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Abstract

CrossMark

In recent years, attosecond streaking experiments have been used to extract the phase of

photoionization dipole transition matrix element (or the photoionization group delay) in atoms,
molecules and condensed materials. The most accurate retrieval method so far is based on the
frequency-resolved optical gating for complete reconstruction of attosecond bursts (FROG-
CRAB). However, the FROG-CRAB employs a number of approximations that would cause
errors in the retrieved results. In this article, we applied our recently proposed attosecond pulse
characterization method phase retrieval of broadband pulses (PROBP) to the retrieval of
photoionization group delay difference between Ne(2p) and Ne(2s) ionization channels, and
between Ar(3p) and Ne(2p) channels. Our simulations demonstrate that more accurate results can
be retrieved using PROBP than using FROG-CRAB, and cast doubts on group delays reported in

previous streaking measurements.

Keywords: attosecond streaking, delay in photoionization, FROG-CRAB, PROBP

(Some figures may appear in colour only in the online journal)

1. Introduction

With the advent of attosecond pulse trains (APT) and isolated
attosecond pulses (IAP) [1-13] since 2001, attosecond pulses
have been used to initiate photoionization of atoms [14-29],
molecules [30-34] and condensed materials [35-40]. The
goal is that the attosecond electron wave packets generated
can then be probed by another attosecond pulse with different
time delays, therefore electron dynamics can be probed at
attosecond timescale. This has not been possible so far, thus
the ‘probe’ usually is a moderate intense infrared (IR) laser.
By measuring the continuum photoelectron spectra versus the
time delay between the extreme ultraviolet (XUV) attosecond
pulse and the IR pulse, the two-dimensional photoelectron
spectrogram can be obtained. Such an experimental setup is
called attosecond streaking [41]. In fact, the streaking

2040-8978/17,/114009+-09$33.00 1

spectrogram is widely used to characterize attosecond pulses,
by employing the ‘reconstruction of attosecond beating by
interference of two-photon transition’ [42] method for the
characterization of APTs, and the ‘frequency-resolved optical
gating for complete reconstruction of attosecond bursts’
(FROG-CRAB) method [43] for the characterization of IAPs.
In this article, we focus on attosecond streaking using IAPs.
The FROG-CRAB method assumes that one can extract a
photoelectron wave packet from the spectrogram by using this
method. The wave packet consists of the XUV field and the
complex photoionization transition dipole moment of the
target. To characterize the IAP, one has to know the transition
dipole. 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 synchrotron radiation measurement,
however the phase of the transition dipole has to rely on

© 2017 IOP Publishing Ltd  Printed in the UK
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theoretical calculations. On the other hand, if the fields of the
attosecond pulse and the IR are known well, from the
retrieved wave packet one would hope that the phase of the
transition dipole can be obtained.

In the past decade, instead of retrieving the phase of the
transition dipole from the experimental streaking spectra, the
derivative of the phase with respect to the photoelectron
energy, which was referred to as the ‘photoionization time
delay’, was generally reported. This concept was an extension
of the Eisenbud—Wigner—Smith delay [44-46] in scattering
process. As we know in optics, the derivative of the spectral
phase has been defined as the group delay. Similarly, the
photoionization time delay used here is the energy derivative
of the phase of the photoionization dipole moment so that it
should be called a “Wigner group delay’. This interpretation is
still a matter of ongoing research and the concept of photo-
ionization time delay is not fully clear yet [47, 48]. In addi-
tion, the phase of a photoelectron wave packet should be
specified across the whole spectral bandwidth. In terms of
group delay, it should also be specified over the whole
bandwidth. The two quantities amount to the same thing
except for a trivial constant phase. On the other hand, spe-
cifying the group delay or the phase at the peak energy of the
photoelectron spectrum does not specify the wave packet.
Thus, the goal of the streaking experiment is either to retrieve
the phase or the group delay over the whole spectral band-
width. This can be done by using FROG-CRAB but not by
the center-of-mass method that has been widely used in the
literature [35, 36, 53, 54].

