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High-resolution attosecond interferometry reveals spin-orbit and electron-correlation
effects in photoionization delays
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We introduce an experimental technique for achieving an unprecedented energy resolution in attosecond
interferometry. Using a second-harmonic bandwidth compressor, we create narrow-band (<1 nm), tunable
femtosecond pulses that generate high harmonics with a bandwidth of 50-73 meV, achieving the highest energy
resolution in any attosecond time-resolved measurement, sufficient to resolve the spin-orbit splitting of the 2P
ground state of Ar™. The fine tunability of these pulses resolves a 10-as variation of the spin-orbit photoionization
delay across the [Ne]3s '3p ®5p resonance of neutral Ar. Calculations based on the relativistic random-phase
approximation with exchange, with qualitative inclusion of shakeup configurations, reveal the importance of
spin-orbit and electron-correlation effects to accurately reproduce and interpret photoionization delays.
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I. INTRODUCTION

Attosecond spectroscopy appears to be fundamentally lim-
ited by the trade-off between temporal and spectral resolution,
imposed by Fourier relations. Consequently, resolving ever
shorter timescales seemingly deteriorates the available spec-
tral information. However, interferometric approaches can
overcome this apparent limitation, as demonstrated in the
femtosecond-visible [1] and attosecond—extreme-ultraviolet
[2] domains, as well as in stimulated Raman spectroscopy [3].
Attosecond interferometry opens the exciting possibility of
combining high spectral resolution with the highest temporal
resolution, as realized in the measurement of photoionization
delays [4,5]. The applications of this technique have re-
cently grown tremendously, accessing ionization time delays
in atoms and molecules with a variety of techniques [6—8].
The relative delay between different shells has often been
studied [2,4,5,9], but comparisons between different atoms
and molecules [10,11] and between size-resolved molecular
clusters [12] have also been reported.

The limited spectral resolution has so far restricted such
measurements to isolated resonances [6,13,14] and well-
separated final states of the atomic or molecular cations [5,6].
Achieving higher spectral resolution opens the door to study
novel effects, such as the influence of vibrational structure
[15,16], the fine structure [17-19], or even weaker interactions
in the final cationic states. Very few studies have been able to
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resolve the delay difference between final ion spin-orbit states.
The possibility to highlight relativistic aspects of the temporal
delay between photoelectron wave packets in such measure-
ments has been established, but such studies remain scarce,
both in atoms [17,18] and in molecules [19]. In addition to the
high demands in terms of energy resolution, such spin-orbit
delays are often on the order of few tens of attoseconds or
less, requiring very high fidelity and temporal resolution.

Here, we introduce an approach that combines a continu-
ous tunability of the photon energy with the highest spectral
resolution in any attosecond time-resolved experiment to date
(50-73 meV) (cf. Refs. [2,20]). This is achieved by introduc-
ing a second-harmonic bandwidth compressor (SHBC) before
high-harmonic generation (HHG). In addition to the recently
demonstrated advantages of attosecond interferometry with
visible (400 nm) driving and dressing pulses, which already
features a narrow spectral bandwidth [16], the SHBC further
narrows the second-harmonic spectral bandwidth to below
1 nm, while simultaneously introducing a continuous wave-
length tuning over 11 nm without the need to adjust the input
laser pulse spectrum. This narrow-band radiation is used, both
for HHG and as a dressing field in our measurements.

We demonstrate the scientific potential of this approach
by measuring the delays between photoelectron wave packets
associated with the ?P;/, and ?P3;, spin-orbit components
of the Art ground state. By tuning the central wavelength
of the 400nm light, the ninth harmonic (H9) is scanned
across the 3s? 3p® — 35! 3p® 5p autoionizing resonance of Ar
at 27.99 eV, revealing its effect on the spin-orbit delay.

