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Influence of final state interactions in attosecond photoelectron interferometry
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Fano resonances are ubiquitous phenomena appearing in many fields of physics, e.g., atomic or molecular
photoionization, or electron transport in quantum dots. Recently, attosecond interferometric techniques have
been used to measure the amplitude and phase of photoelectron wave packets close to Fano resonances in argon
and helium, allowing for the retrieval of the temporal dynamics of the photoionization process. In this work,
we study the photoionization of argon atoms close to the 3s'3p%4p autoionizing state using an interferometric
technique with high spectral resolution. The phase shows a monotonic 25 variation across the resonance or a
nonmonotonic less than v variation depending on experimental conditions, e.g., the probe laser bandwidth. Using
three different, state-of-the-art calculations, we show that the measured phase is influenced by the interaction

between final states reached by two-photon transitions.
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I. INTRODUCTION

In 1935, Beutler observed spectral lines with asymmetric
absorption profiles [1]. In a seminal article [2], Fano ex-
plained this asymmetry by the superposition of a discrete state
and a continuum coinciding in energy, interacting with each
other and leading to an interference effect. The Beutler-Fano
formula, which describes this interaction with only a few
key parameters, has become a workhorse in many fields of
physics, including nuclear, atomic, molecular, and condensed
matter physics [3-6].

As derived by Fano [2], quantum interference between di-
rect atomic photoionization and ionization due to excitation of
a discrete state that decays by autoionization can be described
with the Fano resonance factor

q—+e
e+i’
which multiplies the transition dipole moment correspond-

ing to direct photoionization. In this expression, € = 2(E —
E,)/T is the reduced energy, equal to zero at the position of
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the resonance and normalized by the resonance width I", and
q is the asymmetry parameter, which depends on the relative
strength between the transition from the ground state to the
autoionizing state and direct photoionization. When ¢ is real,
Eq. (1) leads to an asymmetric line shape due to interference
effects between the different ionization paths and to an abrupt
7 phase jump when g + € = 0.

In the initial description of asymmetric lineshapes in
(single) photon absorption, g is a real quantity [7-9]. How-
ever, further studies showed that ¢ becomes complex-valued
in above-threshold-ionization (e.g., two-photon transitions)
[10,11], when the autoionizing state interacts with multiple
channels [12], or when multiple Fano resonances overlap [13].
A complex-valued g-parameter is also needed to fully describe
quantum systems with decoherence, for example electron
transport through quantum dots [14], microwave transmission
in metal cavities [15,16], or atoms in the presence of a strong
laser field [17,18], and systems with time-reversal symmetry
breaking [15,19].

Fano resonances have been extensively studied in atomic
systems, especially noble gases, using synchrotron radiation
[8,9,20,21]. In such experiments, the absorption profiles are
measured with high spectral resolution, leading to a pre-
cise determination of g. Recently, the advent of laser-based
high-order harmonic radiation in the extreme ultraviolet
regime [22,23], when combined with a probe laser field,
has allowed new types of measurements, elevating our un-
derstanding and control of the interference phenomenon
[24-31]. In some of these experiments, the spectral phase and
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amplitude of the autoionizing wave packet was measured us-
ing an interferometric technique (RABBIT, reconstruction of
attosecond beating by interference of two-photon transitions)
[26-31]. As a consequence, the ultrafast temporal dynamics
associated with a Fano resonance [27,31] could be recon-
structed.

An important question is how much the probe laser field
perturbs the interaction and modifies the resonance profile.
Laser-induced changes in the spectral profiles have been stud-
ied at relatively high laser intensities in experiments [24,32]
and in simulations [17]. The results could be described by the
introduction of a complex-valued g parameter [18,33]. Even in
a perturbative regime, as in RABBIT measurements, the probe
field might induce additional interaction channels, affecting
the interferometric measurements.

In the present work, we study the photoionization of argon
atoms using a high spectral resolution attosecond interfero-
metric setup [34]. The laser wavelength is tuned so that the
17th harmonic, generated in an argon gas cell, is resonant with
the quasibound 3s~'4p state. Measurements are performed
using the energy-resolved (“rainbow”) RABBIT technique
[27], based on the use of a weak infrared (IR) probe field.
The main experimental novelty compared to previous mea-
surements [26,30] is the use of a narrow-bandwidth (10 nm
wide) probe field. This allows us to separate the two spin—orbit
components, which are found to show similar phase and am-
plitude behavior. Depending on the measurement, performed
in sideband 16 (SB16, one IR photon below the resonance) or
SB18 (one IR photon above the resonance) the phase is found
to vary by almost 27, or much less, about 1.4 rad, across the
resonance. The strong 2w phase variation was not observed
in previous measurements [26,30]. We also investigate the
dependence of this phase variation with IR bandwidth and
harmonic wavelength. Using calculations, we show that final
state interactions involving (nonresonant) dipole transitions
in the 3s3p°nt discrete spectrum followed by autoionization
to the final 35>3p>ef’ continuum states strongly affect the
measurements.

The article is structured as follows. In Sec. II, we describe
the experimental method and results. Theoretical methods and
calculations are presented in Sec. III. In Sec. IV, we discuss
the role of the final state interactions on the measured phase
variation. We conclude in Sec. V.