In a typical streaking experiment, the XUV phase is
unknown, thus experiments are carried out by a single XUV
pulse to initiate photoionization through two separate ioniz-
ation channels which can be in the same target or in different
targets. From the two streaking spectrograms, one may extract
two electron wave packets. The dipole phase difference
between the two channels is expected to be the phase dif-
ference of the two electron wave packets, whereas the
unknown XUV phase is assumed to be canceled after taking
difference. FROG-CRAB has been employed to extract the
Wigner group delay between the 2p and 2s channels of Ne
[22], and between Ar(3p) and Ne(2p) channels [23]. We
mentioned that both experiments reported the time delay
difference but to avoid confusion we believe that they should
be called the group delay difference. In [22], the group delay
difference at the peak photon energy of the XUV pulse was
reported, while in [23] the group delay difference over the
spectral region of the XUV was reported. In the meanwhile, a
lot of theoretical works have been invoked to interpret these
reported group delays retrieved from FROG-CRAB [48-58].
Although up to now there has been no theory that could
completely explain the experimental measured group delay,
theorists are making progress on understanding the streaking
experiment. The interaction between the photoelectron and its
parent ion in the laser field (so-called Coulomb-laser cou-
pling) is believed to be a critical effect that has not been
included in the FROG-CRAB method. On the other hand, the
possible errors on the group delays extracted from the
streaking spectra have not been addressed for a long time.

The FROG-CRAB method relies on the strong field
approximation (SFA), wave packet approximation (WPA) as
well as the central momentum approximation (CMA). It has
been demonstrated that the CMA is detrimental to the dipole
phase retrieval, especially when the XUV pulse has large
attochirp [59, 60]. Recently, we proposed a B-Spline function
based fitting algorithm— ‘phase retrieval of broadband pulses’
(PROBP), which was used to retrieve the XUV phase and IR
field [61]. In this article, our aim is to demonstrate that
PROBP can also be used to extract the dipole phase or
Wigner group delay, and is more accurate than FROG-CRAB
since the PROBP method has removed the additional CMA
imposed by the FROG-CRAB. Our simulations are based on
SFA, where the interactions between the photoelectron and
the ionic core are neglected, which is valid for high-energy
photoelectrons. Within the SFA model, the result obtained
from the streaking spectrogram can be directly compared with
the input Wigner group delay. In the following sections, we
will use ‘photoionization group delay’ and ‘Wigner group
delay’ interchangeably.

The article is organized as the following: section 2 briefly
introduces the principle of PROBP; in section 3, we run
various simulations using different targets and XUV pulses,
and compare the retrieved photoionization group delays from
PROBP with those from FROG-CRAB; section 3.1 shows the
result for photoionization from 2p and 2s states of Ne, and
section 3.2 shows the result for photoionization from Ar(3p)
and Ne(2p); section 4 discusses the effect of WPA and CMA,;
section 5 gives the conclusion. Atomic units are used unless
otherwise stated.

2. The principle of PROBP

Both the FROG-CRAB and PROBP methods assume that the
measured photoelectron spectrogram can be modeled by SFA
[43, 62]:

SEw=| [ Exuv - 1)d

lp+AOP
2
X efiyﬂ(p,t)ei(EJrlp)tdtlZ_ (1)

Here, the polarization of the XUV, the IR, and the photo-
electrons are all taken along the 4z direction. p is the
asymptotic momentum of the photoelectron, and E = p? /2 is
its energy. Exyy(?) is the XUV field in the time domain. In the
frequency domain

Bav(®@) = U@e® = [7 Baywed, @)

where U (2) and ®((2) are the XUV spectral amplitude and
phase, respectively. In equation (1), A(t) = — f too Er (thdt
is the vector potential of the IR field. The time delay between
XUV and IR fields is denoted by #,. A positive 7; means the
XUV comes after the peak of the IR field. 1, is the ionization
potential energy of the target. The phase function ¢(p, )
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reads
o(p, 1) = f ” [pA(t') + %A%’)]dﬂ. 3)

Equation (1) includes the single-photon transition dipole
matrix element d(E) = (EZ|z|i), where i) is the initial bound
state, and |EZ) is the continuum state in which the electron has
an asymptotic momentum p = +/2E toward the -+z direction.
The bound and continuum states are eigenstates of the field-
free Hamiltonian of the target atom. The transition dipole is a
complex quantity d(E) = |d(E)|e"® which can be calcu-
lated within the single-active-electron approximation. The
details of evaluating the transition dipole can be found in [59].
The Wigner group delay is then defined as

d
7(E) = d—En(E). (€]

