absorption
with respect to the non-resonant continuum background.
This reduced presentation of the absorption is enough for
this optical-wave-sampling experiment, because the con-
tinuum absorption background has a negligible effect on
the position of absorption or emission peaks. The delay
step size is 400 as and is sufficient to sample the oscillation
pattern of the SP with an approximately 700-nm central
wavelength (with an approximately 2.4-fs period).

To get a visible splitting of the 2s2p state, we adjust
the intensity of the DP to about 3 x 10'> W/cm?, leading
to a splitting of about 0.3 eV. The intensity of the SP is
required to be much weaker than that of the DP to make the
shifts of the energy levels proportional to the electric field
of the SP. If the SP intensity is too high, i.e., comparable to
the DP intensity, the higher-order term proportional to the
intensity of the SP will be non-negligible and the energy
shift can no longer correctly reflect the waveform of the
SP [27]. In addition, the quantum-interference fringes due
to multipath interference will be more profound, hindering
the correct reconstruction of the SP electric field. On the

65.5

I St e
B 64.5 R e A — P,
3
9 635 = Paar
w ! A0D EEE_—mm
R e
615 —‘]O O 1.0 2.0 30
B 60.5
= 2s2p
o
2 595F
w +p=
585 e — e — i B e e it f
-10 0 10 20 30
Delay (fs)
-1 r r T T T T
% 2 — Spectrum (d) 2s2p = SPy. SPy4e
2 5 —FT — Filtered sp,,, - Calculated sp,,,
S 2 z 1
<% S50
- s, YNV
® 63 S5 -0 5 0 5 10
> - 1 T
> 2 e) . A
g 61 50 ()\_.'\, .
11} £ X
59 < -1 .

15 -10 -5 0 5 10
o 1 2 3 4 Delay (fs)
Fourier frequency (eV)

FIG. 2. The experimental results and analysis. (a),(b) The rel-
ative optical density (AOD) of the EUV pulse as a function
of the time delay for two different photon-energy ranges corre-
sponding to the ac Stark shift of sp,,4+ (n = 3,4...) states (a)
and AT splitting of the 2s2p state (b). A positive delay means
that the EUV pulse is preceding the SP. The black line is the
centroid of the 252p upper-splitting absorption structure and the
yellow lines represent the position of the laser-dressed sps 4
states. (c) The Fourier transform (FT) of the transient absorp-
tion spectrogram along the delay axis. The red curve at the top
is the experimentally measured SP spectrum. The blue curve
is the Fourier-transform lineout integrated from 63.48 to 63.89
eV of the 2D FT spectrogram. (d) The extracted center of the
2s2p upper-splitting structure, sps 3+, sp24+, and filtered sp; 3.
(e) The retrieved SP waveform from the laser-dressed sp; 3
energy when the SP is overcompensated with 0.4 mm of fused
silica (solid line) and the calculated waveform.

other hand, the SP should be intense enough for an acces-
sible signal-to-noise ratio. Considering these, the intensity
of the SP is set to be approximately 2 x 10! W/cm?.
The energies of the sp, 34 and spy 44 states oscillate with
a time delay within the SP duration—even oscillation of
the sp, s+ state can be observed [Fig. 2(a)]. The absorp-
tion feature corresponding to the 2s2p state splits into two
parts and the energy of the upper part oscillates with a time
delay [Fig. 2(b)]. The oscillations of the positions of the
quasienergies observed in Figs. 2(a) and 2(b) have a com-
mon period of about 2.4 fs, corresponding to a roughly
700-nm central frequency, which is consistent with the
measured spectrum of the SP. A hyperbolic line structure
in the vicinity of the 2s2p absorption is clearly observed
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for positive delays [Fig. 2(b)]. This is attributed to the
multipath-interference phenomena [32—34].

