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Attosecond photoionization dynamics in the vicinity of the Cooper minima in argon
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Using a spectrally resolved electron interferometry technique, we measure photoionization time delays
between the 3s and 3p subshells of argon over a large 34-eV energy range covering the Cooper minima in
both subshells. The observed strong variations of the 3s — 3p delay difference, including a sign change, are
well reproduced by theoretical calculations using the two-photon two-color random-phase approximation with
exchange. Strong shake-up channels lead to photoelectrons spectrally overlapping with those emitted from
the 3s subshell. These channels need to be included in our analysis to reproduce the experimental data. Our
measurements provide a benchmark for multielectronic theoretical models aiming at an accurate description of

interchannel correlation.

DOLI: 10.1103/PhysRevResearch.3.L.012012

Half a century after their theoretical description by Eisen-
bud [1], Wigner [2], and Smith [3], scattering delays—also
called Wigner delays—can now be measured using attosec-
ond spectroscopy, which allows for detailed studies of the
correlated interactions within various quantum systems. In
practice, this is done by recording the spectral variation of the
quantum phase of electron wave packets photoemitted from
solids [4,5], molecules [6-9], or atoms [10-21]. Of particular
interest in scattering physics are spectral structures in the
continua of atoms and molecules such as autoionizing reso-
nances [22,23], shape resonances [24], and Cooper minima
[25], as they carry detailed information on the internal struc-
ture, electronic correlations, potential, and orbital shapes. The
rapidly varying phase in the vicinity of these structures has
recently been investigated, e.g., for autoionizing [26-30] and
shape resonances [7]. As for Cooper minima (CM), very few
measurements have been performed, either in photoionization
[14] or photorecombination [31,32] spectroscopy.

Ionization of argon from the n =3 shell has attracted
considerable attention due to abundant signatures of intra-
and interorbital electronic correlations. In the case of the 3p
subshell, intraorbital correlation is important close to the ion-
ization threshold, due to the so-called ground-state correlation
[33]. At higher photon energies, where the photoionization
process can be described using single active electron mod-
els, the sign change in the 3p — ed radial transition matrix
element leads to a CM close to 53 eV [25,34]. As for the
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3s subshell, interorbital correlation is important, since the
3p — ed process is strongly coupled to 3s — ep [35]. This
leads to a correlation-induced “replica” of the 3p CM in the
3s ionization channel, close to 42-eV photon energy, as shown
in Fig. 1 [36].

All these correlation effects are expected to leave an im-
print on the scattering and photoionization delays between
the 3s and 3p electrons, which motivated a large number of
calculations during the past decade in the demanding region
above the 3s threshold [11,12,37-45]. The methods qualita-
tively agree on the behavior of the 3p atomic delays, which
are slightly negative over a large energy region around the 3p
CM. However, for the 3s case, the atomic delays close to the
3s CM strongly differ in magnitude and in sign depending on
the degree of correlation included [39,44]. Up to now, two
experiments using the RABBIT (reconstruction of attosecond
beating by interference of two-photon transitions) technique
have aimed at measuring the photoionization time-delay dif-
ference in the n = 3 shell of argon [11,12]. Unfortunately, for
experimental reasons, the results were limited to the 34- to 40-
eV photon energy range, below the 3s and 3p CM, preventing
a detailed comparison over the entire spectral region.

In this Letter, we measure photoionization time delays
between the 3s and 3p subshells of argon over a large en-
ergy range (34-68 eV) covering the CM in both subshells.
The presence of multiple ionization channels leads to spectral
congestion, which is one of the main experimental challenges.
The spectrally resolved interferometric Rainbow RABBIT
technique [27,28] allows us to substantially overcome this
difficulty. The experimental results show strong variations of
the 3s — 3p delay difference, with a change of sign in the
3s CM region. They are compared to theoretical calculations
using the two-photon two-color random-phase approximation
with exchange (2P2C-RPAE) method [44]. The agreement is
excellent in—and above—the 3p CM region (45-68 eV) and
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FIG. 1. One-photon ionization cross sections of the 3p
(blue/black) and 3s (red/medium gray) channels [34,36], together
with that of the satellite shake-up states 3s*3p*('D)4p(*P)
(cyan/light gray) [47] and 3s23p*('D)3d(>S) (green/dark gray dots
for experiments [48] and solid line for theory [47]) labeled 4p and
3d, respectively. The ionization thresholds for 3p, 3s, 4p, and 3d are
15.76, 29.24, 37.15, and 38.60 eV, respectively.

unsatisfactory in the 3s CM region (34—45 eV). We show that
the presence of electrons from strong shake-up (SU) channels
overlapping with 3s electrons is the likely reason for this
deviation. By taking into account the dominant SU contribu-
tion, a good agreement between theory and experiment can be
obtained in the 34- to 39-eV range.

The experiments were performed independently at the AT-
TOLab facility in Saclay, France, and at Lund University,
Sweden. The details of the two setups are described in the
Supplemental Material [46]. Briefly, intense infrared (IR)
femtosecond pulses are split in a Mach-Zehnder interferome-
ter. In one arm of the interferometer, high-order harmonics are
generated in neon gas and spectrally filtered by metallic foils.
In the other arm, a small fraction of the IR radiation is tempo-
rally delayed. Both beams are recombined and then focused
into an argon gas jet. The emitted electrons are detected with
a 2-m-long magnetic bottle electron spectrometer (MBES).