II. EXPERIMENTAL METHOD AND RESULTS

A. Experimental setup

A 4 mJ, 40 fs infrared (IR) titanium sapphire laser pulse is
split into two parts in a Mach-Zehnder interferometer [34]. In
one arm of the interferometer the IR pulse is focused into a
gas cell filled with argon to generate high-order harmonics. A
200 nm thick aluminum filter blocks the remaining IR pulse
and transmits the generated extreme ultraviolet (XUV) pulses.
In the other arm of the interferometer the IR pulse is sent to
a variable-delay piezo stage to enable variation of the delay
between the XUV pulses and IR probe pulse. The IR probe
bandwidth can be reduced from 35 to 10 nm by adding an
interference filter. The XUV and IR probe pulses are recom-
bined on a holey mirror, and are finally focused by a toroidal
mirror into an argon gas jet located in the interaction region of

TABLE 1. Energy levels of resonant states in argon.

States 3s74s 3s74p 3s7'4d 3s76s 3s57'5d
E.(eV) 25.21* 26.60° 28.27* 28.31* 28.63*
F(meV)  202° 760 50 50

4Taken from Ref. [35].
YTaken from Ref. [36].

a magnetic bottle electron spectrometer (MBES) with 47 col-
lection efficiency. The experiment consists in measuring the
photoelectron spectra, integrated over all angles, as a function
of the XUV-IR delay.

The experiments presented in this work rely on high spec-
tral resolution achieved through the use of a narrow-band
probe pulse. In addition, photoelectrons are detected with a
MBES with a 2 m-long time-of-flight tube, allowing an energy
resolution better than 50 meV for SB16 and 90 meV for SB18.
As a consequence of the good spectral resolution, the spin—
orbit structure is well resolved, for the first time in this type
of measurement [26,30]. High temporal stability, estimated to
be 15 as or 0.07 rad, is achieved by active stabilization of the
Mach-Zehnder interferometer [34].

B. Energy levels and transitions

Figure 1(a) illustrates the different energy levels and transi-
tions involved in the present work. Argon atoms are exposed
to XUV radiation (purple arrows) in the form of odd high-
order harmonics (labelled HHg) of an IR laser field, and a
narrowband IR probe laser (red arrows) with a variable delay
relative to the XUV. Absorption of one harmonic, HH,, plus
absorption of an IR photon, and absorption of the next har-
monic, HH,4,, and emission of an IR photon, therefore, lead
to the same final state (sidebands, denoted SB16 or SB18 in
the figure).

Ionization of argon following a one or two-photon tran-
sition leads to photoelectrons whose energy depend on the
final ionic state, 3p® 2Py and 3p° 2P; 5, due to the spin—orbit
interaction. The two spin—orbit components are separated by
177 meV and the (statistical) ratio between the two is close to
1/2.

The left part of Fig. 1(a) shows excited states 3s3p°nt,
(also noted 3s~'n¢), which can be reached by absorption in
the 3s? subshell of one harmonic photon (3s3p°4p) or one
harmonic plus/minus one IR photon (353 p°4s, 4d, 65 or 5d).
Their energies are given in Table I. These excited states are
embedded in the continuum and decay by autoionization.
The 3s3p%4p state may decay either by autoionization, or by
absorption/emission of an IR photon followed by autoioniza-
tion. The IR intensity used in the experiments is kept low
enough so that the probability to absorb or emit more than
one IR photon is negligible.

C. Experimental method

The laser wavelength is tuned so that the 17th harmonic
is close to the 3s~'4p autoionizing state. Consequently, both
SB16 and SB18 can be reached by a path influenced by the
Fano resonance, involving absorption of the 17th harmonic,
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FIG. 1. (a) Illustration of the levels, channels, and processes involved in the experiment. The purple (red) arrows represent the harmonic
(IR) photons. The black arrows indicate autoionization. Dashed lines mark continuum or virtual states reached by absorption of a harmonic or
a harmonic = an IR photon. Solid lines are quasibound states which may decay by autoionization. (b) Measured photoelectron spectra in SB18
and (c) in SB16 in argon as a function of delay between XUV and IR. (d) Photoelectron spectra in SB18 and (e) in SB16 after subtracting the

mean values of the oscillations.

and another path, by absorption of the 15th harmonic for SB16
or the 19th harmonic for SB18.

Figures 1(b) and 1(c) present measured photoelectron spec-
tra as a function of delay between the XUV and IR pulses
in SB18 and SB16. The sideband peaks present clear oscilla-
tions, with a period equal to half a laser cycle. The spin-orbit
splitting is well resolved, which is an improvement compared
to previous measurements [26,30]. For each energy, the side-
band signal can be described as

S(t) = |ATP 4+ |A7 1 + 2|AT||A7 | cosQut — Ap),  (2)

where AT and A~ are the energy-dependent two-photon tran-
sition amplitudes involving absorption (+) or emission (—)
of an IR photon and Ag = ¢~ — ¢* is the phase difference.
The sideband oscillation is analyzed by fitting Eq. (2) to
the experimental data for each energy. The delay-dependent
photoelectron spectra, with the mean values of the oscillations
removed, are shown in Figs. 1(d) and 1(e) for SB18 and SB16,
respectively.

D. Experimental results

In Figs. 2(a) and 2(b), we present the phase and amplitude
variation as a function of energy in SB16 and SB18. To
facilitate comparisons between the experimental results and
the different calculations presented in Sec. III, we present
kinetic energies relative to E, & fio — I,(*P ), where E, is
the energy of the 35~ '4p resonance and where = refers to the
IR photon being emitted (—) or absorbed (4). The positions
of resonances accessible through two-photon transitions are
indicated by vertical lines at the top of each panel in the figure.

