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Photoionization time delays have been studied in many streaking experiments in which an attosecond pulse is used to
ionize the atomic or solid state target in the presence of a dressing infrared laser field. Among the methods of extracting
the time delay from the streaking spectrogram, the simplest one is to calculate the first moment of the spectrogram and
to measure its offset relative to the vector potential of the infrared field. The first moment method has been used in many
theoretical simulations and analysis of experimental data, but the meaning of this offset needs to be investigated. We
simulate the spectrograms and compare the extracted time delay from the first moment with the input Wigner delay. In
this study, we show that the first moment method is valid only when the group delay dispersions corresponding to both the
spectral phase of the attosecond pulse and the phase of the single-photon transition dipole matrix element of the target are
small. Under such circumstance, the electron wave packet behaves like a classical particle and the extracted time delay
can be related to a group delay in the photoionization process. To avoid ambiguity and confusion, we also suggest that the
photoionization time delay be replaced by photoionization group delay and the Wigner time delay be replaced by Wigner
group delay.

Keywords: photoionization time delay, strong laser field, attosecond science, first moment
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1. Introduction

With the advent of attosecond pulse trains (APT)[1] and

isolated attosecond pulses (IAP)[2–4] since 2001, attosec-

ond pulses have been used to initiate photoionization of

atoms,[5–21] molecules,[22–26] and condensed materials.[27–32]

The goal is that the attosecond electron wave packets gener-

ated can then be probed by another attosecond pulse with dif-

ferent time delays, therefore electron dynamics can be probed

at attosecond timescale. This has not been possible so far,

thus the “probe” is usually a moderately intense infrared laser.

By measuring the continuum photoelectron spectra versus the

time delay between the extreme ultraviolet (XUV) attosecond

pulse and the infrared (IR) pulse, the two-dimensional photo-

electron spectrogram can be obtained. Such an experimental

setup is called attosecond streaking.[33] In fact, the streaking

spectrogram is widely used to characterize attosecond pulses,

by employing the “reconstruction of attosecond beating by in-

terference of two-photon transition” (RABITT)[34] method for

the characterization of APTs, and the “frequency-resolved op-

tical gating for complete reconstruction of attosecond bursts”

(FROG-CRAB) method[35] for the characterization of IAPs.

To use RABITT or FROG-CRAB for attosecond pulse char-

acterization, one has to know the photoionization transition

dipole moment of the target. If the target is a rare gas atom,

then the magnitude of the transition dipole as a function of the

photoelectron energy is well known from the synchrotron radi-

ation measurement; however, the phase of the transition dipole

has to rely on theoretical calculations. On the other hand, if the

fields of the attosecond pulse and the IR are known well, from

the streaking spectrogram one would hope that the phase of

the transition dipole can be retrieved.

Photoionization time delay has been a very contro-

versial and widely debated topic in recent years (see the

reviews[36,37]). To many people, this time delay means the de-

layed arrival of a photoelectron with respect to an imaginary

reference particle at an imaginary detector. Clearly, such an

imaginary delay is not directly measurable in the laboratory.

It has to be derived under some theoretical model. It has been

defined as the energy derivative of the phase of the photoelec-

tron wave packet after a photoionization process. The mod-

ulus square of this wave packet is the well-known photoelec-

tron signal that has been routinely measured in the laboratory

over the years, but the determination of the phase has been

elusive. With the availability of APT (or IAP), by perform-
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ing photoionization experiments in the presence of a moder-

ately intense IR field, the phase difference (or the derivative of

phase with respect to energy) of the photoelectron wave packet

can be retrieved from the streaking spectrogram using the RA-

BITT method[9–13] (or the FROG-CRAB method[16–18]). In

the meanwhile, lots of theoretical studies have then been in-

voked to interpret the experimental observations.[37–48] One

of the goals of these studies is to demonstrate that the streak-

ing spectrogram would allow the extraction of photoioniza-

tion time delay which in turn can be directly compared to the

Wigner time delay.[49,50] The latter is defined as the energy

derivative of the phase of the photoionization dipole transition

matrix element.

Phase retrieval methods like the RABITT and the FROG-

CRAB formally allow the extraction of the full phase differ-

ence or the full group delay. However, the procedure is rather

tedious. Thus for years, photoionization time delays were ob-

tained using the so-called first moment method in both exper-

imental reports[27–30] and theoretical investigations.[41–47] In

this method, one calculates the first moment of the spectro-

gram, compares it with the vector potential of the IR field,

and then extracts a time delay which is the offset between the

first moment and the vector potential. In this article, we sim-

ulate streaking spectrograms using various pulse parameters

and atomic targets, and then compare the time delays extracted

via the first moment method to the input Wigner delays. Ac-

cording to our investigation, the first moment method is in gen-

eral inaccurate unless the group delay dispersions correspond-

ing to the phase of both the attosecond pulse and the transition

dipole are negligible.