Without the IR field, the XUV pulse creates an photo-
electron wave packet

(E) = Exuv(Q)d(E), &)

in which Q =FE + [, is the energy of XUV photon.
Equation (5) is derived from the first-order perturbation the-
ory, which requires the XUV pulse to be weak (typically 10""
W cm ™2 in peak intensity). The measured XUV-only photo-
electron spectrum is proportional to |{(E)[?, but the phase of
the wave packet cannot be measured directly. By introducing
the wave packet, the SFA model can be further replaced by
the WPA:

0 . . 2
S(E. ta) = ‘ f X(t — tg)e WP EEId ] (6)
—00
where x (¢) is the wave packet in the time domain

Lo i
X0 = fo E)e FdE. 7

Note that although equation (6) seems to be separating the
XUV ionization and the IR streaking processes, it is only an
approximation to the SFA model equation (1) rather than an
exact theory. The derivation of WPA was given in [63] where

Exuv(®) was expressed in terms of Exyy(Q) = XE) and

d(E)
[d(E)]~"' was expanded in a Taylor series, which eventually
lead to equation (6). To get this result all derivatives of A(?)
should be neglected, which requires that the exponential
factor e~1#(P") oscillates as a function of  with a period much
shorter than the optical cycle of the IR field [63].

If S| (E, t;) and S, (E, t;) are photoelectron spectrograms
from two separate ionization channels under the same XUV
and IR fields, FROG-CRAB and PROBP method may
retrieve the two wave packets i, (E), X, (E) as well as the IR
field Er(?). In order to cancel the XUV phase we have to
compare the two wave packets at the same photon energy
{1 = E + I, instead of electron energy E. The dipole phase
difference is obtained by

() — n, () = arg () — arg 1, () ®)

and then the difference in photoionization group delay
between the two channels is given by

Ami (@) = d%[m(ﬂ) — @], ©)

In the FROG-CRAB method, the phase function ¢ (p, )
in equation (6) is replaced by ¢(p,, t) with p, being the
central momentum of the photoelectrons, which has been
referred to as the CMA. Then several general projection
algorithms [64, 65] can be applied to extract §;(E), X, (E) and
A(?). On the other hand, PROBP does not require CMA. In the
PROBP method, the phase of the two wave packets are
constructed by B-spline basis functions [66]:

arg ,(Q) = 5" Bl (9, (10)
i=1

arg 1, () = > B (). (11)
i=1

The wave packet amplitude |%,(€2)| and |X, (€2)| are treated as
known functions. The IR field is modeled in the time domain

ERr(t) = f(t)cos(wrt + ¢cpp)- (12)

We assume the central frequency w; and the carrier-envelope
phase ¢qpp are known but the envelope f(f) is not known,
then f(#) is expanded by B-spline basis functions as well:

£ =3 eBRQ).

i=1

13)

Therefore, we have three sets of unknown parameters {a;},
{b;} and {c;} which are the expansion coefficients of unknown
functions arg ¥, (€2), arg X, (£2) and f(2). Bf are B-spline basis
functions of the kth order. n is the number of B-spline func-
tions and i is the index. The expressions of B-spline basis
functions have been given in our previous paper [61].

In PROBP, the optimal parameters {a;, b;, ¢;} are found
by genetic algorithm (GA). From guessed parameters one can
reconstruct arg ; (€2), arg %, (€2), f(#) and then reconstruct two
spectrograms S| (E, t;) and S; (E, t;) using equation (6) for
the two ionization channels. Compared with the input spec-
trograms S} (E, t;) and Si(E, t;), the goal of the algorithm is
to minimize the error function

Ela;, bi, 1= _[S{(Ex ta)) — S{ (Ex, ta )P
kil

+ S ISHEry, ta)) — ST (Epys ta))P
ko,l

(14)

