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Time delays for atomic photoemission obtained in streaking or reconstruction of attosecond bursts
by interference of two-photon transitions experiments originate from a combination of the quantum
mechanical Wigner time and the Coulomb-laser coupling. While the former was investigated intensively
theoretically as well as experimentally, the latter attracted less interest in experiments and has mostly been
subject to calculations. Here, we present a measurement of the Coulomb-laser coupling-induced time shifts
in photoionization of neon at 59.4 eV using a terahertz (THz) streaking field (λ ¼ 152 μm). Employing a
reaction microscope at the THz beamline of the free-electron laser in Hamburg (FLASH), we have
measured relative time shifts of up to 70 fs between the emission of 2p photoelectrons (∼38 eV) and low-
energetic (<1 eV) photoelectrons. A comparison with theoretical predictions on Coulomb-laser coupling
reveals reasonably good agreement.
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Photoionization has been investigated for decades; how-
ever, the question of whether the emission of the electron
occurs instantaneously in time or with a delay relative to the
photoabsorption remains a subject of controversy. With the
development of attosecond science [1,2], the observation of
photoionization on its natural timescale came into reach. In
this regard, light-field-driven electron streaking [3], which
uses extreme-ultraviolet (XUV) attosecond pulses as pump
and few-cycle phase-controlled infrared (IR) fields as a
probe, has been demonstrated to resolve electronic dynam-
ics on the subfemtosecond level [4–6]. The basic idea is
that an electron emerging in photoionization experiences a
momentum shift that, in the first approximation, is propor-
tional to the strength of the vector potential of the probe
field at the moment when the electron reaches the ioniza-
tion continuum. Following this approach, Schultze et al. [6]
reported a delayed emission of 2p relative to 2s photo-
electrons in neon of (21� 5) as, which stimulated an
intense debate about the origins and the exact values of time
shifts in atomic photoemission (see, e.g., Refs. [7–25]).
Only recently, this controversy was resolved by pointing
out the importance of shake-up processes [26].
In the course of investigating time shifts in atomic

photoemission, it was shown that besides the quantum

mechanical Eisenbud-Wigner-Smith (EWS) time [27–29],
which is typically on the order of a few attoseconds, the
total measured time shifts always go along with measure-
ment-induced contributions due to the coupling between
the atomic Coulomb and the probing laser field [30].
Analytical expressions accounting for Coulomb-laser

coupling (CLC) were derived [11,15,18], and it was shown
that these are in very good agreement with time-dependent
quantum calculations and classical trajectory Monte Carlo
simulations [15,18]. In contrast to EWS, it is predicted that
CLC does not depend on the specific atomic target [17].
This universality allows accessing EWS time shifts alone
by correcting the measured time shifts for CLC [31].
In contrast to most previous studies that aimed to

measure EWS time shifts [6,26,31–33], the present experi-
ment measures CLC and thus allows benchmarking theo-
retical predictions based on analytical expressions. The
CLC time shifts from Refs. [11,15,18] depend on the
energy E of the outgoing electron and the wavelength of
the probe field λ and share the following proportionality:

tclcðE; λÞ ∝ −
1

E3=2 ln ð4EλÞ: ð1Þ
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According to Eq. (1), CLC is more pronounced for long
wavelengths of the probe field and low-energetic photo-
electrons. Both conditions are fulfilled in the present
experiment. Instead of an IR probe field (λIR ¼ 800 nm),
which is usually used in attosecond streaking [34,35], we
employ a terahertz (THz) probe field with a factor of 200
longer wavelength (λTHz ¼ 152 μm). Low-energetic photo-
electrons arise from photoionization accompanied by
a shake-up of the residual neon ion [in the following
called shake-up (su) photoelectrons]. At a photon energy
of ℏωxuv ¼ 59.4 eV, Neþð1s22s22p4nlÞ shake-up satellite
states lying just below the double-ionization threshold at
62.5 eV are excited [36], and the su photoelectrons created
in the process