This article is organized as follows. In Section 2, we

briefly introduce some theoretical aspects of this work; we

first give the mathematical description of the XUV pulse in

Section 2.1, followed by the photoelectron wave packet and

the single-photon transition dipole in Section 2.2; Section 2.3

introduces the strong field approximation (SFA) model for

XUV–IR streaking and Section 2.4 introduces the first mo-

ment method to measure the photoionization time delay from

streaking spectrograms. Section 3 shows our simulation re-

sults; in Section 3.1, we generate spectrograms based on the

SFA model using various targets and XUV pulses to check

the accuracy of the first moment method, while in Section 3.2,

the spectrograms for Ne and Ar are generated by solving the

time-dependent Schrödinger equation (TDSE) numerically in

order to include the effect of the Coulomb field. We conclude

this article in Section 4. Atomic units (a.u.) are used unless

otherwise stated.

2. Theoretical background of photoionization
time delay

2.1. Description of the XUV pulse

Consider an atom ionized by a weak XUV pulse whose
electric field is linearly polarized along the z-axis. The electric
field strength in time domain takes the form

EXUV(t) =
√

I(t)cos[Ω0t +ζ (t)], (1)

where Ω0 is its central frequency, I(t) is the temporal intensity
envelope, and ζ (t) is the temporal phase. One can take the
Fourier transform to get the spectrum in frequency domain

ẼXUV(Ω) =U(Ω)eiΦ(Ω) =
∫ +∞

−∞

EXUV(t)eiΩ t dt. (2)

Here, U(Ω) and Φ(Ω) are the spectral amplitude and phase,
respectively. From the phase Φ(Ω), we can define the XUV
group delay

τ
XUV(Ω) =

d
dΩ

Φ(Ω), (3)

and the group delay dispersion (GDD)

GDDXUV(Ω) =
d

dΩ
τ

XUV(Ω) =
d2

dΩ 2 Φ(Ω). (4)

For a narrow-band pulse with central frequency Ω0, the
quantity τXUV

0 = τXUV(Ω0) describes an overall shift of the
pulse envelope along the time axis, that is, the group delay,
while GDDXUV(Ω0) is a measurement of the attochirp which
affects the pulse duration and the temporal phase. To be more
specific, assume the spectral amplitude takes the Gaussian
form

U(Ω) =U0 e
−2ln2 (Ω−Ω0)

2

(∆Ω)2 , (5)

where the full width at half maximum (FWHM) bandwidth of
the pulse is given by ∆Ω . If Φ(Ω) = 0, one can easily get the
temporal envelope

I(t) = I0 e
−4ln2 t2

(∆t)2 , (6)

and the phase ζ (t) = 0. Here, the FWHM duration ∆t and the
bandwidth ∆Ω are related by

∆Ω∆t = 4ln2. (7)

The pulses with GDDXUV(Ω)= 0 are called transform-limited
(TL), like in the case above. The TL pulse can also have a con-
stant group delay τXUV(Ω) = τXUV

0 , Φ(Ω) = τXUV
0 (Ω −Ω0).

In the time domain, this results in a delayed pulse I(t−τXUV
0 ).

What we are more interested in is the effect of at-
tochirp. Suppose the pulse has a linear chirp, GDDXUV(Ω) =

GDDXUV, τXUV(Ω) = GDDXUV(Ω − Ω0), and Φ(Ω) =
1
2 GDDXUV(Ω −Ω0)

2. The temporal envelope still takes the
form of Eq. (6) but the FWHM duration ∆t is now determined
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by

∆Ω∆t = 4ln2
√

1+ξ 2, (8)

where ξ = GDDXUV (∆Ω)2

4ln2 is another parameter to measure at-
tochirp. Clearly, equation (8) shows that the pulse is stretched
in the time domain due to attochirp. The temporal phase be-
comes quadratic

ζ (t) =
1
2

αt2− 1
2

arctanξ , (9)

where the parameter α = GDDXUV (∆Ω)2

(∆t)2 .