This experiment addresses the subtle effects of spin-orbit
interaction and electron correlation on photoionization delays.
Resonances can act as switches that funnel electrons from
one channel to another. In a seminal study by Cheng and
Johnson [21], it was shown how this mechanism, mediated by
resonances that cannot be photoexcited within LS coupling,
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could explain strong variations in the ratio of the 4d; partial
photoionization cross sections in xenon. In Ref. [22], it was
discussed how this channel switching results also in a pro-
nounced difference between the photoionization delay of two
channels in the same energy region.

In this work, we study how spin-orbit coupling and electron
correlation modulate the coupling between dipole-allowed
and dipole-forbidden channels in the vicinity of resonances.
We show that spin-orbit interaction leads to a mixing between
the dipole-accessible 'P resonances and the dipole-forbidden
3P resonances. This manifests itself as a rapid variation in
the photoionization delays across the resonances. Whereas
the resonances of 'P symmetry are well studied with respect
to photoionization cross sections [23-25] and delays [14,26],
only the lowest-energy resonance of the corresponding P
series has been seen. This was done in an electron-impact
experiment [27], where resonances of different symmetries
were further heavily overlapping. The present study focuses
on the second resonance in each of the 3P series, dominated
by the [Ne]3s3p®5p configuration. We find that the spin-orbit-
induced delay is small and constant in the nonresonant region,
but grows significantly in the vicinity of the resonances. Of
particular interest is the effect of the LS-forbidden *P res-
onance on the photoionization delays, which is of similar
importance as the 'P one, despite being undetectable in cross-
section measurements. This underlines the resonance’s ability
to expose effects of spin-orbit coupling. Our calculations ad-
ditionally show that electron correlation between singly and
multiply excited configurations has an influence on the pho-
toionization delays.

II. RESULTS

Figure 1 illustrates the approach and typical data obtained
in this study. Tuning the central wavelength of the second
harmonic scans the photon energy of H9 across the 3s? 3p® —
3s! 3p® 5p transition at 27.99 eV, corresponding to 398.6 nm.
Attosecond interferometry was performed at sideband 9 (SB8)
using harmonics 7 and 9 (H7, H9) and the extreme-ultraviolet-
to-visible (XUV-VIS) delay was scanned over a range of
16fs, corresponding to approximately 24 periods in the 2w
oscillation. Fundamental wavelengths were selected such that
H9 spanned the energy range of the 3s®3p® — 3s!3p®5p
Rydberg transition of Ar.

For each measurement, a fast Fourier transform (FFT)
along the XUV-VIS delay axis was performed and the 2w
component isolated [Fig. 1(b)]. The delay was determined
from the phase of the 2w oscillation by calculating a weighted
average of the 2w phase, using the 2w amplitude as weights.
The averaging was restricted to the full width at half maxi-
mum (FWHM) of each spin-orbit component. The resulting
averaged phase was subsequently converted into a temporal
delay.

Five consecutive measurements were performed for each
fundamental wavelength. Photon-energy-dependent delays re-
ported in this work correspond to the average over each
set of five measurements at the respective fundamental
wavelength, with uncertainties given by the corresponding
standard deviations. Reported values and uncertainties were
rounded according to the one- or two-significant-digit conven-
tion for experimental uncertainties.
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FIG. 1. Principle of high-resolution attosecond interferometry.
Panel (a) shows the frequency-domain absorption spectrum of argon
in the vicinity of the 3s '3p6 np resonances. Harmonic and sideband
energies are shown for differently tuned fundamental wavelengths.
Panel (b) shows the Fourier magnitude spectrum at the 2w frequency
of the measured attosecond interferograms shown in panels (c) and
(d). While panel (c) was recorded with the spectrum of H9 over-
lapping with the n =5 resonance, panel (d) was recorded under
nonresonant conditions.