The phase (blue line) is obtained by a fit of a cosine function
[see Eq. (2)], to the experimental data. Both amplitude and
phase variations show similar results for the two spin—orbit
components, with a shift in energy corresponding to the spin-
orbit splitting (177 meV) and an amplitude ratio close to 1/2.
No significant phase difference between the two spin—orbit
components can be observed.

The amplitude variations in Figs. 2(a) and 2(b) exhibit
minima at the resonance position characteristic of a window
resonance. For SB16, the phase variation across the resonance
is almost 27, which is at variance with previous measure-
ments of the same process [26,30], while for SB18S, it is
around 1.4 rad. Note that the sharp phase jump between
the two spin—orbit components in Fig. 2(a) is a nonphysical
27 phase jump. In contrast, the phase of SB20 (not shown)
is approximately flat, with a slight increase of 0.1 rad per
0.1 eV.

We indicate in Fig. 2 the position of the quasibound states.
The 3s~'4p shifted by plus or minus one IR photon is in-
dicated in grey, where the dashed (solid) line indicates the
position of the shifted resonance corresponding to the 2P
(2P3/2) final ionic state. The other resonances that can be
reached from the 35~ '4p by one-photon absorption or emis-
sion are shown by the colored lines. While the 35~ '4s is not
directly resonant with the final continua reached in SB16, in
SB18, the 35744 and 3s~!6s states are quasiresonant.

E. Influence of the probe bandwidth and XUV wavelength

To understand better the difference between the measure-
ments and previous results reported in the literature [26,30],
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FIG. 2. Amplitude (black lines) and phase (blue lines) of (a) SB16 and (b) SB18 measured with a 10 nm probe bandwidth, and of (c) SB16
and (d) SB18 measured with a 35 nm probe bandwidth. The red lines are adapted from Ref. [30], with a shift for comparison. The vertical
lines indicate the position of the 3s~'4s (green), 3s~'4d (orange), 3s~'6s (violet) resonances, relative to the position of the 3s~'4p resonance
plus/minus one IR photon for SB18 and SB16 (grey). The resonance positions in the spectrum corresponding to the %Py, and %P;; ionic states

are indicated by dashed and solid lines, respectively.

we performed complementary experiments by investigating
the influence of the probe bandwidth on the phase variation of
SB16 and SB18 across the resonance. Figures 2(c) and 2(d)
present results obtained in similar conditions as in Figs. 2(a)
and 2(b), with the main difference being the bandwidth of the
probe field, now equal to 35 nm. As expected, the resonant
features are smoothed out compared to the measurements with
a 10 nm bandwidth probe pulse. The 2w phase variation is
reduced to less than 1 rad, consistent with previous measure-
ments of the same resonance using a 50 nm probe bandwidth
[30], shown in red. In SB18, the phase variation is also re-
duced when using shorter probe pulses and reproduces well
the results in Ref. [30]. The narrower photoelectron peaks in
the measurements with 35 nm bandwidth, compared to those
performed with a 10 nm bandwidth [Figs. 2(a) and 2(b)] is
probably due to a slightly smaller XUV bandwidth used in
these experiments.

Finally, we investigated the influence of the XUV wave-
length on the amplitude and phase variation of SB16 and
SB18. In these measurements, the probe central wavelength
and bandwidth, imposed by the transmission of the interfer-
ence filter, are fixed to 790 nm and 10 nm, respectively. The
results are shown in Figs. 3(a) and 3(c) for SB16 and Figs. 3(b)
and 3(d) for SB18. The phase variation is strongly affected by
the central wavelength of the IR used for XUV generation.
Between the results at 788 and 789 nm, and those at 790 and
791 nm, the phase variation of SB16 changes from almost
27 to less than w. The phase variation of SB18 is also more
pronounced at 788 and 789 nm. The amplitudes of SB16 and
SB18 change, with a clear indication of the 3s~!'4p window

resonance at 788 and 789 nm, and narrower peaks at 790 and
791 nm.

The photon energy of HH17 decreases as the central wave-
length of the IR used for XUV generation is tuned from 788
to 791 nm. Consequently, the energy of SB16 approaches the
3s~!4s resonance, leading to a change in the phase variation,
thus emphasizing the influence of final state interactions. As
shown in Table I, the states involved in SB18 via two-photon
transitions, in particular 3s~'4d and 3s~'6s, exhibit signifi-
cantly narrower linewidths than the 3s~'4s state. Interestingly,
the change in wavelength also affects the measured phase
variation, in particular for the p, s> final ionic state as seen
in Fig. 3(b).

III. THEORETICAL INTERPRETATION

To interpret the experimental findings, we have employed
three different and independent computational approaches.
The first approach utilizes many-body perturbation theory to
describe two-photon ionization processes. While this method
omits finite pulse effects and yields resonance positions that
do not align with the experimental values, making a di-
rect comparison with the experiment difficult, its ability to
selectively switch on or off interactions is very useful for
discussing the importance of the different physical effects.
In the second approach, we use XCHEM, an ab initio molec-
ular ionization program suite based on the close-coupling
method [37], to simulate the photoionization process with fi-
nite pulses. Thanks to its large-scale configuration interaction
approach, XCHEM can account for most of the short-range
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FIG. 3. Phase and amplitude of SB16 [(a) and (c)] and SB18 [(b) and (d)] for different IR wavelengths used for XUV generation (788 nm
in magenta, 789 nm in blue, 790 nm in yellow, and 791 nm in red). The probe wavelength is 790 nm. For visibility, a vertical shift is added
in the amplitudes between the results obtained at different wavelengths. The vertical lines indicate the positions of the 3s~'4s (green), 3s~'4d
(orange), 3s~'6s (purple) resonances, relative to the position of the 3s~'4p resonance plus/minus one IR photon for SB18 and SB16 (grey).
The resonance positions in the spectrum corresponding to the 2P; /, and *Py, ionic states are indicated by dashed and solid lines, respectively.

