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Angular dependence of the Wigner time delay upon strong-field ionization from an aligned p orbital

D. Trabert®,"-" N. Anders,! A. Geyer ,' M. Hofmann,' M. S. Schoffler,! L. Ph. H. Schmidt,’
T. Jahnke,?> M. Kunitski®,! R. Dérner®,"t and S. Eckart® '+
Institut fiir Kernphysik, Goethe-Universitdt, Max-von-Laue-Str. 1, 60438 Frankfurt am Main, Germany
2European XFEL, Holzkoppel 4, 22869 Schenefeld, Germany

® (Received 27 January 2023; accepted 6 April 2023; published 24 May 2023)

We present experimental data on the strong-field ionization of the argon dimer in a co-rotating two-color
laser field. We observe a subcycle interference pattern in the photoelectron momentum distribution and infer the
Wigner time delay using holographic angular streaking of electrons. We find that the Wigner time delay varies
by more than 400 attoseconds as a function of the electron emission direction with respect to the molecular axis.
The measured time delay is found to be independent of the parity of the dimercation and is in good agreement
with our theoretical model based on the ionization of an aligned atomic p orbital.

DOLI: 10.1103/PhysRevResearch.5.023118

I. INTRODUCTION

The Wigner time delay [1] is a well-established concept
in quantum mechanics and is frequently employed to quantify
time scales in photoionization processes. Photoionization time
delays for single-photon and strong-field ionization of non-
isotropic systems strongly depend on the emission direction of
the electron [2-7]. However, due to experimental challenges,
measurements which do not average over the emission angle
are scarce and were only done with molecules. Here, we
report on a joint experimental and theoretical study which
quantifies the Wigner time delay for strong-field ionization of
an aligned atomic p orbital and find variations of more than
400 attoseconds as a function of the electron emission angle.

For single-photon ionization there are three classes of ex-
perimental techniques that are frequently used to access time
delays: attosecond streaking [8], RABBITT (reconstruction of
attosecond harmonic beating by interference of two-photon
transitions) [9-13], and most recently an approach employing
electron angular emission distributions in the molecular frame
[4,5]. In the strong-field regime, holographic angular streak-
ing of electrons (HASE) has been used in order to measure
Wigner time delays [6,14,15] and is the strong-field analog
of the RABBITT technique. HASE employs a w-2w bicircu-
lar co-rotating two-color (CoRTC) laser field comprised of a
strong 2w-component with a central wavelength of 395 nm
and a weak w component with a central wavelength of 790 nm.
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This tailored two-color laser field gives rise to a two-path
interference that leads to the formation of sidebands (SB)
and a strong modulation of the above-threshold ionization
(ATT) peaks which has been demonstrated theoretically and
experimentally [6,14—18]. The electron momentum distribu-
tion shows a characteristic alternating half-ring pattern. The
central observable in HASE experiments is the rotation angle
of the alternating half-ring pattern. This rotation angle allows
one to infer the phase gradient on the electronic wave packet
in initial momentum space perpendicular to the tunnel exit
;. [19]. Studying the ionization of H, it was shown that the
alternating half-ring structure carries information about the
shape of the molecular orbital and allows for the measurement
of the corresponding contribution to the Wigner time delay
[6,14]. For the strong-field ionization of molecular hydrogen,
the Wigner time delays varied on the order of 40 attoseconds
as a function of the emission angle relative to the molecular
axis [6].