The primary light source in this experiment was an ampli-
fied titanium:sapphire laser system providing pulses centered
at 800nm with energies of up to 2.4mJ and a spectral
bandwidth of 31 nm, supporting a transform-limited pulse du-
ration of approximately 31 fs. Narrow-band second-harmonic
radiation was generated using an SHBC [28], consisting
of a UV-grade fused-silica prism with an apex angle of
69°, a cylindrical lens with a focal length of 400 mm,
and a 500 um thick (-barium borate (BBO) crystal, yield-
ing second-harmonic pulses with a measured bandwidth of
0.93 nm (7.2 meV).

The working principle of the SHBC is illustrated in Fig. 2.
A prism introduces a spectral dispersion in the horizontal
plane. A 50/50 beam splitter creates two replica beams with
opposite spatial chirps that are horizontally focused into the
BBO crystal by a cylindrical lens. The second-harmonic sig-
nal arises from sum-frequency generation (SFG) between the
two beams. Owing to the inverted spatial chirps, frequency
components are symmetric with respect to the central funda-
mental frequency and overlap at each horizontal position in
the focus. Consequently, SFG at each position involves only
a narrow spectral slice of focal spot size oc, with all slices
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FIG. 2. Second-harmonic bandwidth compressor: (a) Schematic of the optical layout, (b) principle of bandwidth narrowing arising from
the final spot size oc of each spectral component, and (c) principle of the tunability for the fundamental wavelength X, by changing the
horizontal overlap. (d) Experimental results demonstrating the bandwidth narrowing of the SHBC compared to those using the same BBO

crystal in conventional SHG and (e) the spectral tunability.

generating the same second-harmonic frequency [Figs. 2(b)
and 2(d)], resulting in efficient and narrow band SFG.

Tuning of the generated second-harmonic wavelength is
achieved by laterally shifting the horizontal overlap of the two
beams [Figs. 2(c) and 2(e)]. This breaks the symmetry of the
overlapping frequency components with respect to the central
frequency, resulting in a controlled shift of the generated
second-harmonic wavelength while maintaining its narrow
bandwidth. The output is then reshaped horizontally to sym-
metrize the beam profile using a Galilean telescope composed
of cylindrical lenses and finally focused into the high-
harmonic generation target filled with ~80 mbar of argon.

At an input pulse energy of 1.6 mJ (800 nm), the SHBC
produced 0.32mJ of second-harmonic radiation, which was
used to drive HHG. The resulting attosecond pulse train (APT)
was spectrally filtered to isolate H7 and H9 using a combi-
nation of an Al foil and a multilayer (Mo/Si) mirror (AXO
Dresden). The APT and residual visible radiation were re-
flected off a two-component mirror, the inner part of which
had the multilayer coating and the outer part a protected alu-
minum coating. Translation of the inner component was used
to vary the delay between the XUV and VIS pulses, which
were both refocused into the interaction region of a time-
of-flight spectrometer. Additional details of the experimental
setup are given in Refs. [16,29].

The fundamental spectrum was measured using an Ocean
Optics HR4000 optical spectrometer, calibrated using atomic
emission lines of He, Na, Cd, Hg, and TI. The central wave-
length was tuned using the SHBC. Resulting XUV photon

energies were calculated from the calibrated fundamental
photon energy and the corresponding harmonic order. The
fundamental bandwidth was measured using an additional
high-resolution optical spectrometer with a resolution of
Al ~03nm at 400nm. The XUV bandwidth was deter-
mined from photoelectron spectra via successive application
of increasing retardation potentials, reducing electron kinetic
energies to ~1.7eV. Extrapolating the width-kinetic energy
trend to 0 eV yielded an asymptotic value of 50 and 73 meV
in the cases of H7 and H9, respectively, which represent upper
bounds on their spectral bandwidths.

Below, the experimentally measured delays are com-
pared with calculated Wigner and atomic delays. These
were, respectively, obtained from one- and two-photon ma-
trix elements calculated using the relativistic random-phase
approximation with exchange (RPAE) method [30]. The
difference between the two corresponds to an effective
continuum-continuum (CC) delay, which is also calculated.