correlation and the inter-channel coupling within the elec-
trostatic approximation. However, XCHEM cannot account for
spin-orbit splitting, and cannot be used for pulses as long as
those used in the experiment. To address these limitations,
our third approach employs NEWSTOCK [38,39], an atomic-
ionization close-coupling code. While XCHEM can include
a larger number of configurations, NEWSTOCK can semi-
empirically account for spin-orbit interactions and simulate
photoionization events with longer pulses. Table II shows the
energy and width of the 357 '4p and 3s~'4s states of the
three computational methods. The positions of the resonances
calculated using random phase approximation with exchange
(RPAE) are obtained by using the experimental value of the
3s ionization energy instead of the Hartree-Fock value. The
resonance widths cannot be accurately estimated using RPAE
since higher order correlation, involving the 3p~23dné con-
figurations, are not included. The positions of the 'S and

TABLE II. Theoretical energy and width of the autoionizing
states relevant to SB16, computed with three different numerical
approaches.

35714 3s7l4p
E.(eV) I'(meV) E.(eV) I'(meV)
RPAE 25.44 12 26.74 11
XCHEM 25.46 114.24 26.73 73
NEWSTOCK 2491 138 26.07 64

D resonances were further adjusted slightly to match the
experimental values shown in Table I.

A. Analysis using many-body perturbation theory

In the many-body perturbation theory approach, interaction
with the probe field is accounted for to lowest-order, i.e., only
one-photon absorption or stimulated emission is allowed for.
The two-color two-photon RPAE approach [40] is used to
calculate correlated two-photon matrix elements that include
channel coupling, after both one- and two-photon interaction,
as well as ground state correlation. We investigated the in-
fluence of final state correlations via the interaction of the
3sns and 3snd states with the final continua, thus including
the paths indicated by the dashed red and black arrows in
Fig. 1(a).

The phase and amplitude in SB16 without these final
state correlations are indicated by the blue lines in Figs. 4(a)
and 4(d). This corresponds to only including interactions
described by solid (red and black) arrows in Fig. 1(a), i.e.,
autoionization in the vicinity of the 3s~!4p state, and IR pho-
ton absorption or stimulated emission in the 3s>3p> spectrum.
The red and magenta lines show the phase and amplitude
of the 3s?3pep and 3s?3p’cf final states, respectively. In
the €f final state, the amplitude shows perfect destructive
interference and hence a sharper, and larger, phase variation
across the resonance than in the €p final state. The reduced
contrast of the resonance in the € p final state is due to the two
contributing paths to the final state (autoionization to the €s
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FIG. 4. Phase and amplitude of two-photon matrix elements calculated using the RPAE approach. Phase and amplitude of SB16 [(a) and
(d)] without and [(b) and (e)] with final state correlations included (blue lines). The red (magenta) lines corresponds to the phase and amplitude
of the e p (¢ f) final state. (c) Phase and (f) amplitude of SB18. The red and blue lines indicate the results without and with final state interactions
(FSI), respectively. The vertical dashed lines indicate the position of the 3s~'4s (green), 3s~'4d (orange), 3s~'6s (purple) resonances, relative
to the position of the 3s~'4p resonance plus/minus one IR photon for SB18 and SB16 (grey).

and ed continua, followed by stimulated emission of an IR
photon).

The phase and amplitude of SB16, including final state
correlations, are shown in Figs. 4(b) and 4(e). The results
are obtained by including also IR photon emission in the
3s3p° spectrum, followed by autoionization to the final 35?3 p>
spectrum [dashed red and black arrows in Fig. 1(a)]. These
transitions involve both the bound part of the 3s~'4p reso-
nance, and the nonresonant contribution, which, however, is
expected to contribute less. These results show the impor-
tance of the final state interactions for the measurement of
the phase variation across the 3s~!4p resonance. In the case
of SB16, comparing Figs. 4(a) and 4(b), the phase changes
from first decreasing then increasing as the energy increases,
with a total phase change of less than 7, to a monotonic 2w
phase variation. Additionally, when plotting separately the
contributions of the two final states 3s>3p°cp and 3s*3p’e f
[red and magenta lines in Figs. 4(b) and 4(e)], the influence
of the 4s resonance is only observed in the 3s*>3p°¢p final
continuum, due to angular momentum coupling rules. Both
cases, however, exhibit a 27 phase variation across the 3s~'4p
resonance. This shows that final state interactions, which are
certainly enhanced by the proximity of the 3s~'4s state for
the 3p — ep channel, also influence the 3p — €f channel
(possibly through the nonresonant contributions of the 3s~'nd
quasibound states).

In SB18 [Fig. 4(c)], the phase without including final
state interactions (red line) is very similar to that of SB16
[Fig. 4(a)], except for the expected sign change [26]. In con-
trast, when including final state interactions in SB18 (blue
line), the result is quite different from SB16. This emphasizes

the importance of final state interactions, which are different
in the two spectral regions (for SB16 and SB18). In SB16, the
3p — €p channel might be influenced by the broad 3s~'4s
resonance, while for SB18, several narrow resonances, e.g.,
357 16s, or 3s7'4d might be important.

For the amplitude, the difference between the calculations
performed with and without final state interactions is much
less pronounced than for the phase, both in SB16 and SB18.
In the case of SB16, the amplitude variation is dominated by
the Fano resonance in the intermediate, one-photon transition.
The influence of narrow resonances in the final state can be
observed in the amplitude variation of SB18. The main effect
of adding final state interactions is to reduce the interference
contrast (incomplete destructive interference), especially for
SB18.