In this paper, we will investigate the van der Waals—bound
argon dimer using the same approach as in Ref. [6]. The argon
dimer has a much larger internuclear distance of 3.76 A in the
ground state [20] as compared to the two protons in the H,
molecule, which are separated by only 0.74 A. Interestingly,
the dimer only dissociates with a significant kinetic energy re-
lease (KER) of the dissociation products if the created electron
hole in both of the atoms has the shape of a p orbital that is
aligned along the molecular axis. Previous works have demon-
strated the experimental discrimination of dimer cations with
even and odd parity by means of the KER [21,22]. It was
found, for example, that the two-center interference fringes
in the molecular-frame photoelectron momentum distribution
[23] are inverted upon selecting the even parity hole state. As
we show below, the Wigner time delay is determined solely
by the aligned atomic p orbital and is insensitive to dimer
properties such as the parity of the dimer orbital. Thus, the
argon dimer Ar, allows us to experimentally access an aligned
atomic orbital, which typically poses serious experimental
challenges for isolated atoms [24,25].
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FIG. 1. Illustration of two aligned p orbitals of an argon dimer
in a laser electric field and the measured electron momentum dis-
tribution. (a) depicts the CoRTC field E(¢) and the corresponding
negative vector potential —A(¢) that are used in the experiment.
The helicity of the two circularly polarized pulses is indicated by
the grey arrows. The angle B is defined as the angle between the
electron momentum vector and the momentum vector of the Art
ion in the plane of polarization. (b) shows the measured electron
momentum distribution in the plane of polarization, which shows the
characteristic alternating half-ring structure. The first ATI and SB
peaks are indicated. For each peak, an angle « can be determined
that indicates the most probable electron emission angle in the laser
field frame of reference (here, « is indicated for the first ATI peak).

II. EXPERIMENTAL SETUP AND ANALYSIS

A. Optical setup and COLTRIMS reaction microscope

Figure 1(a) shows the time-dependent electric field E(z)
and the corresponding negative vector potential —A(r) of
the CoRTC field which was used throughout this paper. To
generate the CoRTC field, laser pulses at a wavelength of
790 nm pass a beam splitter. Here, light at 790 nm is referred
to light at the fundamental frequency w. A 200 wm SB-barium
borate crystal is used to frequency-double one of the pulses.
The intensity and polarization of the @ and the 2w pulses
can be set independently. A piezo delay-stage allows us to
ensure temporal overlap and to control the relative phase of
the two laser pulses. The two laser pulses are set to have
circular polarization with identical helicity. The combined
laser electric field thus forms a CoRTC field and is focused
by a spherical mirror (focal length f = 60 mm) onto a cold
supersonic jet of argon resulting in an intensity (peak electric
field) of 5.9 x 103 W /cm? (Ey, = 0.029 a.u.) for the 2w, and
3.4 x 10" W/cm? (E, = 0.0022 a.u.) for the @ component
of the CoRTC field. The cold gas jet is generated by expand-
ing argon gas through a 30 um nozzle into vacuum. Using a
backing pressure of 2.1 bar, a small fraction of the target gas
condensates during the expansion, yielding a small fraction of
dimers in the jet, as well. After the ionization of a dimer, elec-
trons and ionic fragments are accelerated in a spectrometer by
static electric (26.76 V/cm) and magnetic (14.2 Gauss) fields
towards position- and time-sensitive detectors of a cold target
recoil ion momentum spectroscopy (COLTRIMS) reaction
microscope [26]. Each detector is comprised of a double stack
of microchannel plates and a hexagonal delay-line anode [27].
The ion (electron) arm of the spectrometer has a length of
17 c¢cm [30.6 cm]. The three-dimensional momentum vectors
of all charged fragments that emerge from an ionization event
are measured in coincidence. In our current work, we study

single ionization and subsequent dissociation of the argon
dimer. To this end, S denotes the angle between the final
electron momentum Peec and the momentum vector of the
Ar* ion in the plane of polarization, which is the xy plane
[see Fig. 1(a)]. Thus, our experimental setup allows for the
measurement of the electron momentum, the kinetic energy
release, and 8 in coincidence for each dissociation event.

B. Dissociation channel resolved measurement of the offset
angle « of the alternating half ring pattern

Figure 1(b) shows the momentum distribution in the
plane of polarization of all electrons measured in coinci-
dence with Ar™ ions. The momentum distribution exhibits
the well-known alternating half-ring structure comprised of
above-threshold ionization (ATI) and sideband (SB) peaks.
For each peak, an angle « can be determined, which indicates
the maximum of the corresponding angular distribution in the
laser field frame of reference. In the following, the rotation
angle of the alternating half-ring structure o will be analyzed
as a function of g for three different dissociation channels of
the argon dimer.