The ninth harmonic covers the autoionizing [Ne]3s
3p%5p *P;_; resonances. The dominating configuration is
abbreviated as 3s~!'5p below. The pure 3P component is
not coupled to the ground state through dipole interactions.
However, since the J = 1 resonances are mixtures of the
two spin components, they both have a finite admixture of
singlet character. This results in one 'P-dominated and one
3P-dominated resonance, both with a nonzero dipole coupling
to the ground state. From hereon, the resonances are referred
to as 3s7'5p 'P and 3s57!5p *P, according to their dominant
configuration.
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The relativistic RPAE calculation does not explicitly in-
clude the 3p*('D)nd(>S)n/e p('P) and shakeup (SU) channels,
which significantly affects the widths and cross-section pro-
files of all 3s~'np autoionizing resonances [31], and has been
shown to drastically affect the photoionization delay above the
argon 3s ionization threshold [20]. Instead, the effect of the
shakeup channels on the transition 3s> 3p® — 35! 3p%5p 'p
between the ground state and the pure 'P autoionizing reso-
nances was calculated nonrelativistically both when excluding

(Mi"ﬁ?;“') and when including (M?f’f}gs&m) shakeup ef-

fects. The ratio M?;ﬁEZSU;m/MifﬁE;" between these was
then used to rescale the corresponding relativistic matrix el-
ements MEPL o, from the ground state. In this way, also
the coupling with the 3p channels is affected. The effect of
the shakeup on the coupling of the two components to the
continua, not readily available nonrelativistically, was not ac-
counted for. Further, the theoretical results below have been
shifted down by 34 meV to align the 3s7'5p 'P energy with
the experimentally measured literature data [23-25].

Figure 3(a) shows the theoretically calculated Wigner (one-
photon), CC, and atomic (two-photon) delays for both 3 p;lsl
channels. A prominent deviation from the slowly varying
background can be seen near the 3s~'5p 'P resonance. When
the attention is turned to the difference between the two
channels [Fig. 3(b)], the additional presence of the 3s~'5p 3P
resonance can be seen as shoulder in the Wigner delay, and as
a result also in the atomic delay.

Figure 4 shows the experimentally measured atomic de-
lay 712 — 73,2 between the 3p; ionization channels, along
with comparable theoretical data. In the theory, the finite
pulse length was accounted for by convolution of intermediate
energies. With the calculated resonance width (4 meV) signifi-
cantly more narrow than the experimental (28.5(8) meV [25])
one, the convolution was done using a Gaussian distribution
with an FWHM of 10.3 meV to preserve the same ratio be-
tween the spectral bandwidth of H9 and the resonance width
as in the experiment.

III. DISCUSSION

The experimental data show a maximum of around 10 as
near the 3s~'5p 'P resonance at fiwpo = 28 eV. Far from the
resonance, this delay approaches zero. A significant shoulder
of a few attoseconds can be seen stretching toward lower
energies. These phenomena are qualitatively replicated by the
theoretical (RPAE + SU) data. There is both a peak at hwpg =
28 eV and a shoulder at lower energies. When artificially
removing the 357! 5p 'P resonance (dashed line), the shoulder
remains while the maximum disappears. Likewise, perform-
ing calculations without the 3s~!5p 3P resonance (dotted line)
removes most of the shoulder while keeping the maximum.
The maximum can thus be linked to the 3s~!5p 'P resonance,
while the 357'5p P one mainly contributes to the shoulder.