2.2. Photoelectron wave packet and single-photon transi-
tion dipole

If the XUV pulse is weak (typically 1011 W/cm2 in peak
intensity), one can apply the first-order perturbation theory to
evaluate the electron wave packet ionized from the target atom.
In this article, we focus on the photoelectron emitted along the
same direction as the electric field polarization (z-axis). In the
frequency domain, the wave packet can be expressed as

W̃ (Ω) = d(E)ẼXUV(Ω). (10)

Here, Ω can be interpreted as the XUV photon energy. E =

Ω − Ip is the electron energy with Ip being the ionization po-
tential energy. Equation (10) manifests that the wave packet
W (Ω) is to some extent a replica of the XUV pulse, but also
includes the modulation of the single-photon dipole transition
matrix element d(E) = 〈Eẑ|z|i〉. The initial state is denoted
by |i〉, while |Eẑ〉 is the continuum state in which the electron
has an asymptotic momentum p =

√
2E toward the +z direc-

tion. The initial and final states are eigenstates of the field-free
Hamiltonian of the target atom. Here, we normalize the con-
tinuum states by electron energy, that is, 〈Eẑ|E ′ẑ〉= δ (E−E ′).

The transition dipole d(E) can be calculated within the
single-active-electron (SAE) approximation. One can expand
the continuum wave function |Eẑ〉 into partial waves and then
calculate the matrix element for different channels separated
by angular momentum. The matrix element will depend on the
phase shift of the related partial wave, including both the long-
range Coulomb phase shift and the short-range phase shift. For
example, considering the ionization from the outermost shell
of Ne (2p shell) or Ar (3p shell), the dipole d(E) can be given
by[51]

d(E) =

√
1

12π

{
ei[σ0(E)+δ0(E)]〈uE0|r|ui〉

−2ei[σ2(E)+δ2(E)]〈uE2|r|ui〉
}
. (11)

Here, uEL(r) and ui(r) are the radial wave functions for the
bound and continuum electron, σL is the Coulomb phase shift,
and δL is the short-range phase shift. Details of evaluating

the transition dipole can be found in Ref. [51]. For a many-
electron atom, electron correlation may need to be taken into
account; therefore, the expression of the transition dipole may
become more complicated, especially when the so-called in-
terchannel couplings are included. However, in general, one
can always write the dipole matrix element for the transi-
tion from an initial state to a well-defined continuum elec-
tronic state in the +z direction by its amplitude and phase:
d(E) = |d(E)|eiη(E). The dipole phase η(E) plays a critical
role in the study of photoionization time delay.

From Eq. (10), we know the phase of the electron wave
packet depends not only on the XUV phase Φ(Ω) but also on
the dipole phase η(E). Similar to the above discussions for
XUV pulses, one can introduce group delay and GDD for the
dipole phase as follows:

τ
dip(E) =

d
dE

η(E), (12)

GDDdip(E) =
d

dE
τ

dip(E) =
d2

dE2 η(E). (13)

The group delay τdip is often referred to as Wigner delay. The
original Wigner delay was introduced for short-range scatter-
ing for a given partial wave.[49,50] Here, the concept of Wigner
delay has been extended to photoionization as a half-scattering
problem and to continuum electrons emitted toward a given
direction. Moreover, the long-range Coulomb phase shift has
been included in the expression of Wigner delay, as shown in
Eq. (11). If the atom is ionized by a narrow-band XUV pulse, a
narrow-band electron wave packet W̃ (Ω) can be formed with a
central photon energy Ω0. Following the discussion on group
delay in Section 2.1, the Wigner group delay τ

dip
0 = τdip(E0) at

E0 = Ω0− Ip can be interpreted as a shift on the time axis be-
tween the peak of the XUV pulse and the peak of the electron
wave packet, as if the electron were “delayed” by this amount
of time after being ionized by the XUV. In a typical experi-
ment, such a photoionization time delay is derived from the
streaking spectrogram. It does not convey an idea that the mo-
tion of the electron is delayed directly. Moreover, in the case
of large GDD, this picture will be destroyed, as we shall see in
Section 3.