Neð1s22s22p6Þ þ ℏωxuvð59.4 eVÞ
→ Neþð1s22s22p4nlÞ þ e−su ð2Þ

have low kinetic energies (<1 eV).
The experiment was carried out at the XUV free-electron

laser in Hamburg (FLASH) [37], which has an undulator-
based THz beamline [38]. The XUVand the THz pulses are
generated by the same electron bunch in two different
undulators and thus are intrinsically synchronized [39].
The effective pulse repetition rate was 600 pulses=s. The
XUV intensity was kept low at ∼1010 W=cm2 in the
interaction region. An overview of the experimental setup
is shown in Fig. 1(a). The XUV beam is focused down to a

diameter of approximately 100 μm by a Mo=Si multilayer
mirror, whereas the THz beam is brought into focus by a
paraboloidal copper mirror. A large THz focus of about
1 mm diameter ensures that all photoelectrons are ejected
into a homogeneous probe field. Following the approach
from Ref. [40], the average XUV pulse duration is
estimated to be τxuv ¼ ð150� 50Þ fs (FWHM). With a
half period of the THz-probe field of TTHz=2 ¼ 253 fs, the
streaking condition τxuv < TTHz=2 is fulfilled. The XUV
and the THz beam are focused into a supersonic gas jet
containing the target neon atoms. The emerging ions and
electrons are detected by means of a reaction microscope
(REMI) [41]. Full 4π acceptance for the photoelectrons is
achieved by superimposing an electric (18.6 V=cm) and a
magnetic field (15.5 G). Measuring the time-of-flight
and impact position of ions and electrons on the REMI
detectors allows reconstructing their initial three-
dimensional momentum vectors. The relative arrival time
Δt between the XUV and the THz pulse was adjusted in
steps of 1 fs (total range, �1000 fs) by moving the XUV
mirror with a piezo stage [cf. Fig. 1(a)].
First, the interaction of the XUV beam with neon in the

absence of the THz probe field is studied. Figure 1(b)
shows the corresponding photoelectron momentum distri-
bution. For this plot, only electrons that are emitted in a
plane including the FEL polarization axis (along px) and
the FEL beam axis (along py) are selected by a condition on
the pz momentum component (−0.35 < pz < þ0.35 a:u:).
In this representation, rings of constant radius correspond
to photoelectrons with one particular energy. The ring of
radius p2p ¼ 1.67 a:u: is attributed to 2p photoelectrons
(binding energy Eb;2p ¼ 21.56 eV [42]). The dipolelike
structure of radius p2s ¼ 0.90 a:u: is assigned to 2s photo-
electrons (binding energy Eb;2s ¼ 48.48 eV [36]). The
ratio of the measured absolute yields for 2s and 2p
ionization ½R2s=2p ¼ ð8� 1Þ%� agrees well with theory
(Rcalc

2s=2p ¼ 7.7% [43]). Besides these features, an isotropic
distribution is visible around the origin in Fig. 1(b) that is
assigned to su photoelectrons [cf. Eq. (2)]. The su photo-
electrons are selected by a condition on the total momen-
tum [0 < ptot;su ¼ ðp2

x þ p2
y þ p2

zÞ1=2 < 0.35 a:u:]. They
have a mean energy of 0.8 eV, and thus the mean binding
energy of the Neþð1s22s22p4nlÞ shake-up satellite states
[cf. Eq. (2)] is Eb;su ¼ ℏωxuv − 0.8 eV ¼ 58.6 eV. The
electron energy resolution is limited by the XUV band-
width of 0.7 eV (FWHM) and the resolution of our electron
spectrometer [∼0.1 eV (FWHM)]. Therefore, we measure a
su photoelectron spectrum that includes contributions from
several satellite states [44]. The yield ratio between su and
2s photoelectrons ½Rsu=2s ¼ ð11� 2Þ%� agrees with syn-
chrotron measurements [45]. Contributions from autoio-
nizing doubly excited states are not expected, as the present
photon energy does not match the respective excitation
energies [46].
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FIG. 1. (a) Overview of the REMI setup at FLASH. (b) Neon
photoelectron momentum distribution at 59.4 eV in the plane
including the FEL polarization axis (along px) and the FEL beam
axis (along py). The rings of constant radius are assigned to 2p
and 2s photoelectrons. The distribution around the origin is
attributed to su photoelectrons [cf. Eq. (2)]. (c) Momentum
distribution for the maximum positive shift þΔpx;max in the
presence of the THz probe (polarized along px). The dashed
vertical lines indicate the initial unstreaked momenta of 2p and 2s
photoelectrons.
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After having identified the structure of the photoelectron
spectrum, we turn to the results obtained in the presence of
the THz-probe field. Neglecting CLC, the momentum shift
ΔpðtÞ ¼ −eAðtÞ that an electron experiences due to
the streaking probe field [with vector potential AðtÞ] adds
to the initial momentum p0 of the electron: pðtÞ ¼
p0 þ ΔpðtÞ [3]. The photoelectron momentum distribu-
tion along the THz polarization direction is displayed in
Fig. 1(c) for the case of maximum positive shift þΔpx;max.
The yield ratio Rsu=2p is the same as for the measurement
with XUVonly, and for both cases no double ionization of
Ne is observed.
The momentum component px is shown as a function of