Figure 2(c) shows the Fourier transform of Figs. 2(a)
and 2(b) along the delay axis. The 2s2p and sp, 3, states
have a Fourier frequency range from 1.4 to 2 eV. The
dashed line in Fig. 2(c) intersects with the energy axis
at 62.06 eV, which is the energy of the 2p? state. This
confirms that the hyperbolic line structure on the splitting
structure of the 2s52p state in Fig. 2(b) indeed comes from
the population transfer of the 2p? state. The experimentally
measured spectrum of the SP shows a good correlation
with the Fourier frequency of the absorption peaks, as
shown in Fig. 2(c). Figure 2(d) depicts the extracted energy
oscillations of the 2s2p and spy .+ (n = 3,4 .. .) states. The
relative intensity of the upper and lower parts of the AT
splitting is determined by the detuning of the DP wave-
length with respect to the 2s2p-2p? transition energy [34].
In the experiment, the upper part is stronger and pos-
sesses a better signal-to-noise ratio; therefore the upper
part is chosen for analysis. All extracted oscillations pos-
sess a similar waveform, oscillating a few times within the
main pulse duration. The extracted oscillations from high-
lying Rydberg sp, .+ (n = 3,4 ...) states are more reliable
as compared to that of the 2s2p state by excluding the
multipath-interference effect. A band-pass filter is used to
select the frequency range of the SP spectrum from 500 nm
to 1000 nm and the filtered energy oscillation of the sp; 34
state can most accurately reflect the electric field waveform
of the SP. To further verify the validity of our sampling
method, we change the waveform by reducing the thick-
ness of the fused silica by 0.4 mm in the SP beam path,
so that the signal pulse is elongated and carries a chirp.
The calculated and measured waveforms are depicted in
Fig. 2(e), which shows good agreement over the main part
of the pulse duration. It should be noted that the laser that
we use in the experiment is carrier-envelope-phase (CEP)
unstabilized. Following the three-step model [35,36], the
attosecond pulses are emitted at a specific phase of the
driver due to its generation mechanism, i.e., the attosec-
ond pulse is locked to the carrier of the driving field even
though the CEP varies from laser shot to laser shot. This
is actually essential for direct time-domain sampling of the
oscillating carrier of the SP. Our numerical analysis shows
that in case of a CEP-unstabilized laser, the current method
can still precisely measure the carrier of the laser field, with
the envelope information averaged (for further details, see
the Supplemental Material [27,37]).

B. Simulations for AT splitting

To test the generality of the current method, we inves-
tigate the perturbed AT splitting of the 2s2p state using
the few-level model (for further details, see the Supple-
mental Material [27]) for a signal pulse with different
waveforms. In the calculation, the central photon energy

of the DP is set to 1.97 eV in order to be slightly blue
detuned to the 2s2p-2p? transition energy. In this case, the
simulated result shows an asymmetric AT-splitting struc-
ture, with the upper component more profound [Fig. 3(a)],
which is similar to the experimentally observed absorp-
tion spectrogram in Fig. 2(b). The EUV attosecond pulses
are synchronized with the electric field of the DP, as
predicted by the three-step HHG model [35,36]. Consid-
ering the depletion of the ground state of argon during
harmonic generation, the attosecond pulses are generated
mainly at the leading edge of the driving pulse [38,39]. We
perform the numerical simulation of attosecond pulses pro-
duced by the driving field. The simulation results show that
the dominant attosecond peak is produced about an optical
cycle before the peak of the driving field [27]. Therefore,
for convenience, we assume that the EUV pulse arrives
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FIG. 3. A few-level model simulation of the AT splitting. (a) a

2D transient absorption spectrogram, with the horizontal axis
representing the delay between the SP and the DP. In the sim-
ulation, the EUV pulse arrives 2.5 fs before the DP and the
630-nm DP has a pulse duration of 6.5 fs and an intensity of
3 x 102 W/cm?. (b)~(e) Extracted pulses (EPs) by calculating
the center of mass of the upper part of the AT-splitting structure
(orange solid lines) as compared with the incident SPs (green
solid lines) when different signal pulses are used. (b) The pulse
duration of the SP is 4 fs and the central wavelength is 700 nm.
(c) The pulse duration of the SP is 4 fs and the central wave-
length is 400 nm. (d) Similar to (b) but with a temporal chirp. (e)
The pulse duration of the SP is 3 fs and the central wavelength is
700 nm.
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2.5 fs before the DP, to mimic the experimental conditions.
Our numerical simulations also show that choosing values
other than 2.5 fs does not affect the successful reconstruc-
tion of the waveform of the SP. Figures 3(b)-3(e) show
the extracted oscillation of the central energy of the 2s2p
absorption feature perturbed by the SP with four different
waveforms. The central energy is obtained by calculating
the weighted average of the upper part of the AT-splitting
structure (from 60.1 eV to 60.7 eV). The good agreement
between the extracted oscillation and the electric field of
the SP indicates that the current scheme is a robust and
reliable way of reconstructing a weak optical-signal pulse
with arbitrary waveforms.