Figure 2(a) shows the potential energy curves of the in-
volved ionic states and the possible pathways for the reaction
Ar, — Art + Ar + e~. The curves are taken from Ref. [28],
the spin-orbit interaction is neglected. Pathway A directly
populates the even 2% state of the ArJ ion, leading to a small
kinetic energy release (KER) of the direct dissociation as can
be seen in Fig. 2(b). Pathway B creates a wave packet on the
odd 2%} energy curve that subsequently propagates to smaller
internuclear distances. In a second step, resonant transitions
mediated by one photon of either the @ or the 2w component
of the CoRTC field populate the dissociative 2%, state. This
leads to characteristic peaks in the KER distribution which are
marked red and blue in Fig. 2(b).

For each of the highlighted KER regions, two-dimensional
electron momentum distributions similar to Fig. 1(b) can be
extracted from our total data set for different values of 8 to
obtain «(f). An interval of 10 degrees has been chosen for
the values of 8. The changes of «(f) are defined as Aa(B) =
a(B) — Amean, Where apean denotes the mean angle o for each
energy peak and breakup channel integrated over all values
of B. The measured values of Ax(f) are symmetrized using
the 180° symmetry in the angle 8 for a homonuclear diatomic
molecule as the argon dimer. This analysis and symmetriza-
tion procedure to obtain Aw(f) is in full analogy to that
described in Ref. [6]. Aa(B) is shown in Fig. 2(c) for the
first ATI, the first SB peak and for electrons released from the
even and from the odd orbital separately. Surprisingly, within
error bars, Ax(f) is identical for all dissociation channels,
implying that it is independent of the parity of the ionized
molecular orbital. This is a strong indication, that for rare gas
dimers, the observable Aa/(f) depends on atomic rather than
on dimer properties. We note that this is a characteristic of this
observable and that other observables such as the molecular-
frame photoelectron momentum distribution strongly de-
pend on the parity and show a pronounced two-center
interference [22].

Since we find no significant dependence of A«(B) on the
dimer orbital parity, for the remainder of this paper we use
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FIG. 2. Parity-resolved ionization pathways of the argon dimer
and HASE observables. (a) Potential energy curves of the 2} and
the 2% state of the Ard ion are populated by two-color strong
field ionization (purple arrow). When reaching the 2%} state directly
(pathway A), immediate dissociation occurs. The other purple arrow
(pathway B) indicates the starting point of wave packets on the
23 potential energy curve that propagate to smaller internuclear
distances until one-photon transitions to the dissociative >} state
become resonant. (b) Measured KER for the dissociation of the argon
dimer via the pathways depicted in (a). The three KER regions of
interest are highlighted and labeled by ‘even’, ‘odd 1’ and ‘odd
2’. (c) shows the measured result for Aa(8) for the three breakup
channels and the two energy peaks (1. SB and 1. ATI) highlighted
in Fig. 1(b). The black line shows the average of the data points that
are shown in color. (d) depicts the experimentally obtained phase
gradient A/, as a function of . Error bars, indicated by the grey

area, in (c) and (d) show the statistical error only.

the mean value of Aw(B) averaged over all three breakup
channels. This reduces the statistical error for a given value
of B. The mean value of Aw(f) averaged over all breakup
channels and both electron energy peaks (1. SB and 1. ATI) is
shown as black line in Fig. 2(c). The grey area indicates the
corresponding statistical error.

’

C. Extracting the phase gradient A®{ .
data using HASE

(B) from the measured

To further analyze the data we use a semiclassical
trajectory-based simulation as described in Ref. [6] to deduce
the phase gradient on the initial momentum perpendicular
to the direction of the laser’s electric field at the instant of
tunneling A®] . (8) from the measured values of Aa(B). To
this end, we calculate 10% classical electron trajectories that
propagate in the combined electric field of the parent ion
and of a two-cycle flat-top CoRTC pulse with a peak electric
field of E», = 0.029a.u. (E, = 0.0022 a.u.) for the field at
395 nm (790 nm) [please also refer to Fig. 1(a)]. For every
trajectory, the semiclassical phase is calculated to model inter-