2.3. The SFA model for streaking spectrograms

If the atom is ionized by the XUV pulse only, the mea-
sured photoelectron yield is proportional to |W̃ (Ω)|2, but the
phase information is not available. Nonlinear processes are re-
quired in order to pull out the phase and thus the time delay.
Up to date, a lot of time delay measurements have been car-
ried out by employing the streaking technique,[33] where the
XUV photoionization is dressed by a phase-locked IR field.
We assume that the electric field of the IR is polarized along
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the same axis as the XUV field (z-axis). The total electric field
becomes EIR(t)+EXUV(t− td), where td is the time delay be-
tween XUV and IR. A positive td means the XUV comes after
the IR. We assume the IR field can be expressed by

EIR(t) = F0 cos2
(

πt
TIR

)
cos(ωt +φCEP), (14)

with−TIR
2 ≤ t ≤ TIR

2 . Here, ω is the central frequency of the IR
field. The envelope takes a cosine-squared form with TIR be-
ing the total duration. The FWHM duration can be estimated
as TIR/2.747. φCEP is the carrier-envelope-phase (CEP). The
IR vector potential is given by A(t) =−

∫ t
−∞

EIR(t ′)dt ′. In this
work, we choose φCEP = π/2 such that t = 0 is the peak po-
sition of |A(t)| and A(∞) = 0. By varying the XUV–IR delay
td , a two-dimensional spectrogram or trace S(E, td) can be ac-
cumulated. For a given td , S(E, td) is a function of electron
energy E which describes the photoelectron yield per unit en-
ergy.

A simple quantum mechanical model of streaking was de-
rived based on the SFA[52]

S(E, td) =

∣∣∣∣∣
∫

∞

−∞

EXUV(t− td)d
(
[p+A(t)]2

2

)

× e
−i

∫
∞

t

[
pA(t ′)+

1
2

A2(t ′)
]

dt ′
ei(E+Ip)t dt

∣∣∣∣∣
2

. (15)

Here, d(E) is the single-photon dipole transition matrix ele-
ment introduced before. The SFA model in Eq. (15) includes
two basic assumptions. The first one is that the continuum
electron propagates only in the IR field, while the Coulomb
interaction between this electron and its parent ion is small so
that it can be ignored. This is valid for electrons with large
kinetic energy. The second assumption is that only the pho-
toionization due to the XUV pulse is considered, while the
multi-photon ionization induced by the IR field is not included
in this model.

Applying the concept of electron wave packet, equa-
tion (15) can be approximated by

(E, td) ≈
∣∣∣∣∫ ∞

−∞

W (t− td)

× e−i
∫

∞
t [pA(t ′)+ 1

2 A2(t ′)]dt ′ ei(E+Ip)t dt
∣∣∣2 , (16)

where

W (t) =
1

2π

∫
∞

−∞

W̃ (Ω)e−iΩ t dΩ (17)

is the wave packet expressed in the time domain. Note that
although equation (16) seems to be separating the XUV ion-
ization and the IR streaking processes, it is only an approx-
imation of the SFA model in Eq. (15) rather than an ex-
act theory. The derivation was given in Ref. [53], where

EXUV(t) was expressed in terms of ẼXUV(Ω) =
W̃ (Ω)

d(E)
and

[d(E)]−1 was expanded in a Taylor series, which eventually
leads to Eq. (16). To get this equation, all derivatives of
A(t) should be neglected, which requires that the exponen-
tial factor e−i

∫
∞
t [pA(t ′)+ 1

2 A2(t ′)]dt ′ oscillates as a function of t
with a period much shorter than the optical cycle of the IR
field.[53] Based on Eq. (16), the FROG-CRAB method[35] has
been used to extract the dipole phase and photoionization time
delay.[16–18] The accuracy and limitation of the FROG-CRAB
method were discussed recently by Zhao et al.[51,54]

2.4. The first moment method and photoionization time
delay

In this article, we focus on extracting temporal informa-
tion from the first moment of the streaking spectrogram. This
idea stems from treating the electron wave packet as a classical
particle. If an electron is released at t = tr with a momentum
p0, then moves in the IR field as a free electron, finally the
detected momentum of this electron after the IR is turned off
would be p0−A(tr). Suppose the electron is ionized by the
XUV pulse EXUV(t − td), the released time can be approxi-
mated by tr = td +τXUV

0 +τ
dip
0 , in which τXUV

0 and τ
dip
0 are the

XUV group delay and the Wigner group delay, respectively, as
discussed in Section 2.2. Therefore, the detected momentum
as a function of td goes like p(td) = p0−A(td +τXUV

0 +τ
dip
0 ).

Moreover, beyond the SFA model, after considering the mod-
ification of the electron trajectory due to the Coulomb field of
the ionic core, an additional term called Coulomb–laser cou-
pling (CLC) delay has been identified.[37,41] The CLC delay
τCLC(E) is a function of photoelectron energy E and IR fre-
quency ω , independent of the target and the IR intensity. By
including the single CLC delay τCLC

0 = τCLC(E0) for the wave
packet, finally we obtain

p(td) = p0−A(td + τ
s)

= p0−A(td + τ
XUV
0 + τ

dip
0 + τ

CLC
0 ). (18)

The CLC delay has been obtained analytically.[37] It is more
prominent for low-energy electrons than high-energy ones.
For example, τCLC

0 = −9 as at E0 = 60 eV, τCLC
0 = −14.8 as

at E0 = 40 eV, and τCLC
0 =−33.3 as at E0 = 20 eV.