B. Studying the influence of the probe photon energy
and pulse duration using XCHEM

We now present the results obtained using the XCHEM ap-
proach. The ground state of argon (1S¢) was obtained from a
complete active space configuration interaction (CAS-CI) cal-
culation, including the first four s, three p, and one d orbitals,
with the ls, 2s, and 2p core orbitals always doubly occu-
pied. These orbitals were optimized using the state-average
Restricted Active Space SCF(SA-RASSCF) capability of
MOLCAS [41] where two 'S¢ states were included in the
state average. We used the aug-cc-pVTZ one-electron basis
set [42,43]. The cation states were obtained by constructing
the (N-1)-electron configuration state functions (CSFs) using
the same orbitals as in the MOLCAS calculation of the ground

043271-6



INFLUENCE OF FINAL STATE INTERACTIONS IN ...

PHYSICAL REVIEW RESEARCH 6, 043271 (2024)

Lower SB

Phase (rad)

Phase (rad)

0 0.2 0.4 0.6
Relative energy (eV)

o

W

Phase (rad)

5T ' :

SN

W

Phase (rad)

-0.2 0 0.2 0.4
Relative energy (eV)

FIG. 5. Phase of (a) lower sideband and (b) upper sideband as a function of the probe photon energy [1.27 (red), 1.55 (blue), and 1.65 eV
(magenta)] obtained using the XCHEM approach. The probe pulse duration is 12 fs. The dashed vertical lines in (a) indicate the position of
the 35~ '4s relative to the position of the 3s~'4p resonance minus one IR photon (grey) for the three different probe energies, and in (b) the
dashed (solid) vertical lines correspond to the 3s~!4d (3s7!5d) resonance relative to the position of the 3s~'4p resonance plus one IR photon
(grey). Phase of (c) the lower sideband and (d) the upper sideband as a function of pulse duration [8 (red), 12 (blue), and 22 fs (magenta)]. The
probe photon energy is 1.27 eV. The dashed red vertical line indicates the position of the 3s~!4s resonance in (c), and 3s~'4d resonance in (d),
relative to the position of the 3s~!4p resonance plus/minus one IR photon (grey) for the upper and lower sideband, respectively.

state. The three components of the %P state of the cation (ener-
getically open) and the 25¢ state of the cation (closed channel)
were included in the close-coupling calculation, with £,x = 6
for the partial wave expansion of the scattering states. The
TDSE was solved by expanding the time-dependent wave
function in the basis of fully correlated electronic states ob-
tained in the previous steps [44]. We note that a similar basis
of electronic states was used in previous work to obtain one-
and two-photon single ionization cross sections of argon in
very good agreement with previous experimental and theoret-
ical results [45].

In Figs. 5(a) and 5(b), we present the energy-resolved
phase of the sidebands extracted from simulated RABBIT
traces using probe photon energies of 1.27 (red), 1.55 (blue),
and 1.65 eV (magenta), for pulses with a duration of 12 fs.
The simulation with a probe energy of 1.27 eV is chosen to
exactly match the energy difference between the 3s~'4p and
35~ !4s states. The ionizing XUV pulse is prepared in such a
way that one of the harmonics is in resonance with the 3s~!4p
state. We note that the sideband orders used in the XCHEM
calculations are different from those used in the experiment
due to the difference in photon energy. In the following, we
refer to the upper and lower sidebands relative to the position
of the 3s~'4p resonance.

For all three probe photon energies, the phase of the lower
sideband features a sudden variation in the vicinity of the
35~ !4s resonance, while for photon energies equal to 1.55 eV

and 1.65 eV it is relatively flat close to the 3s5~'4p resonance.
The absence of a large phase variation in the vicinity of the
3s~!4p resonance is due to the use of very short IR probe
pulses (shorter than in the experiments) which significantly
smooths out the phase variation. In contrast, the phase vari-
ation in the vicinity of 3s~'4s resonance is not affected by
finite pulse effects since it is directly resonant with the final
continua. As the probe photon energy increases from 1.27
to 1.55 eV, the phase variation changes from a nonmono-
tonic shape featuring a less than 7 variation, to a monotonic
2 phase variation. Increasing the probe photon energy to
1.65 eV, the phase variation reverts to a nonmonotonic less
than 7 variation, of different sign. The 27 phase variation
is present for photon energies varying from 1.55 to 1.57 eV,
which corresponds to the probe photon energy used in the
experiment. The wavelength-dependent calculations indicate
that the participation of both the 3s~'4p and 3s~'4s reso-
nances in the two-photon transition leads to the 27 phase
variation observed in the lower sideband, since it disappears
both for a probe energy of 1.27 eV, when 35~ '4s dominates,
and for a probe energy of 1.65 eV, when the two-photon
transition is dominated by the 35~ '4p resonance. In the upper
sideband, the phase variation shows the signature of multiple
final state resonances, while, as for the lower sideband, finite
pulse effects smooth out the contribution of the intermediate
3s~!4p resonance. Due to the very narrow width of the final
state resonances the phase variation is not well resolved.
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Figures 5(c) and 5(d) show the phase of the lower and
upper sidebands for a probe photon energy of 1.27 eV and
pulse durations of 8, 12, and 22 fs. The phase variation
is strongly affected by the probe bandwidth. As the pulse
duration increases and the bandwidth decreases, the phase
variation switches from a nonmonotonic variation to a mono-
tonic 27 phase variation in the lower sideband. In contrast,
in the upper sideband only small phase variations are ob-
served, which, due to the relatively broad probe bandwidth
and several close lying quasibound states, are dominated by
the two-photon resonances (3s7'6s, 357'4d, and 3s7'5d).
Additionally, there is significant overlap between the 3s~'6s
and 35~ '4d resonances, further reducing the observed phase
variation.