ference in the final electron momentum distribution [29]. Our
semiclassical simulation is used to calculate the final electron
momentum distribution for a CoRTC field and also reproduces
the alternating half-ring pattern. It can be shown that the
alternating half-ring pattern rotates in the plane of polariza-
tion, if one includes an ad hoc phase @iy = pi AP];, to each
trajectory that increases linearly with the initial momentum
perpendicular to the tunnel exit p; (as defined by Eq. (5)
in Ref. [6]). Thus, our semiclassical simulation allows us to
link the experimentally observed rotation angles A« of the
alternating half-ring structure to certain values of A®] . . This
procedure is described in detail in Refs. [6,14]. Figure 2(d)
shows the experimental result for A®; . as a function of 8.
We find a sinusoidal dependence on 8 and values of up to
3 rad/a.u. The magnitude of the measured phase gradients
is significantly larger than in previous works on molecular

hydrogen [6] and carbon monoxide [7].

III. THEORY: PARTIAL FOURIER TRANSFORM MODEL

In a next step, we compare our measured phase gradients
A®] . (B) to the predictions of a simple and instructive ap-
proach [6] which models the strong-field ionization from a
single 3p, orbital aligned along the internuclear axis of the
dimer. This procedure is motivated by the independence of
A®] . (B) on the parity of the ionic state as well as by previous
theoretic treatments [22] that model the strong-field ionization
process of noble gas dimers as the coherent sum of two atomic
ionization processes. Figure 3(a) shows the absolute value
|W3,| of the wave function representing a 3po orbital. We
define the angle of the tunnel exit position vector ry with
respect to the dimer axis as y. Next, we use that tunneling
acts as a filter on the bound wave function in position space in
a good approximation [30-32]. Hence, for most values of y,
the spatial structure of a p orbital at the distance of the tunnel
exit ry results in an effective shift As of the tunneling wave
function perpendicular to the tunnel direction. In particular,
we apply the partial-Fourier transform (PFT) model [33,34]
by evaluating the one-dimensional position space wave func-
tion W of the single 3p, orbital along the spatial component
s at the distance of the tunnel exit »y for different values of
y . Figure 3(b) shows the resulting slice of the position space
wave function for the exemplary case of y = 60°. Here, the
amplitude is clearly shifted to larger values of s; and the
phase exhibits a phase jump of 7, as expected for a p orbital.
The Fourier transform of each one-dimensional slice yields
the corresponding initial momentum space representation W,
of the electronic wave packet at the tunnel exit as a func-
tion of p,. Here, p, is the momentum perpendicular to the
light’s electric field at the instant of tunneling. The released
wave packet in momentum space is schematically shown in
Fig. 3(c) for the case of y = 60°. The phase of W, has
a varying negative slope which corresponds to the expected
value of A®] . (y) for a specific value of initial momentum
pi perpendicular to the tunnel exit. The initial momentum p;
of 0.12 (0.24) a.u. corresponds to the 1. SB (1. ATI) peak and
is highlighted by a blue (red) box in Fig. 3(c). The values of
A®{ . (y) expected from our model for the 1. ATI as well as
the 1. SB peak are shown in Fig. 3(d) as a function of y. The
curves have a sinusoidal shape and are zero for y = 0°, £90°
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FIG. 3. Microscopic origin of Wigner time delays for the strong
field ionization from an atomic p orbital aligned along the internu-
clear axis. (a) shows the amplitude |W3,| of an atomic 3p, orbital
in position space. According to the partial-Fourier transform (PFT)
model, tunneling probes the bound wave function along the spatial
component s, . The angle y = 60° between r, and the internuclear
axis as well as the position offset As are illustrated. (b) One-
dimensional wave function along s, for y = 60° in position space
representation. (c) Momentum space representation of the wave func-
tion shown in (b). The most probable initial momentum for the 1. ATI
(1. SB) peak is highlighted by the red (blue) box. (d) The measured
result for A®; . is plotted as a function of y for the 1. ATI (1. SB)
peak. The data for the two electron energy peaks are shown as red
circles (blue marks) after integration over all three breakup channels.
The corresponding predictions from the PFT model are illustrated as
solid lines. The exemplary case of y = 60° is highlighted by the grey
box. Error bars in (d) show the statistical error only.