Here, we discretize S (E, t;) and S, (E, t;) at two sets of points
{Ey, ts;} and {Ey,, t;,}, respectively. Typically we chose
100-500 points in time delay and 100 points in energy. The GA
runs a large number of generations (typically 50 000-100 000
generations) until convergence is achieved. The number and
order of B-spline basis functions ny, ny, ny and ky, kp, k3 are
chosen in order to make the algorithm converge fast. More
details about PROBP can be found in [61].
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Figure 1. (a) Input Ne(2p) spectrogram using a 190 as TL XUV pulse. (b) Input Ne(2s) spectrogram using the same TL pulse. (c) Input dipole
amplitude and (d) dipole phase for Ne 2p and 2s ionization channels. (¢) Comparison between the input (red solid line) photoionization group
delay (difference) A7, /», and the retrieved group delay from PROBP (black solid line) and FROG-CRAB (blue dashed line) by using the

190 as TL XUV pulse. (f) Comparison between the input and retrieved group delay by using the 280 as chirped XUV pulse. Both XUV
pulses are centered at 2o = 105 eV with a FWHM bandwidth AQ) = 9 eV. The IR field is 800 nm in wavelength, cosine-squared envelope,

6.2 fs in FWHM duration, and 10'> W cm ™2 in peak intensity.

3. Photoionization group delays extracted by
PROBP—compared with FROG-CRAB

3.1. Group delay between photoionization from 2p and 2s
states of Ne

We first focus on the retrieval of photoionization group delay
(difference) Ay, />, between 2p and 2s channels of Ne. Two
XUV pulses are used in the simulation. One is transform-
limited (TL) and the other is chirped. Both pulses have the
same U () which takes a Gaussian form with a central
photon energy 2y = 105 eV and a full width at half-max-
imum (FWHM) bandwidth AQ = 9eV. The TL pulse has
a FWHM duration of 190 as and a peak intensity of 8 x 10"
Wem 2 The chirped pulse has a quadratic phase
o)) = %GDDX(Q — Q)% with GDDy = 0.0160 fs* being
the XUV group delay dispersion. Its FWHM duration
increases to 280 as. The IR field is 800 nm in wavelength,
cosine-squared envelope, 6.2 fs in FWHM duration, 10'?
W cem 2 in peak intensity, and ¢cgp = 0. The input spectro-
grams are calculated using SFA equation (1). Figures 1(a) and
(b) show the input spectrograms for 2p and 2s electrons using
the TL XUV pulse, respectively. The dipole amplitude |d (2)|
and phase 7)(£2) for the two ionization channels are plotted in

figures 1(c) and (d), respectively. The dipole phase of 2p and
2s channels vary smoothly in the photon energy range of the
XUV pulse. The transition dipoles are calculated using
Tong’s model potential, which can be found in [67]. The
comparison between the input and retrieved group delay
ATy, /2 are shown in figure 1(e) for the TL case and in
figure 1(f) for the chirped case. We have retrieved this group
delay using FROG-CRAB presented in [59], and now we add
the result from PROBP to the comparison. The input group
delay is almost constant (4-5 as). Clearly this group delay is
accurately retrieved by both FROG-CRAB and PROBP if the
XUV pulse has no chirp. However, in the case of chirped
XUV, the retrieved group delays increase with photon energy
(from —3 to 12 as for PROBP and from —10 to 20 as for
FROG-CRAB). Because we actually retrieve the wave packet
instead of the dipole, when the XUV phase changes rapidly but
the dipole phase changes smoothly, the wave packet phase is
determined by the XUV phase and becomes insensitive to the
dipole phase, which lead to difficulties in extracting the latter.
This problem happens in both FROG-CRAB and PROBP
methods. On the other hand, we can see in figure 1(f) that the
PROBP result is closer to the input than FROG-CRAB. The
error is reduced by PROBP because PROBP fits the spectro-
grams based on WPA equation (6) without introducing CMA.
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Figure 2. (a) Input dipole amplitude and (b) dipole phase for Ar and Ne targets. (c) Comparison between the input photoionization group
delay (difference) A7a/ne and the retrieved group delay from PROBP and FROG-CRAB using the 80 as TL broad-band XUV pulse. (d)
Retrieved group delays from PROBP and FROG-CRAB by using two chirped XUV pulses (210 as and 280 as) whose spectral amplitude are
the same as the TL pulse used in (c). (¢) Comparison between the input and retrieved group delays using the 160 as TL narrow-band XUV
pulse. (f) Retrieved group delays from PROBP and FROG-CRAB by using two chirped XUV pulses (210 as and 280 as) whose spectral
amplitude are the same as the TL pulse used in (e), with the legend same as in (d). All XUV pulses are centered at 2o = 60 eV, AQ = 23 eV
for broad-band pulses in (c) and (d), and A2 = 11.5 eV for narrow-band pulses in (e) and (f). The IR field is 800 nm in wavelength, cosine-
squared envelope, 8.8 fs in FWHM duration, and 10> W cm™? in peak intensity.