C. Simulations including spin-orbit interaction

Finally, we simulated the photoionization of argon using
the NEWSTOCK atomic photoionization code [38], extended
to account for the spin—orbit interaction. To a first approxi-
mation, the relativistic effects in the photoionization of argon
from its valence shell can be reduced to the spin—orbit split-
ting of the 2p, /2,32 parent ion. To reproduce these effects,
we recouple the nonrelativistic states obtained in ab initio
calculations to give rise to ionization states with well-defined
total angular momentum J, and we add to the nonrelativis-
tic Hamiltonian a J-dependent energy shift for the matrix
elements between states originating from the same ion with
total angular momentum J. The XUV attosecond-pulse train
comprises three consecutive harmonics, HH15, HH17, and
HH19, with a FWHM of approximately 11 fs, and the IR
probe pulse is varied between 46 and 55 fs. These values are
chosen to mimic the conditions of some of the experiments.
The central energy of HH17 is selected to be resonant with
the theoretical value of the 3s~'4p autoionizing state energy,
26.07 eV.

Figures 6(a) and 6(b) show the energy-resolved phase and
amplitude of SB16 and SB18 of the simulated energy-resolved
RABBIT photoelectron spectrum computed with a pulse du-
ration of 46 fs. The parameters of the oscillations are directly
obtained from the complex amplitudes of the two contribut-
ing two-photon transitions to the sideband. The peaks in the
theoretical photoelectron spectrum are slightly shifted with
respect to the experiment due the relative error in the abso-
lute energy of the computed autoionizing states, and to the
laser wavelength which is larger than in the experiment in
order to match the detuning of SB16 from the 3s~'4s au-
toionizing state. With this set of parameters, the simulations
reproduce well the experimental conditions in Figs. 2(c) and
2(d), where the experimental phase for SB16 does not exhibit
a 27 jump. Indeed, for SB16, the theoretical results quantita-
tively reproduce both the proportion of the two spin-orbit split
peak amplitudes, as well as the associated phase shifts. SB18
comprises several autoionizing states with even symmetry,
which complicates the spectrum. Nevertheless, even for this
sideband, we find a good qualitative agreement in both the
amplitude and phase of the main resonant features.

To compensate for the discrepancy between the experimen-
tal and ab initio energies of the 3s~'4s and 35~ '4p states,
we repeated the simulations using a 975 nm IR pulse. In this

way, the center of SB16 is closer to the energy of the 3s~'4s
autoionizing state, as it is in the experiment. Furthermore,
to approximate the longer IR pulse duration used in the ex-
periments in which the 27 jump is observed, we have also
used a longer pulse, with a duration of 55 fs. Figures 6(c)
and 6(d) show the amplitude and phase of SB16 and SB18
extracted from this simulation, alongside the amplitude and
phase of the contributions to the sideband signal from each of
the two ionic channels (%P3 /2 and 2p, ,2). When the signals of
the two ionic channels are considered individually in SB16,
as presented in blue solid and dashed lines in Fig. 6(e), the
phase of each of the two channels exhibits a 277 variation at the
position of the 3s~'4s resonance. When the two ionic signals
are added incoherently, however, only the second 27 variation
survives, whereas the phase variation in the 2p, /2 channel is
reduced to a small bump. We note that this is similar to recent
spin—orbit resolved RABBIT simulations of the 3s~!4p reso-
nance, using the time-dependent R-matrix method [46], where
each ion-resolved RABBIT signal exhibits a close to 7 phase
jump, whereas the joint spectrum shows a strongly reduced
phase variation in the ?P;, spin-orbit component. Similarly,
in SB18 [Fig. 6(d)], the total phase follows the isolated 2P; 2
component closely, while showing a reduced phase variation
compared to the isolated P/, component.

IV. DISCUSSION

A common feature of all the experimental and theoreti-
cal results presented in the previous sections is the extreme
sensitivity with wavelength and pulse duration of the phase
variation across the 3s~!4p resonance, which can be as large
as 27 or close to zero depending on the chosen sideband. A
27 phase variation across a Fano resonance has been shown
theoretically to occur under certain conditions when the asym-
metry parameter acquires a nonzero imaginary component
[47]. There are several processes that can lead to a change
from the purely real g-parameter described in Fano’s original
paper, to a complex one. Two such processes are inherent
to the case of two-photon ionization of argon atoms studied
here. First, in general, when a two-photon transition involv-
ing an autoionizing state (in the intermediate or final state)
occurs, it results in an effective g-parameter with a nonzero
imaginary part [10,11,47,48]. The strength of the radiative
coupling between the bound state and the continuum [dashed
red and black arrows in Fig. 1(a)] influences the magnitude of
the imaginary part of g. When the two-photon transition is in
the vicinity of a resonance, the coupling strength, and thus the
effect on the measured phase, can be strongly enhanced.