C. Simulations for the ac Stark shift

Both the analytical formula of Eq. (1) and the exper-
imental measurement show that the absorption profiles
of nonresonant Stark-shifted energy levels are also good
candidates for waveform sampling. A two-electron time-
dependent Schrodinger equation (TDSE) with reduced
dimension is used to simulate the perturbed ac Stark shift
of'the helium N = 2 Rydberg series (for further details, see
the Supplemental Material [27,40]). The model is already
successfully used to get the absorption spectrum when the
atom interacts with the combination of an EUV pulse and a
NIR pulse in an attosecond pump-probe configuration [4].
The central wavelength of the DP is far from the resonant
condition in the simulation; thus the doubly excited states
manifold mainly undergoes the ac Stark shift. The results
of the TDSE simulation are shown in Fig. 4. The oscilla-
tions of the 252p, sp 34, and sp; 4+ energies are identical to
the electric field of the original input signal pulse, proving
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FIG.4. The results of the two-electron TDSE model simulation
for the ac Stark shift. (a) The simulated effective atomic absorp-
tion cross section o (w) (in a.u.) as a function of the time delay
and the photon energy. The extracted pulse (EP) compared to the
incident SP, extracted from the (b) 252p, (c) sp2 3+, and (d) sp2.4+
states.

the validity of the waveform-sampling method based on
the perturbed nonresonant ac Stark shift.

IV. DISCUSSION

We demonstrate that ultrafast EUV absorption spec-
troscopy using nonionizing lasers can be used to perform
direct time-domain measurement of the waveform of an
ultrashort optical pulse. By tuning the atomic energy struc-
ture using the ac Stark effect and probing the quasienergy
with an EUV absorption spectrum, the waveform of a peta-
hertz electromagnetic field can be accurately detected. The
validity of the method is verified by numerical simula-
tions. Although the numerical analyses shown in Figs. 3
and 4 are carried out with an isolated attosecond pulse as
a fast probe, the use of an attosecond pulse train instead
should not alter the conclusion, due to the fact that the
EUV pulse is a weak perturbative probe [4]. Our calcu-
lation confirms that the waveform-sampling method is still
feasible when an EUV attosecond pulse train is utilized
(see the Supplemental Material [27]), therefore providing
a reliable approach to the development of an optical oscil-
loscope. It is worth noting that small oscillations still exist
and persist for a much longer duration in the extracted
waveform, as shown in Fig. 3. This is due to the laser-
induced 2p?-to-2s2p population transfer and is the main
error of the current method. This error can be potentially
eliminated by using a noncollinear geometry, in which
the SP intersects with the DP at a small angle and the
population-transfer-induced wave-mixing signal travels in
a different direction compared to the EUV pulse [41]. This
will also be the focus of future work in order to improve
the waveform-sampling method presented here.

ACKNOWLEDGMENTS

This research was supported by the National Key
Research and Development Program under Grant No.
2017YFE0116600, the National Natural Science Foun-
dation of China under Grants No. 11774111 and No.
91950202, the Fundamental Research Funds for the Cen-
tral Universities under Grant No. 2017KFYXJJ142, and
the International Cooperation program of the Hubei Inno-
vation Fund under Grant No. 2019AHB052.

[1] T. Brabec and F. Krausz, Intense few-cycle laser fields:
Frontiers of nonlinear optics, Rev. Mod. Phys. 72, 545
(2000).

[2] F. Krausz and M. Ivanov, Attosecond physics, Rev. Mod.
Phys. 81, 163 (2009).