due to the symmetry of W, for these cases. The theoretical
model is in very good agreement with the corresponding
experimental values for A®] . (y) [see Fig. 3(d)]. For this
comparison, the angle y in position space was inferred from
the measured angle B in momentum space using the re-
lation y = B 4 90° + k. Coulomb interaction between the
electron and the parent ion after tunneling results in a nonzero
rotation of the electron momentum distribution by the angle
k that is on the order of 20° to 30°. The experimental data
are averaged over all three breakup channels. The values of
pi and the angle « for each measured final electron momen-
tum pejec = |Pelec| have been determined by a semiclassical
trajectory-based model in full analogy to Ref. [6], assuming
a circularly polarized 2w light field with a peak electric field
of 0.029 a.u. In a circularly polarized light field, each final
momentum pelec 1S unambiguously linked to a combination
of pi, k, and a certain electron release time #y. As explained
above, p; is the momentum at the tunnel exit and « is the
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FIG. 4. Measured and calculated dependence of the Wigner time
delay Atw y on the electron’s emission direction in the molecular
frame B. Values of more than 200 attoseconds are observed. The data
points show a sinusoidal dependence on the angle 8 and are in good
agreement with the predictions from our PFT model. Error bars show
the statistical error only.

deflection angle due to the long-range Coulombic potential.
In the presence of a weak w field, it can be shown, that for
each point in final momentum space there are exactly two
combinations of p;, k, and and electron release time #y. This
gives rise to a subcycle interference that is the microscopic
origin of the alternating half-ring pattern [14]. The exemplary
case of y = 60° is highlighted by the grey box in Fig. 3(d)
and shows the two negative phase gradients of varying slope.
A . can be approximately interpreted as the position offset
—As. Hence, our measured data provide direct information
about the geometry of the bound electronic orbital in position
space representation. This correspondence would be exact if
A®! . was independent of p .

init

IV. MEASURED WIGNER TIME DELAYS

In the last section of this paper, we present the angular
dependence of the Wigner time delay Atw y extracted from
the previously discussed experimental and theoretical results
using the relation (see Eq. (6) in Ref. [6])

h e ’ d i
e A® (pi(Peice)s Y (BN—P, (

elec d elec

Atwm(E, B) ~

1)

which is derived and discussed in detail in Ref. [14] and
essentially uses that an additional phase gradient at the tun-
nel exit is streaked to a certain final momentum and that
the corresponding phase gradient in final momentum space
can be easily expressed as a phase gradient with respect to
the electron energy, which is by definition a change of the
Wigner time delay. The mapping functions p;(pelec), ¥ (8),
and d‘;ﬁ are obtained from the semiclassical simulation for
a circularly polarized 2w field that is described above (please
refer to Fig. S3 in the Supplementary Information of Ref. [6]
for further details). In Fig. 4 the measured and the calculated
values of Aty \ are shown as a function of 8. The sinusoidal
shape and the good agreement between experiment and PFT
model are preserved compared to Fig. 3. Overall, there is a
variation of more than 400 as, which is one order of magnitude
larger than what has been observed for H; [6].
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V. CONCLUSION

In conclusion, we have analyzed a subcycle photoelec-
tron interference upon the strong-field ionization of the argon
dimer using a corotating two-color (CoRTC) laser field. The
interference is analyzed using HASE to infer the phase gra-
dients of the electronic wave function at the tunnel exit in
momentum space as well as the corresponding changes of
the Wigner time delay for the electronic wave function in
the continuum. The measured phase gradients and Wigner
time delays are in good agreement with the expectation for
the strong-field ionization of an aligned atomic 3p, orbital.
This leads to a microscopic understanding of the ionization
process and reveals how the complex valued continuum wave
function’s properties depend on the electron’s bound state
for a p orbital, which is a general finding in the strong-field

regime. We report that the Wigner time delay varies by more
than 400 attoseconds as a function of the electron emission
direction with respect to the molecular axis. Our work paves
the way for future approaches to characterize the phase of
the continuum wave function of liberated electrons from more
complex atomic and molecular orbitals.
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