Starting from the spectrogram S(E, td), one can calculate
the first moment of the energy distribution

Ē(td) =

∫
ES(E, td)dE∫
S(E, td)dE

. (19)

The quantity Ē(td) is often called center of energy (COE).
Similarly, one can calculate the first moment of the momen-
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tum distribution

p̄(td) =

∫
pS′(p, td)d p∫
S′(p, td)d p

. (20)

Here, p̄(td) can be named by center of momentum (COM).
Note that S′(p, td) in Eq. (20) is the electron yield per unit
momentum, therefore S′(p, td) = pS(E, td). The time delay τs

in Eq. (18) can be extracted by comparing the COE or COM to
the vector potential−A(td) of the IR field and measuring their
relative shift. Since the CLC delay is already known, once the
XUV group delay is characterized, one can obtain the Wigner
delay τW

0 from the extracted τs. Practically, one may measure
two spectrograms corresponding to two targets or two ioniza-
tion channels under the same combined XUV and IR field.
By extracting the shift between the two COEs or COMs from
these two spectrograms, it may be possible to cancel the XUV
group delay to retrieve the Wigner delay difference between
these two targets or two channels at a fixed photon energy. In
Section 3, we will investigate the accuracy of this first mo-
ment method by using known transition dipoles to simulate
the spectrogram under various circumstances.

3. Simulation results
3.1. Time delays extracted from SFA simulations
3.1.1. Simulation parameters

To simplify our discussion, let us first neglect the effect
of Coulomb–laser coupling, which means we use the SFA
Eq. (15) to calculate the streaking spectrogram and treat it as
the experimental result. In our simulation, the XUV spectral

intensity U2(Ω) has a Gaussian form with Ω0 = 60 eV and
FWHM ∆Ω = 9.2 eV, as plotted in Fig. 1(a). The XUV phase
is Φ(Ω) = 1

2 GDDXUV(Ω −Ω0)
2, which corresponds to a lin-

early chirped XUV pulse with a constant GDD. Figure 1(b)
gives the spectral phase of two XUV pulses: a transform-
limited pulse (GDDXUV = 0, ∆t = 197 as) and a chirped pulse
(GDDXUV = 2.57×104 as2, ∆t = 410 as). Figure 1(c) shows
their corresponding group delay τXUV(Ω). At the central fre-
quency, τXUV

0 = τXUV(Ω0)= 0, therefore the peak of XUV en-
velope is always at t = 0. The IR field is 800 nm in wavelength,
6.6 fs in FWHM duration, and 1013 W/cm2 in peak intensity.
The profiles of EIR(t) and −A(t) are plotted in Fig. 1(d). The
CEP is chosen to be π/2 so that the maximum of −A(t) ap-
pears at t = 0.

Figure 2(a) gives the phase of transition dipoles η(Ω) that
have been used in our simulation, as a function of the photon
energy Ω = E + Ip. Four artificial targets (A–D) are used with
d(Ω) = eiη(Ω) and Ip = 20 eV. The transition dipole of Ne is
also computed using a one-electron model potential.[55] The
dipole phase of Ne is plotted in Fig. 2(a), in which this phase
has been shifted vertically by a constant to satisfy η(Ω0) = 0
for better comparison with other targets. The Wigner de-
lay τdip(Ω) and the delay dispersion GDDdip(Ω) are given
in Figs. 2(b) and 2(c), respectively. Target A has a constant
Wigner delay τdip(Ω) = −40 as. The Wigner delay of Ne
changes slightly from 8 as to 5 as over the frequency region
of the XUV pulse. However, the Wigner delay for targets B–
D varies over the XUV bandwidth. The GDDdip(Ω) increases
linearly for target B while it is constant for target C (−658 as2)
and D (1975 as2).
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Fig. 1. (a) XUV spectral intensity U2(Ω). (b) XUV spectral phase Φ(Ω) for a TL pulse (GDDXUV = 0, ∆t = 197 as) and a chirped pulse
(GDDXUV = 2.57×104 as2, ∆t = 410 as). (c) XUV group delay τXUV(Ω). (d) The electric field EIR(t) and vector potential −A(t) of the IR field.
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Fig. 3. SFA simulated spectrogram S(E, td ) for target A using (a) the
197 as TL XUV and (b) the 410 as chirped XUV.