[3] E. Goulielmakis, Z.-H. Loh, A. Wirth, R. Santra, N.
Rohringer, V. S. Yakovlev, S. Zherebtsov, T. Pfeifer, A. M.
Azzeer, M. F. Kling, S. R. Leone, and F. Krausz, Real-time
observation of valence electron motion, Nature (London)
466, 739 (2010).

014032-5


https://doi.org/10.1103/RevModPhys.72.545
https://doi.org/10.1103/RevModPhys.81.163
https://doi.org/10.1038/nature09212

KANG MI et al.

PHYS. REV. APPLIED 13, 014032 (2020)

[4] C. Ott, A. Kaldun, L. Argenti, P. Raith, K. Meyer, M.
Laux, Y. Zhang, A. Blittermann, S. Hagstotz, T. Ding, R.
Heck, J. Madroero, F. Martn, and T. Pfeifer, Reconstruction
and control of a time-dependent two-electron wave packet,
Nature (London) 516, 374 (2014).

[5] X. Huang, Q. Zhang, S. Xu, X. Fu, X. Han, W. Cao, and
P. Lu, Coulomb focusing in retrapped ioinization with near-
circularly polarized laser field, Opt. Express 27, 38116
(2019).

[6] J. Liang, Y. Zhou, J. Tan, M. He, Q. Ke, Y. Zhao, M. Li,
W. Jiang, and P. Lu, Low-energy photoelectron interference
structure in attosecond streaking, Opt. Express 27, 37736
(2019).

[7] F.Krausz and M. I. Stockman, Attosecond metrology: From
electron capture to future signal processing, Nat. Photonics
8,205 (2014).

[8] J. Chung and A. M. Weiner, Ambiguity of ultrashort pulse
shapes retrieved from the intensity autocorrelation and the
power spectrum, IEEE J. Sel. Top. Quantum Electron. 7,
656 (2001).

[9] D. J. Kane and R. Trebino, Characterization of arbitrary
femtosecond pulses using frequencyresolved optical gating,
IEEE J. Quantum Electron. 29, 571
(1993).

[10] C. Iaconis and I. A. Walmsley, Spectral phase interfer-
ometry for direct electric-field reconstruction of ultrashort
optical pulses, Opt. Lett. 23, 792 (1998).

[11] A. Baltuska, M. S. Pshenichnikov, and D. A. Wiersma,
Second-harmonic generation frequency-resolved optical
gating in the single-cycle regime, IEEE J. Quantum Elec-
tron. 35, 459 (1999).

[12] J. R. Birge, R. Ell, and F. X. Kértner, Two-dimensional
spectral shearing interferometry for few-cycle pulse char-
acterization, Opt. Lett. 31, 2063 (2006).

[13] M. Miranda, T. Fordell, C. Arnold, A. L’Huillier, and
H. Crespo, Simultaneous compression and characterization
of ultrashort laser pulses using chirped mirrors and glass
wedges, Opt. Express 20, 688 (2012).

[14] M. Miranda, C. L. Arnold, T. Fordell, F. Silva, B. Alonso,
R. Weigand, A. L’Huillier, and H. Crespo, Characteriza-
tion of broadband few-cycle laser pulses with the d-scan
technique, Opt. Express 20, 18732 (2012).

[15] J. Itatani, F. Quéré, G. L. Yudin, M. Y. Ivanov, F. Krausz,
and P. B. Corkum, Attosecond Streak Camera, Phys. Rev.
Lett. 88, 173903 (2002).

[16] E. Goulielmakis, M. Uiberacker, R. Kienberger, A. Bal-
tuska, V. Yakovlev, A. Scrinzi, T. Westerwalbesloh,
U. Kleineberg, U. Heinzmann, M. Drescher, and F. Krausz,
Direct measurement of light waves, Science 305, 1267
(2004).

[17] Y. Mairesse and F. Quéré, Frequency-resolved optical gat-
ing for complete reconstruction of attosecond bursts, Phys.
Rev. A 71, 011401 (2005).

[18] K. T. Kim, C. Zhang, A. D. Shiner, B. E. Schmidt, F.
Lgar, D. M. Villeneuve, and P. B. Corkum, Petahertz optical
oscilloscope, Nat. Photonics 7, 958 (2013).