the pump-probe delay in Fig. 2(a). Here, only electrons that
are predominantly emitted along the THz polarization axis,
i.e., along px, are selected by the conditions −0.35 < py <
þ0.35 a:u: and −0.35 < pz < þ0.35 a:u: A delay-depen-
dent oscillation of px is observed for all photoelectrons. For
a quantitative analysis, the scatter histogram in Fig. 2(a) is
transformed into profile plots. To this end, the 2p, 2s, and
su photoelectrons are selected by cuts on their total
momentum (1.45 < jptot;2pj < 1.90 a:u:, 0.80 < jptot;2sj <
1.07 a:u:, and 0 < ptot;su < 0.35 a:u:). For each selection,
the mean value of px is computed for every bin of the delay
axis. The resulting offset-corrected profiles ΔpðtÞ are fitted
by a sinusoidal function ΔpðtÞ ¼ pmax sinð2πfTHztþ φÞ
with amplitude pmax, frequency fTHz, and phase φ
[cf. Figs. 2(b) and 2(c)]. The fit to the 2p photoelec-
trons gives fTHz ¼ ð1.975� 0.004Þ THz and pmax ¼
ð0.04� 0.01Þ a:u:, which corresponds to a field strength
of ETHz ¼ ð6.2� 1.5Þ × 106 V=m.
The relative time shifts in the emission of 2p, 2s, and

su photoelectrons are encoded in the phase shifts of the
corresponding streaking traces [6]. 2p and 2s photoelec-
trons are compared in Fig. 2(b). An enlargement between
−50 and 220 fs shows no phase shift [cf. Fig. 2(d)]. The
data evaluation is extended by also analyzing the streaking
traces of two further representations of the momentum
shift, i.e., ΔptotðtÞ and ΔpxðtÞ without restricting condi-
tions on py and pz. Finally, a mean value of Δhti2p−2s ¼
ð2.0� 3.8Þ fs is obtained. This result does not allow us to
draw a conclusion on a relative time shift between the
emission of 2s and 2p photoelectrons. In contrast to
attosecond streaking experiments, which achieve temporal
resolutions of a few attoseconds [6], the measurement of
EWS or CLC time shifts [tclc2pðE ¼ 37.8 eVÞ ≈ 40 as and

tclc2s ðE ¼ 10.9 eVÞ ≈ 200 as [47]] is precluded by the
limited resolution of the present measurement with long-
wavelength streaking.
As a relative time shift in the emission of 2p and 2s

could not be resolved, su photoelectrons are exclusively
compared to 2p photoelectrons. Fits to the ΔpxðtÞ profiles
of 2p and su photoelectrons are displayed in Figs. 2(c)
and 2(e). A relative phase shift between the fits to the 2p

and su photoelectrons is visible as a horizontal offset along
Δpx ¼ 0 [cf. Fig. 2(e)].
According to Eq. (1), CLC depends on the probe-field

wavelength and the energy of the photoelectron. However,
the relative time shift Δt2p−suðEÞ cannot be retrieved for
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FIG. 2. (a) Delay-dependent momentum px for 2p, 2s, and su
photoelectrons. Only electrons that fulfill the conditions −0.35 <
py < þ0.35 a:u: and −0.35 < pz < þ0.35 a:u: are plotted.
(b) Δpx as a function of delay with the same momentum
conditions as (a) for 2p (gray dots) and 2s (blue dots) photo-
electrons. The gray and blue lines are fits ΔpxðtÞ ¼
pmax sinð2πfTHztþ φÞ for 2p and 2s photoelectrons, respec-
tively. For fitting, the frequency fTHz ¼ 1.975 THz is fixed.
(c) The same as (b), but for 2p (gray dots and line) and su
(red dots and line) photoelectrons (selected by 0 < ptot;su <
0.35 a:u:). (d) Enlargement of (b) for delays ranging from −50 to
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distinct photoelectron energies in the present experiment.
The measured energy represents an average over several su
photoelectron energies ðhEsui ¼ 0.78 eVÞ defined by the
selecting momentum condition (0 < ptot;su < 0.35 a:u:).
Moreover, the measured energy is always a superposition
of the initial energy and the energy gained in the streaking
field. The two contributions cannot be disentangled, as just
the final streaked energy is measured.
In order to still track Δt2p−suðEÞ in the experiment, the