3.1.2. Streaking spectrograms and their first moments

Figure 3 shows two simulated spectrograms S(E, td) for
target A using both the 197 as TL and the 410 as chirped XUV
pulses. One can see obvious differences between these two
spectrograms. We then calculate their COEs, Ē(td), as shown
in Fig. 4(a). A zoom-in plot near td = 0 is given in Fig. 4(b).

By measuring the peak position of Ē(td) compared with the
peak position of −A(td) (at td = 0), one can extract the time
delay τs in Eq. (18). As shown in Fig. 4(b), the extracted
τs =−40 as for the case of TL XUV and τs =−25 as for the
case of 410 as chirped XUV. It is clear how difficult it is to pin-
point the first moment Ē(td) at the level of few to around ten
attoseconds accuracy from the calculated spectrograms, not to
mention how much error would occur if the experimental data
are analyzed. In order to obtain 1 as resolution in time de-
lay, the step size for an experimentalist to adjust the arm of
the interferometer should be 0.3 nm. Definitely, to make such
precise adjustment is challenging.
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Fig. 4. (a) The COE Ē(td ) calculated from the two spectrograms for
target A shown in Fig. 3, using both the 197 as TL XUV and the 410
as chirped XUV. (b) A zoom-in plot near td = 0 from which one can
extract the time delay τs in Eq. (18).

3.1.3. Errors of the retrieved time delay due to group
delay dispersions

For SFA simulations in this subsection, we expect that
τs = τ

dip
0 . However, the retrieved τs does not necessarily

equal τ
dip
0 . Table 1 summarizes the extracted time delay τs

from COE/COM of the spectrograms generated by the 197
as TL XUV, the 410 as chirped XUV, and another two XUV
pulses with smaller attochirps (GDDXUV = ±1.10× 104 as2,
∆t = 250 as). These numbers are to be compared with the in-
put Wigner delay τ

dip
0 at Ω0 = 60 eV for different targets. Note

that we did two cases for Ne: in one case the dipole amplitude
|d(Ω)| = const, while in another case the actual |d(Ω)| for
Ne was used. As shown in the black solid line in Fig. 5(a),
the dipole amplitude for Ne decreases monotonically with the
photon energy in the XUV bandwidth. Therefore, the peak
photon energy of the wave packet W̃ (Ω) is 59.5 eV, which dif-
fers from the central energy of the XUV spectrum Ω0 = 60 eV.
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Table 1. Time delay τs extracted from the COE/COM of the SFA simulated spectrogram using the 197 as TL (GDDXUV = 0), 250
as chirped (GDDXUV =±1.10×104 as2), and 410 as chirped (GDDXUV = 2.57×104 as2) XUV pulses, respectively. These numbers
are compared with the input Wigner delay τ

dip
0 at Ω0 = 60 eV. The XUV group delay τXUV

0 = 0 at Ω0 = 60 eV. The second column
gives GDDdip(Ω0) for each target. For Ne target, both a constant dipole amplitude and the actual dipole amplitude are used in our
simulation.

GDDdip(Ω0) Wigner delay τ
dip
0 Extracted delay τs

GDDXUV – – 0 1.10×104 as2 2.57×104 as2 −1.10×104 as2

Target A 0 −40 as −40/−40 as −34/−38 as −25/−33 as −46/−43 as

Target B −1170 as2 20 as 36/36 as 41/39 as 51/44 as 32/36 as

Target C −658 as2 30 as 34/34 as 40/37 as 50/42 as 28/32 as

Target D 1975 as2 30 as 18/17 as 22/19 as 27/19 as 12/14 as

Ne (constant |d(Ω)|) −130 as2 6 as 7/7 as 13/10 as 23/15 as 1/4 as

Ne (actual |d(Ω)|) −130 as2 6 as 7/8 as 4/2 as 2/−6 as 11/14 as

From Table 1, we can see that if the TL XUV pulse is

used, the time delays extracted from the COE and the COM of

the spectrogram agree well with a difference less than 1 as. As

|GDDXUV| increases, the difference between COE and COM

results also increases. For a positive (negative) GDDXUV, the

COM tends to yield a smaller (larger) time delay than the

COE. We then take the COE results in the following discus-

sion for example. For target A–D we can conclude that the

error between τs and τ
dip
0 depends on two factors: GDDXUV

and GDDdip(Ω). The first moment method is accurate only

when GDDXUV = GDDdip(Ω) = 0, that is, for target A us-

ing the TL pulse, τs = τ
dip
0 = −40 as. By looking at the row

corresponding to target A in Table 1, we notice that a positive

(negative) GDDXUV leads to a positive (negative) error. On the

other hand, by looking at the column corresponding to the TL

XUV, we can see that a positive (negative) GDDdip(Ω0) leads

to a negative (positive) error. For the cases that both GDDXUV

and GDDdip are non-zero, both GDDs contribute to the error

of the extracted time delay. However, GDDXUV and GDDdip

affect the extracted time delay in different ways so that the er-

ror of the first moment method cannot be attributed to a total

delay dispersion GDDXUV +GDDdip.