[19] A. S. Wyatt, T. Witting, A. Schiavi, D. Fabris, P. Matia-
Hernando, I. A. Walmsley, J. P. Marangos, and J. W. G.
Tisch, Attosecond sampling of arbitrary optical waveforms,
Optica 3, 303 (2016).

[20] P.Carpeggiani, M. Reduzzi, A. Comby, H. Ahmadi, S. Khn,
F. Calegari, M. Nisoli, F. Frassetto, L. Poletto, D. Hoff,
J. Ullrich, C. D. Schrter, R. Moshammer, G. G. Paulus,
and G. Sansone, Vectorial optical field reconstruction by
attosecond spatial interferometry, Nat. Photonics 11, 383
(2017).

[21] Z. Yang, W. Cao, X. Chen, J. Zhang, Y. Mo, H. Xu, K. Mi,
Q. Zhang, P. Lan, and P. Lu, All-optical frequency resolved
optical gating for isolated attosecond pulse reconstruction,
Opt. Lett. 45, 567 (2020).

[22] M. Geissler, G. Tempea, A. Scrinzi, M. Schniirer, F. Krausz,
and T. Brabec, Light Propagation in Field-Ionizing Media:
Extreme Nonlinear Optics, Phys. Rev. Lett. 83, 2930
(1999).

[23] M. B. Gaarde and K. J. Schafer, Generating single attosec-
ond pulses via spatial filtering, Opt. Lett. 31, 3188
(2000).

[24] S. H. Autler and C. H. Townes, Stark effect in rapidly
varying fields, Phys. Rev. 100, 703 (1955).

[25] N. B. Delone and V. P. Krainov, AC Stark shift of atomic
energy levels, Sov. Phys. Usp. 42, 669 (1999).

[26] M. Chini, B. Zhao, H. Wang, Y. Cheng, S. X. Hu, and
Z. Chang, Subcycle ac Stark Shift of Helium Excited States
Probed with Isolated Attosecond Pulses, Phys. Rev. Lett.
109, 073601 (2012).

[27] See the Supplemental Material at http://link.aps.org/supp
lemental/10.1103/PhysRevApplied.13.014032 for more
details about the analytical derivation of the energy shift
caused by the signal, the few-level model for AT-splitting
simulation, the TDSE model for the perturbed ac Stark
shift, waveform sampling using an attosecond pulse train,
samplings of the complex electric field structure, samplings
of the complex temporal phase, and sampling by means of
using a CEP-unstabilized laser.

[28] B. H. Bransden and C. J. Joachain, Physics of Atoms and
Molecules (Pearson, Harlow, 2003), 2nd ed., Chap. 9.

[29] M. B. Gaarde, C. Buth, J. L. Tate, and K. J. Schafer, Tran-
sient absorption and reshaping of ultrafast XUV light by
laser-dressed helium, Phys. Rev. A 83, 013419 (2011).

[30] M. Wu, S. Chen, S. Camp, K. J. Schafer, and M. B.
Gaarde, Theory of strong-field attosecond transient absorp-
tion, J. Phys. B 49, 062003 (2016).

[31] C. Ott, A. Kaldun, P. Raith, K. Meyer, M. Laux, J. Evers,
C. H. Keitel, C. H. Greene, and T. Pfeifer, Lorentz meets
Fano in spectral line shapes: A universal phase and its laser
control, Science 340, 716 (2013).

[32] S. Chen, M. Wu, M. B. Gaarde, and K. J. Schafer, Laser-
imposed phase in resonant absorption of an isolated attosec-
ond pulse, Phys. Rev. A 88, 033409 (2013).

[33] S. Chen, M. Wu, M. B. Gaarde, and K. J. Schafer, Quantum
interference in attosecond transient absorption of laser-
dressed helium atoms, Phys. Rev. A 87, 033408 (2013).

[34] M. Chini, X. Wang, Y. Cheng, and Z. Chang, Resonance
effects and quantum beats in attosecond transient absorption
of helium, J. Phys. B 47, 124009 (2014).