Secondly, as discussed above, for the 3s~!4p autoionizing
resonance there are several angular channels through which
the state can decay, leading to an effective complex ¢, even
in single-photon ionization [12]. In this case, the interaction
of the bound state with the final s and d continua can be
transformed into an interacting, and a noninteracting con-
tinuum channel [26], where the noninteracting channel only
adds a smoothly varying background term to the two-photon
transition matrix element, as

M(e) = Ag + Apg = (Ao + Apg) - 3)

q+e g+e
e+i €+
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FIG. 6. Amplitude (black lines) and phase (blue lines) of the RABBIT beating around [(a), (c), and (e)] SB16 and [(b), (d), and ()] SB18,
extracted from the theoretical RABBIT spectrum computed with NEWSTOCK, including the spin-orbit coupling. In (a) and (b), the IR probe
pulse has a duration of 46 fs and a central wavelength of 809 nm. In (c)—(f), the IR probe pulse has a duration of 55 fs and a central wavelength
of 975 nm. In both cases, the IR has an intensity of 0.1 TW/cm?. In (e) and (f), the amplitude and phase of the individual contributions from
the *Py;, and ?P;, ionic channels are shown, indicated by the solid and dashed lines, respectively. The vertical lines indicate the position of
the 3s7'4s (green), 3s7'5d (cyan), 3s~'5s (magenta), 3s~'4d (orange), and 3s~'6s (purple) resonances, relative to the position of the 3s~'4p
resonance plus/minus one IR photon for SB18 and SB16 (grey). The resonance positions in the spectrum corresponding to the %Py, and %P

ionic states are indicated by dashed and solid lines, respectively.

with § = (Aoq + iApg)/ (Ao + Apg), where Ag and Ay, are the
amplitudes of the interacting and noninteracting channels,
respectively.

To illustrate how an effective complex ¢, resulting from
either of the above mentioned processes, can influence the
phase and amplitude measurements, we show in Fig. 7(a)
the complex trajectory of a transition matrix element, with
g = —0.25, describing a window resonance such as 3s~'4p
in argon [20], in the case of zero background (purely real
g, black line), and when including a small (real) positive or
negative background (red and blue line). Figures 7(b) and
7(c) show the corresponding phase and amplitude variation
in the three cases. In the case of no background term, the
complex trajectory intersects the origin, leading to a sharp &
phase variation, and an amplitude showing perfect destructive
interference due to the window resonance. For the positive
background, the circle describing the complex trajectory shifts
to the right, so that it no longer intersects the origin. The phase

variation shows a similar trend as for the real g, but with
a reduced, smoother phase variation. Finally, when adding
a negative background, the complex trajectory encloses the
origin, which leads to a smooth 2w phase variation across the
resonance.

As shown in a previous work [47], taking into account
finite pulse (bandwidth) effects in the description of resonant
two-photon ionization, the circle describing the variation of
the complex amplitude with energy shrinks as the bandwidth
increases, due to mixing of different spectral components. In
our experimental conditions, the trajectory encloses the origin
for SB16 when using a narrow 10 nm probe bandwidth, while
as the bandwidth is increased to 35 nm, the circle becomes
smaller and no longer encloses the origin. Thus the phase
variation changes from a monotonic variation of almost 27
[see Fig. 2(a)] to a nonmonotonic variation of less than
[see Fig. 2(c)]. A similar effect is observed in the XCHEM and
NEWSTOCK calculations reported in the previous section.
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FIG. 7. (a) Complex representation of M (¢) without background
(black), with a positive background (red) and with a negative back-
ground (blue). (b) arg[M(e)] and (c) |M(¢)|* as a function of € for
the three cases. [(d)—(f)] Channel resolved complex trajectory of the
two-photon matrix element in the vicinity of SB16 calculated with
RPAE with the final state (d) ep 'S, (e) ep 'D, and (f) € f 'D. The red
(blue) lines indicate the results without (with) final state interactions.
The amplitudes of the complex trajectories in (d)—(f) have been
normalized to the respective maximum radius in each panel.

To complement this simple model, we show the complex
trajectory of the two-photon matrix elements in SB16, calcu-
lated using RPAE, for the €p 'S, ep 'D and € f 'D final states
in Figs. 7(d)-7(f). The red (blue) circles indicate calculations
without (with) final state correlations. As can be seen, includ-
ing final state correlation shifts the circle to enclose the origin
for the € p'S and ef 'D final states, leading to a 27 phase
variation in these cases. In addition, especially for the ep 'S
final state, the radius is increased. For the €p 'D final state,
however, the red circle is far away from the origin, indicating
a stronger background contribution, due to the contribution of
the intermediate s and d continua, leading to a small amplitude
and phase variation across the 3s~'4p resonance. The effect of
final state correlations on the phase and amplitude is relatively
small in this case. Similar representations of the two-photon
matrix elements calculated with XCHEM and NEWSTOCK are
discussed in Appendix.

V. CONCLUSION

In summary, we have studied resonant two-photon ioniza-
tion via the 3s~'4p autoionizing state in argon, using rainbow
RABBIT with a high-resolution photoelectron spectrometer.
The autoionizing state is excited by absorption of the 17th
harmonic and phase measurements are performed by inter-
ferometry both in sideband 16 and in sideband 18. The high
spectral resolution allows us to resolve the two spin-orbit
components, for which the measured spectral amplitude and
phase are observed to be very similar. The phase variation
observed in SB16 depends on the probe bandwidth, being
almost 27 using a narrow 10 nm bandwidth, and less than
7 using a 35 nm bandwidth. The phase variation is much less
pronounced in SB18, independently of the probe bandwidth.
The phase variation is also affected by the XUV wavelength.