For Ne target using a constant |d(Ω)|, since

GDDdip(Ω0) =−130 as2 is quite small, the results are similar

to the case of target A. The extracted time delay using the TL

pulse τs = 7 as is very close to the Wigner delay τ
dip
0 = 6 as.

On the other hand, if we use the actual |d(Ω)| of Ne, the peak

energy of the wave packet shifts by−0.5 eV from Ω0 = 60 eV.

Such an energy shift has negligible effects on τdip and GDDdip,

but has a considerable effect on τXUV if the XUV has at-

tochirp. We can estimate from τXUV(Ω)=GDDXUV(Ω−Ω0)

that τXUV = −20 as for GDDXUV = 2.57× 104 as2, and

τXUV = ∓9 as for GDDXUV = ±1.10× 104 as2. From the

last two rows of Table 1, we can observe the contribution from

the non-zero τXUV to the extracted τs for chirped XUV pulses.

The estimated numbers in general agree with the numbers

obtained by comparing the two rows in Table 1.

3.2. Time delays extracted from TDSE simulations

3.2.1. Simulation parameters

In this subsection we take into account the Coulomb–

laser coupling by simulating the Ne and Ar spectrogram via

solving TDSE. In the TDSE computation, the one-electron

model potential[55] and the discrete-variable-representation

basis set[56] are used. Three transform-limited XUV pulses

were used in the TDSE simulation with the central photon en-

ergy Ω0 = 30 eV, 35 eV, and 40 eV, respectively. These XUV

pulses have a bandwidth ∆Ω = 8 eV and thus a FWHM dura-

tion ∆t = 228 as. τXUV(Ω) = 0, and GDDXUV(Ω) = 0. The

IR field is 800 nm in wavelength, 4.4 fs in FWHM duration,

and 5×1012 W/cm2 in peak intensity. The one-electron model

potential[55] is used to calculate the single-photon transition

dipole for Ne and Ar. Figure 5(a) shows the dipole ampli-

tude |d(Ω)| as a function of photon energy Ω , from which

the Cooper minimum of Ar[57] can be observed at Ω = 42 eV.

The dipole phase η(Ω) is plotted in Fig. 5(b). Figures 5(c)

and 5(d) show the input Wigner delay τdip(Ω), the CLC delay

τCLC(Ω), and Wigner+CLC delay τdip(Ω)+ τCLC(Ω) for Ne

and Ar, respectively. The corresponding delay dispersions are

plotted in Fig. 6.

3.2.2. Comparison between the retrieved time delay
with the input

From the COE of the computed TDSE spectrograms, we

extract the streaking time delays τs at three central photon en-

ergies of the XUV pulses, Ω0 = 30 eV, 35 eV, and 40 eV. Due

to the non-constant dipole amplitude |d(Ω)|, the extracted τs

should be compared with the input τdip or τdip + τCLC at the

peak energy of the wave packet instead of Ω0. The numbers of

input and extracted time delays are compared in Table 2. The

extracted streaking delays are also shown by “+” markers in

Figs. 5(c) and 5(d).
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Table 2. Comparison between the input Wigner delay τdip,
Wigner+CLC delay τdip + τCLC at the peak photon energy of the elec-
tron wave packet and the extracted time delay τs from the COE/COM
of the TDSE simulated spectrogram, using three TL XUV pulses with
central photon energies Ω0 = 30 eV, 35 eV, and 40 eV for both Ne and
Ar. The XUV group delay τXUV = 0.