3.2. Group delay between photoionization from An3p)
and Ne(2p)

In this subsection, we show the photoionization group delay
(difference) A7a,/ne between Ar(3p) and Ne(2p) retrieved
from PROBP and we compare this result with that from
FROG-CRAB. The input photoionization transition dipole
amplitude and phase for Ar and Ne atoms are plotted in
figures 2(a) and (b), respectively. These dipoles are calculated
using the model potential given in [67]. The input spectro-
grams are computed using equation (1). All the XUV pulses
used have a central photon energy )y = 60 eV, but the
FWHM bandwidth are different. For narrow-band pulses,
A = 11.5 eV, supporting a TL pulse with a FWHM dura-
tion of 160 as. For broad-band pulses, AQ2 = 23 eV, sup-
porting a TL pulse with a duration of 80 as. The IR field is
800nm in wavelength, cosine-squared envelope, 8.8 fs in
FWHM duration, and 10’2 Wem ™2 in peak intensity. The
input and retrieved group delays A7a,/ne are compared in
figure 2(c) for the case of broad-band 80 as TL XUV pulse,
and in figure 2(e) for the case of narrow-band 160 as TL XUV
pulse. The FROG-CRAB results are selected from [59] in

which Eg;; = 80eV for the broad-band case and
Egirp = 70 eV for the narrow-band case. Egr is the energy
shift of the Ar spectrogram in order to combine the Ar and Ne
spectrograms together as the input of FROG-CRAB. Details
of the FROG-CRAB method have been discussed in [59]. The
error of FROG-CRAB mainly comes from CMA, therefore
the retrieved group delay is expected to be more accurate
when using PROBP, which has been confirmed by
figures 2(c) and (e). The remaining error of PROBP may
come from the WPA, which will be addressed in section 4.1.
From figure 2(c), we can see the error of PROBP becomes
larger in the photon energy range of 40-50eV. The input
dipole phase of Ar has a big jump around 40eV, but this
energy range is outside the FWHM bandwidth of the XUV
pulse (23 eV), therefore the reconstructed spectrogram is not
very sensitive to the wave packet phase in this range. This can
explain why it is difficult to get a good result below 50 eV.
We also test the performance of PROBP in retrieving
ATar/ne When the XUV is chirped. We have known that if the
wave packet phase is dominated by the XUV phase, to extract
the dipole phase is challenging. Since a certain amount of
residual attochirp will always be present in a real experiment,
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the capability of PROBP to retrieve photoionization group
delays with chirped XUV pulses is questioned. For the broad-
band case (AQ2 = 23 eV, TL pulse duration 80 as), we use
two chirped pulses with FWHM durations of 210 as
(GDDy = 0.00551 fs*) and 280 as (GDDy = 0.00762 fs*).
The retrieved group delays are shown in figure 2(d) compared
with the input data. For the narrow-band case
(AQ2 = 11.5 eV, TL pulse duration 160 as), we also use two

chirped pulses with FWHM durations of 210 as
(GDDy = 0.00772 fs?) and 280 as (GDDy = 0.0130 fs).
The retrieved group delays are shown in figure 2(f).
According to these figures, although the results from PROBP
using chirped pulses are worse than that using TL pulses, the
retrieved group delays within the XUV bandwidth are still
quite acceptable. On the contrary, FROG-CRAB results for
these chirped pulses are also given in figures 2(d) and (f)
which illustrate much greater deviations from the input data.
This is consistent with the results in [60]. We can conclude
that by getting rid of the CMA, PROBP is more stable against
XUV chirp than FROG-CRAB. We will address this point
again in section 4.2.