The theoretical delay maximum is, however, notably
smaller than the experimental one. This might be traced
back to missing shakeup configurations. Pure RPAE theory
is known to underestimate the width and to fail to predict
the small Fano ¢ value that gives the window character of
the resonance. This is illustrated in Fig. 4(c), where the pho-
toabsorbtion cross-section contribution from the 3s~!5p 'p
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FIG. 3. In panel (a), the theoretically calculated delays t corre-
sponding to ionization from both the 3p; , (solid lines) and the 3p3,»
(dashed lines) orbital are shown. In panel (b), the corresponding
differences 7,/, — 73,2 in delay between the two are shown. Both
panels show the results for the Wigner delay in blue, the CC delay
in red, and the atomic delay in purple. The ordinates show the upper
(ninth) harmonic excitation energy fiwyo (top) and the correspond-
ing sideband energy fiwgy — fiwyrs (bottom). The 3s7'5p 'P and
3s~!'5p 3P energy positions have been marked, with the shaded area
indicating their distributions. The calculations include effects from
shakeup channels as indicated in the text.

resonance as calculated with (nonrelativistic) RPAE is com-
pared with the results from Ref. [31]. The latter includes
a range of higher-order correlation effects, e.g., the impor-
tant shakeup configurations, and gives a width of 29.3 meV
(experiment 28.5(8) meV [25]) and g = —0.299 (experiment
q = —0.177(3) [25]), while RPAE produces a width less than
half of that, and a g value corresponding to a very asymmetric
line profile, as seen from the beige line in Fig. 4(c), where the
RPAE resonance position is shifted to agree with experiment.
The scaling of the relativistic matrix elements to qualitatively
account for these effects, as described above, is not enough to
capture their contributions completely. Still the comparison
in Fig. 4 with pure RPAE, i.e., where shakeup effects are
completely absent, demonstrates their importance. Although
the shoulder persists even without them, the maximum caused
by the 357!5p 'P is reduced and shifted downward in energy.

IV. CONCLUSIONS

In conclusion, we have introduced an experimental tech-
nique that facilitates continuous photon-energy tunability
and an unprecedented spectral resolution in an attosecond
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FIG. 4. The atomic delay difference t{}, — 73}, between ionization from the 3p;/, and the 33/, orbital. In panel (a), the experimental and
theoretical results are shown for a wider range of energies, while panel (b) shows a cutout of the theoretical results near the 3s~!5p resonances,
and the overlaid panel (c) shows the 3s5~!5p 'P contribution to the photoabsorption cross section (see text for details). The experimental
data, with error bars, are shown as purple points. The dark purple lines show the theoretical RPAE values with shakeup corrections included,
convoluted with a 10.3 meV FWHM Gaussian, as elaborated on in the main text. In dotted (dashed) black, similar data are shown, but including
only the 3s7!5p 'P (3s7'5p 3P) resonance. In beige, theoretical RPAE data without shakeup corrections are shown. The ordinates show the
sideband energy, harmonic energy, and 3s~'5p >*!P resonances analogously to Fig. 3.

time-resolved experiment. We have applied this new tech-
nique to study how spin-orbit interaction affects the pho-
toionization delays in the vicinity of resonances by coupling
continua of different spin multiplicities (singlet and triplet).
Comparison of measurements and calculations has revealed
the importance of including electron-correlation effects,
specifically through the description of shakeup channels. Al-
though the qualitative inclusion of the shakeup configurations
improves the agreement between theory and experiment, it
is not sufficient to quantitatively reproduce the measured
photoionization delays. This is not completely unexpected
because the g factor and width of the resonance are also
not quantitatively reproduced, but it reveals the exceptional
sensitivity of photoionization delays to subtle interactions.
These results demonstrate that measurements of photoion-
ization delays with high spectral resolution offer a very
stringent test of theory, capable of challenging state-of-the-art
methods for the calculation of atomic photoionization delays.
The high spectral resolution of the present technique will
enable its extension to measure overlapping resonances in
atoms and molecules. In the case of molecules, the high spec-
tral resolution will be crucial for disentangling resonances

converging to different electronic and vibrational levels of
the molecular cations, which will offer very detailed infor-
mation on electron correlation and electron-nuclear coupling
in molecules on attosecond timescales. Applying this method
to “complex resonances” in molecules, i.e., resonances in
which molecular autoionization and predissociation coexist,
will enable the effects of interfering decay pathways to be
studied through the sensitive lens of attosecond photoioniza-
tion delays [32,33].
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