Ω0 = 30 eV Ω0 = 35 eV Ω0 = 40 eV
peak energy (Ne) 30.06 eV 34.77 eV 39.65 eV

τdip (Ne) 53 as 27 as 17 as
τdip + τCLC (Ne) −35 as −27 as −21 as

τs (Ne) −26/−28 as −23/−24 as −20/−20 as
peak position (Ar) 26.59 eV 31.39 eV 36.53 eV

τdip (Ar) 27 as −10 as −71 as
τdip + τCLC (Ar) −40 as −54 as −103 as

τs (Ar) −39/−38 as −59/−58 as −102/−101 as

Table 2 shows that when TL pulses are used, the time de-
lays from COE and COM are quite close to each other. Their
difference is less than 2 as. Generally speaking, the extracted
time delay agrees with the input Wigner+CLC delay for both

Ne and Ar. For Ne target, the errors of the COE method are
9 as, 4 as, and 1 as, respectively, while for Ar target the er-
rors are 1 as, −5 as, and 1 as, respectively. Since τXUV(Ω) =

0, GDDXUV(Ω) = 0, the error depends on GDDdip(Ω) and
GDDCLC(Ω) = dτCLC(Ω)/dΩ . From Fig. 6, we can see that
for both Ne and Ar, the positive GDDCLC(Ω) can compensate
the negative GDDdip(Ω) in the vicinity of the peak photon en-
ergy of the wave packet, which helps to reduce the error be-
tween the extracted and the input time delay. This example
shows that after considering the shift in the peak energy of the
photoelectron wave packet with respect to the central energy
of the XUV field, and considering the effect of Coulomb–laser
coupling, it is possible to extract photoionization time delays
from TDSE simulated streaking spectrograms.

4. Conclusions
We have simulated streaking spectrograms based on the

SFA model and TDSE calculation using various targets and
XUV pulses. From the first moment of the spectrogram, we
have extracted a photoionization time delay and compared it
with the input Wigner delay (or Wigner+CLC delay for low-
energy electrons) at the peak photon energy of the electron
wave packet. The main conclusion is that the first moment
method is accurate only when the GDDs corresponding to
both the XUV spectral phase and the transition dipole phase
(including the CLC term for low-energy electrons) are small.
In this situation, the wave packet can be characterized by a
single group delay and behaves as a classical particle in the
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dressing IR field. The energy or momentum modulation in the
spectrogram can then be interpreted classically which serves
as the prerequisite of the first moment method. Otherwise,
if large GDD in either the XUV part or the transition dipole
part is present, the propagation of the wave packet in the laser
field is complicated which is a consequence of the wave prop-
erty of the photoelectron. Different energy components of the
wave packet behave differently in the streaking field and there-
fore a total group delay is not reasonable any more to interpret
the spectrogram. We have demonstrated that the first moment
method is not reliable in the case of large GDDs. In a real ex-
periment, the generated XUV pulse often has some attochirp,
and the IR field is not exactly known; therefore, to achieve the
time delay from the first moment with an accuracy of a few to
few tens of attoseconds is challenging.

An electron wave packet, like in optics, can have spectral
amplitude and spectral phase. In optics, the derivative of the
phase with respect to frequency is called group delay. Like-
wise, the phase of an electron wave with respect to energy can
also be called a group delay. Since the group delay has the unit
of time, it has also been called the time delay in the streaking
experiment. In particular, a single value of the time delay has
often been assigned to a wave packet, taken to be the group
delay (the derivative of the phase) at the peak position of the
photoelectron spectrum. The fallacy of such a simplification
is obvious. An electron wave packet clearly has a spectral dis-
tribution, and by definition, the group delay has to be specified
over the whole spectral distribution of the wave packet. In op-
tics, a single group delay can represent the whole wave packet
only if the pulse is transform-limited. Likewise, a single group
delay cannot represent the group delay of the whole electron
wave packet unless its group delay is constant over the whole
spectral width. The controversy or debate of photoionization
time delay would not have been necessary if one has not used
a single group delay at a specific energy to represent the group
delay of the whole wave packet and if this group delay is not
called a time delay which connotate the delayed arrival of a
classical electron at the detector, especially when such delays
are at the attosecond scale.
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F and Saliéres P 2016 Science 354 734

[16] Schultze M, Fieß M, Karpowicz N, et al. 2010 Science 328 1658
[17] Sabbar M, Heuser S, Boge R, Lucchini M, Carette T, Lindroth E, Gall-

mann L, Cirelli C and Keller U 2015 Phys. Rev. Lett. 115 133001
[18] Ossiander M, Siegrist F, Shirvanyan V, Pazourek R, Sommer A, Latka

T, Guggenmos A, Nagele S, Feist J, Burgdörfer J, Kienberger R and
Schultze M 2017 Nat. Phys. 13 280

[19] Uiberacker M, Uphues T, Schultze M, Verhoef A J, Yakovlev V, Kling
M F, Rauschenberger J, Kabachnik N M, Schröder H, Lezius M,
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