4. Discussions on additional approximations
beyond SFA

4.1. Accuracy of WPA used in both PROBP and FROG-CRAB

The simulations in section 3 use the SFA model equation (1)
to generate input spectrograms, however the retrieval method
PROBP and FROG-CRAB are based on the WPA
equation (6). Since WPA is a further approximation of SFA,
the inherent error of WPA may cause some error in the group
delay retrieval. As an example, we calculate the streaking
spectrogram for Ar using WPA equation (6), as shown in
figure 3(a), and compare it with the one using equation (1)
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shown in figure 3(b). The XUV pulse is the 160 as TL nar-
row-band (A2 = 11.5 eV) pulse in section 3.2 which has
been used to get figure 2(e). The IR field is 800 nm in
wavelength, cosine-squared envelope, 8.8fs in FWHM
duration, and 10'2 W cm ™2 in peak intensity. When compar-
ing figures 3(a) and (b), at the first glance the differences
between the two 2D spectrograms are not prominent . How-
ever after plotting the photoelectron spectra at a fixed XUV-
IR delay, such as t; = 1 fs for figure 3(c) and ¢; = O fs for
figure 3(d), the difference between WPA and SFA can be
observed. The error of WPA will result in the small error of
PROBP shown in figure 2(e). If chirped XUV pulses are used,
the WPA may also be a cause of error in retrieving the dipole
phase.

4.2. Effect of CMA used in FROG-CRAB

The accuracy of FROG-CRAB is limited by the CMA.
Especially when using chirped XUV pulses, the FROG-
CRAB will fail to retrieve the photoionization group delay
due to the breakdown of CMA [60]. Here we demonstrate the
role of CMA in retrieving dipole phase by applying the
B-spline fitting method including CMA. We start from the
input SFA spectrograms generated by the 210as chirped
broad-band XUV pulse (AQ2 = 23 eV, TL pulse duration 80
as) used in section 3.2. PROBP without CMA has extracted
ATar/Ne from these spectrograms and the result is plotted in
the green dot-dashed line in figure 4. Now we repeat the
PROBP algorithm but replace ¢(p, f) in equation (6) by
@(py, t) where py is the central momentum, that is, we
introduce CMA to PROBP. The result with CMA is shown in
the blue dashed line in figure 4 compared with the input group
delay in the red solid line. Clearly the retrieved group delay
including CMA becomes much worse than the one without
CMA. The example shows CMA is detrimental to the group
delay extraction when the XUV has some kind of attochirp,
which makes the FROG-CRAB less desirable. For the XUV
bandwidth (11-23 eV) used in this work, [61] has demon-
strated that the CMA does not cause much errors for FROG-
CRARB to retrieve chirped XUV pulses. However in the sense
of dipole phase retrieval, the success of FROG-CRAB cannot
be guaranteed any more. When the XUV pulse is chirped, the
phase of the wave packet is dominated by the large XUV
phase, while the spectrogram is affected by the dipole phase
only slightly. To extract such a tiny effect correctly, a more
accurate model without the CMA is requested.

5. Conclusion

We have applied the PROBP method which was previously
proposed to characterize broad-band attosecond pulses to the
retrieval of dipole phase and therefore the photoionization
group delay which is defined as the energy derivative of the
dipole phase. We simulate the input streaking spectrograms
for photoelectrons from (a) 2p and 2s states of Ne (b) Ar(3p)
and Ne(2p) states by using SFA model. The photoionization
group delay difference retrieved from PROBP has been

compared with the result from FROG-CRAB. Unlike FROG-
CRAB, PROBP does not rely on CMA. We have demon-
strated that PROBP is in general a more accurate method than
FROG-CRAB. When the XUV pulse has some attochirp, the
PROBP is quite stable against XUV chirp whereas FROG-
CRAB tends to fail, because the CMA becomes detrimental to
the dipole phase retrieval in the case of chirped XUV. The
difference between WPA and SFA has also been investigated.
The error embedded in WPA will be another source of error in
the group delay retrieval. Our simulation neglects the cou-
pling effect between the photoelectron and its parent ion in
the laser field. This effect is known to be insignificant for the
photoelectron energy range considered in this article. To
calibrate the performance of PROBP to real experimental
spectrograms especially when the electron energies are not
very high, ab-initio simulations based on solving the time-
dependent Schrodinger equation may be needed in the future.
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