[35] P. B. Corkum, Plasma Perspective on Strong Field Multi-
photon Ionization, Phys. Rev. Lett. 71, 1994 (1993).

[36] M. Lewenstein, P. Balcou, M. Y. Ivanov, A. L’Huillier, and
P. B. Corkum, Theory of high-harmonic generation by low-
frequency laser fields, Phys. Rev. A 49, 2117 (1994).

014032-6


https://doi.org/10.1038/nature14026
https://doi.org/10.1364/OE.27.038116
https://doi.org/10.1364/OE.27.037736
https://doi.org/10.1038/nphoton.2014.28
https://doi.org/10.1109/2944.974237
https://doi.org/10.1109/3.199311
https://doi.org/10.1364/OL.23.000792
https://doi.org/10.1109/3.753651
https://doi.org/10.1364/OL.31.002063
https://doi.org/10.1364/OE.20.000688
https://doi.org/10.1364/OE.20.018732
https://doi.org/10.1103/PhysRevLett.88.173903
https://doi.org/10.1126/science.1100866
https://doi.org/10.1103/PhysRevA.71.011401
https://doi.org/10.1038/nphoton.2013.286
https://doi.org/10.1364/OPTICA.3.000303
https://doi.org/10.1038/nphoton.2017.73
https://doi.org/10.1103/PhysRevLett.83.2930
https://doi.org/10.1364/OL.31.003188
https://doi.org/10.1103/PhysRev.100.703
https://doi.org/10.1070/PU1999v042n07ABEH000557
https://doi.org/10.1103/PhysRevLett.109.073601
http://link.aps.org/supplemental/10.1103/PhysRevApplied.13.014032
https://doi.org/10.1103/PhysRevA.83.013419
https://doi.org/10.1088/0953-4075/49/6/062003
https://doi.org/10.1126/science.1234407
https://doi.org/10.1103/PhysRevA.88.033409
https://doi.org/10.1103/PhysRevA.87.033408
https://doi.org/10.1088/0953-4075/47/12/124009
https://doi.org/10.1103/PhysRevLett.71.1994
https://doi.org/10.1103/PhysRevA.49.2117

PERTURBED AC STARK EFFECT...

PHYS. REV. APPLIED 13, 014032 (2020)

[37]

[38]

[39]

T. Wittmann, B. Horvath, W. Helml, M. G. Schitzel, X. Gu,
A. L. Cavalieri, G. G. Paulus, and R. Kienberger, Single-
shot carrier-envelope phase measurement of few-cycle laser
pulses, Nat. Phys. 5, 357 (2009).

D. G. Lappas and A. L’Huillier, Generation of attosecond
xuv pulses in strong laser-atom interactions, Phys. Rev. A
58, 4140 (1998).

W. Cao, P. Lu, P. Lan, X. Wang, and G. Yang, Single-
attosecond pulse generation with an intense multicycle
driving pulse, Phys. Rev. A 74, 063821 (2006).

[40]

[41]

014032-7

Z. Q. Yang, D. F. Ye, T. Ding, T. Pfeifer, and L. B.
Fu, Attosecond XUV absorption spectroscopy of doubly
excited states in helium atoms dressed by a time-delayed
femtosecond infrared laser, Phys. Rev. A 91, 013414
(2015).

W. Cao, E. R. Warrick, A. Fidler, D. M. Neumark, and S. R.
Leone, Noncollinear wave mixing of attosecond XUV and
few-cycle optical laser pulses in gas-phase atoms: Toward
multidimensional spectroscopy involving XUV excitations,
Phys. Rev. A 94, 053846 (2016).


https://doi.org/10.1038/nphys1250
https://doi.org/10.1103/PhysRevA.58.4140
https://doi.org/10.1103/PhysRevA.74.063821
https://doi.org/10.1103/PhysRevA.91.013414
https://doi.org/10.1103/PhysRevA.94.053846

	I. INTRODUCTION
	II. PRINCIPLE OF OPTICAL-WAVEFORM SAMPLING
	III. RESULTS
	A. Sampling experiments
	B. Simulations for AT splitting
	C. Simulations for the ac Stark shift

	IV. DISCUSSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