momentum condition 0 < ptot;su < pmax
tot;su, which is used to

select the su photoelectrons, is varied. This way, one is able
to “tune” the mean energy of the streaked su photoelectrons
by choosing electrons that are less or more energetic. For
each selection, Δt2p−su is retrieved in analogy to Fig. 2(c)
and the corresponding mean photoelectron energy is
determined. The outcome of this analysis is plotted in
Fig. 3(d).
To compare the experimental data to theoretical CLC

predictions, we employ a classical simulation which uses
the set of su photoelectrons obtained in the measurement
with XUV only [cf. Fig. 1(b)] as input. For each of these
unstreaked photoelectrons, we determine its kinetic energy
E and the expected CLC time shift tclcðEÞ using the
analytical formulas [48] from Refs. [11,15,18]. Then, the
individual photoelectron momentum component p0

x along
the streaking axis is modified according to

psim
x ðtÞ ¼ p0

x þ pmax sinf2πfTHz½tþ tclcðEÞ�g: ð3Þ

The obtained, simulated momentum distribution of su
photoelectrons, which is now a function of the delay, is
shown in Fig. 3(a) using the CLC expression from Ref. [11]
for photoelectrons 0 < ptot;su < 0.35 a:u: Figures 3(b)
and 3(c) display the phase-shift analysis on the simulated
data for su and 2p photoelectrons in analogy to Figs. 2(c)
and 2(e). In order to determine Δtsim2p−suðEÞ, the simulated
data are analyzed in exactly the same way as the exper-
imental data with THz streaking; i.e., the momentum
condition 0 < ptot;su < pmax

tot;su is varied as well, and for
each selection the mean energy of the streaked photo-
electrons is determined.
A comparison between the measurement (black dots)

and simulation (green head-down triangles, orange squares,
and blue head-up triangles) is shown in Fig. 3(d). For low
photoelectron energies, the relative time shift increases.
Although the theoretical curves are not in perfect agree-
ment with the experiment, the overall trend is well
reproduced. The flattening of the experimental data com-
pared to theory at energies E < 0.35 eV is presumed to
originate from the diverging character of the long-range
Coulomb component of the EWS time for small photo-
electron energies. According to Ref. [15], the correspond-
ing time shift is about þ30 fs for E ¼ 0.2 eV, which is
comparable to the values shown in Fig. 3(d). Towards larger

energies, the EWS contribution decreases considerably,
being smaller than þ5 fs for E > 0.5 eV.
At large photoelectron energies, time differences of a few

to tens of attoseconds at most between the ground and
shake-up states were reported for helium [49] and neon
[26], respectively. Therefore, it seems very unlikely that an
EWS contribution due to electron-electron correlation
during the shake-up process is responsible for the mismatch
between the experiment and theory in Fig. 3(d), where
jΔtexp2p−suð0.8 eVÞ − Δtsim2p−suð0.8 eVÞj ≈ 10 fs.
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In summary, we studied time shifts in XUV photoemis-
sion from neon atoms at 59.4 eV using a reaction micro-
scope at FLASH and a THz streaking field (λ ¼ 152 μm).
We measured energy-dependent time shifts up to 70 fs in
the emission of photoelectrons from shake-up ionization
and direct 2p photoelectrons. The experimental results are
in good agreement with simulations accounting for CLC-
induced time shifts in atomic photoemission. This way, we
experimentally confirm the universality and validity level
of quasiclassically derived analytical formulas accounting
for CLC. This is of crucial importance to undoubtedly
disentangle CLC and EWS time shift contributions in, e.g.,
attosecond streaking experiments.
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