We attribute these results to the influence of final state in-
teractions, through the absorption or emission of an additional
photon from the quasibound state to an energy that in some
cases is close to a resonant state. The photon absorption or
emission is then followed by autoionization. This additional
path interferes with the usual RABBIT paths. The effect of
these processes on the measured Fano profile and phase can
be understood by representing the trajectory described by the
complex amplitude. As a result of channel mixing and final
state interactions the asymmetry parameter g is modified and
becomes complex valued causing a shift of the trajectory in
the complex plane. Small shifts do not significantly modify
the amplitude but can dramatically affect the phase variation
going from a nonmonotonic smaller than 7 phase variation to
a monotonic 27 phase excursion.

Theoretical results based on many-body perturbation the-
ory [40], the XCHEM approach [37], and the NEWSTOCK
atomic photoionization code [38], extended to account for
the spin—orbit interaction, illustrate different aspects of the
physics studied in the present work. Apart from the asymme-
try between SB16 and SB18, a strong dependence on probe
wavelength and pulse duration is observed. In a recent theo-
retical work [46], RABBIT simulations in the vicinity of the
3s~!4p resonance in argon were investigated using semirel-
ativistic time-dependent R-matrix calculations. Their results
confirm the absence of significant differences in the amplitude
and phase associated with the two spin—orbit components.
Interestingly, the authors also observe a strong dependence of
the phase of SB16 as a function of the IR driving wavelength.

Two main conclusions can be drawn from the experimental
and theoretical studies presented here. (i) Phase measurements
performed with high spectral resolution are extremely sen-
sitive to the details of the interaction and can be used to
test advanced theoretical models. (ii) Final state interactions
involving absorption or emission of one IR photon in the
3s3pnt spectrum followed by autoionization play an impor-
tant role. This implies that the use of RABBIT measurements
to determine the “phase of a Fano resonance” should be ex-
amined carefully for each case. In the study presented here,
because of final state correlation effects, the measured phase
in SB16 or SB18 differs from the phase of the 3s3p°4p reso-
nance, excited by absorption of XUV-only radiation.
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APPENDIX: COMPLEX TRAJECTORIES OF
TWO-PHOTON MATRIX ELEMENTS CALCULATED
USING XCHEM AND NEWSTOCK

It is interesting to compare the RPAE calculations to those
obtained from NEWSTOCK and XCHEM. To obtain an estimate
of the complex trajectories in the monochromatic limit, as
a function of energy, from the finite pulse NEWSTOCK and
XCHEM calculations, we normalize the amplitude of the reso-
nant two-photon element (absorption of HH17 and stimulated
emission of an IR photon) by the nonresonant amplitude
(absorption of HH15 plus absorption of an IR photon). In
Figs. 8(a)-8(c), we show these estimated complex trajectories
of the two-photon matrix elements, obtained with NEWSTOCK,
as a function of energy, for the ep 'S, ep 'D, and ¢f 'D
final states. Due to the normalization procedure, the complex
trajectories are distorted for energies far from the resonance,
however, we still observe that the complex trajectory almost
fully encloses the origin in the ep 'S final state, implying a
close to 2w phase variation. Contrary to the RPAE calcula-
tions, for the € f 'D final state the complex trajectory is shifted
to negative values and does not enclose the origin. As a result,
there is no 2w phase variation across the resonance. This
may indicate that a higher degree of correlation is needed to
observe the 2 phase variation in this case.

In Figs. 8(d) and 8(e), we show the complex trajectory of
the two-photon matrix element, corresponding to the coher-
ent superposition of the €p 'S and ep 'D channels, obtained
with XCHEM, for different probe photon energies and different
probe pulse durations, respectively. Due to the nature of the
XCHEM code the ep 'S and ep 'D channels cannot be sep-
arated, so a direct comparison to the RPAE and NEWSTOCK
calculations is not possible, however, based on the RPAE
calculations, the contribution of the €p 'S channel is expected
to be dominant. The complex trajectory in Fig. 8(d) is seen to
encloses the origin only when a 1.55 eV probe photon energy
and 12 fs probe pulse duration is used, leading to a 2 phase
variation [see Fig. 5(a)]. The effect of a changing probe pulse
duration is shown in Fig. 8(e) for the case of a 1.27 eV probe
photon energy. When decreasing the pulse duration from 22
to 12 fs or 8 fs the circular trajectories contract, leading to a
smaller observed phase variation. When looking only at the
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FIG. 8. [(a)—(c)] Channel resolved complex trajectory of the
two-photon matrix element in the vicinity of SB16 calculated with
NEWSTOCK with the final state (a) 2P]/2 €P1)2 IS, (b) 2P]/2 €Pp3p 1[),
and (¢) %P2 €fs;2 'D. [(d)—~(e)] Complex trajectory of the coherent
superposition of the ep 'S and €p 'D two-photon matrix elements in
the lower sideband, calculated with XCHEM. In (d), the probe pulse
duration is 12 fs and the probe photon energy is 1.27 (red), 1.55
(blue), and 1.65 eV (magenta). In (e), the probe photon energy is
1.27 eV and the probe pulse duration is 8 (red), 12 (blue), and 22 fs
(magenta). The amplitudes of the complex trajectories have been
normalized to the respective maximum radius in each panel.

coherent superposition of the €p 'S and ep 'D channels, the
circle does not enclose the origin, even for a 22 fs probe pulse
duration, and as a result no 2 phase variation is expected.
The 27 phase variation shown in Fig. 5(c) is only observed
when also the € f 'D channel (not shown) is included. While
the amplitude of the € f 'D is small, and it does not display
a 2w phase variation on its own, it is large enough to shift
the circle to encompass the origin in the case of a 22 fs probe
pulse duration.
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