To measure the photoionization time delays, we used the
Rainbow RABBIT technique [27] which is schematically
illustrated in Fig. 2(a). A comb of coherent harmonics ion-
izes argon atoms, creating one-photon electron wave packets
(EWPs) from both 3s and 3p subshells. The correspond-
ing electron peaks are referred to as “3s or 3p harmonics”
in the following. By adding the weak IR dressing field
(~10'"" W/cm?), replicas of the initial EWPs are created by
two-photon XUV £ IR transitions to the same final states.
Their interference gives rise to the so-called sidebands (SB),
the intensity of which oscillates as a function of the delay
between the XUV and IR pulses as

SBi(t) = Ani + Byicos [2w00T — Agy Y — Ag ], (1)

where i is the ionization channel (3s, 3p, etc.), wp is the
angular frequency of the driving laser, A¢pXYY = ¢, 11 — P
is the phase difference between two consecutive harmonics
with orders n £ 1 [49], and Aq&,ﬁi is the phase difference
between the two-photon transition dipole matrix elements. In
the so-called asymptotic approximation [50], Aqb,’zi can be ex-
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FIG. 2. (a) XUV + IR photoelectron spectrum (black), obtained
in Saclay by integrating the RABBIT spectrogram over the delay,
as compared to the XUV-only spectrum (gray), and corresponding
multiphoton transitions for the 3s and 3p channels. Spectral ampli-
tude (b) and phase (c) of the 2wy oscillations obtained from a Fourier
transform at each energy of the RABBIT spectrogram. In panel (b),
the amplitudes related to the 3p (3s) channel are highlighted in
hatched blue (filled red), respectively. The red dashed lines indicate
the spectral regions with dominant 3s contributions. In panel (c), the
measured phase evolution (black line) is compared to the simulated
one (orange/gray line) [46].

pressed as the sum of two contributions, An, ; + A¢,*;, where

Nu+1,; 1s the scattering phase accumulated by the EWP in the
one-photon (XUV) transition, which is intrinsic to the target
atom, and ¢7S,; is a quasiuniversal measurement-induced
phase shift due to the electron being probed by the IR laser
field in a long-range potential with a Coulomb tail [50].
Group delays can be defined through v ~ A¢/2w,. The
measured delay can be expressed as V¥ + 7. Introduc-

ing the Wigner delay, 7, ~ An,;/2wy and 7.\, & 1% 4+ 755

Since the 3s and 3p photoelectrons are ionized by the same

harmonic comb, the t,f(UV contribution of the ionizing radia-
tion can be removed by calculating the difference of the delays
for the two channels, giving direct access to T}y — tf;, with

high accuracy.
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Two main experimental difficulties have prevented the
measurement of this delay difference over the whole CM
region. The first is that the ionization cross section is much
weaker for 3s than for 3p, as shown in Fig. 1. The second is the
spectral overlap of the two channels: the 3s sidebands SB,, 34
fall only 0.47 eV from the much more intense 3p harmonics
H,_9 3, due to the difference in ionization energies AE3_3, =
13.48 eV = 9hiwy — 0.47 eV. To cope with these difficulties,
previous studies [11,12] spectrally isolated the two contribu-
tions by photoionizing with only four harmonics (Hy;—H>7),
selected by using a combination of filters and generation in
argon. The main drawback of this approach is that it constrains
the usable energy range to a 10-eV window below 40 eV.

In the present work, harmonics generated in neon were
used as the ionizing radiation. Neon has a generation effi-
ciency smaller than that of argon, but exhibits a quite flat
harmonic spectrum with a much higher cutoff energy. In com-
bination with a single 200-nm-thick Al filter, a broad spectrum
(20-72 eV) including harmonics H,3—Hys is obtained. Un-
der these conditions, the 3p harmonics overshadow the 3s
sidebands. In Fig. 2(a), the contributions of the 3s SBs (har-
monics) in the XUV 4 IR spectrum appear as small shoulders
highlighted on the blue side of the 3p harmonics (SBs), as
evidenced by the comparison with the XUV-only spectrum.
In order to separate the two contributions, we perform a Rain-
bow RABBIT analysis of the recorded spectrogram; i.e., we
analyze the 2w, oscillations for each energy E in the spectrum
[see Eq. (1)]. The amplitude and the phase of these oscillations
are shown in Figs. 2(b) and 2(c), respectively.

Between consecutive harmonics and sidebands of the same
ionization channel, a dephasing of >~ is expected, as a result
of the conservation of the total number of electrons [46].
Figure 2(c) shows multiple phase jumps, some of them close
to 7r, others much less than 7, which occur between sidebands
(or harmonics) of different subshells. In addition to the high
resolution of the MBES, the combination of amplitude and
phase measurements allows us to distinguish the 3s contribu-
tion from the strong neighboring 3p electron peaks (see the
dotted lines).

The measured i — r{}, delay differences are plotted in
Fig. 3(a). The results reveal an interesting feature, namely, a
change of sign around 43 eV. The negative sign in the low-
energy region (close to the 3s threshold) is in part explained
by the large negative delay contribution due to continuum-
continuum transitions of slow photoelectrons [51]. However,
in neon, the atomic delay difference between the 2s and 2p
electrons stays negative up to high ~100-eV energies [19].
The positive sign in argon is thus a probable signature of
the CM. Finally, the delay difference converges towards zero
for higher energies where the 3s and 3p cross sections are
unstructured.

The low-energy region is a particularly difficult range for
the measurements because of the very weak signal of the 3s
channel due to the CM, resulting in more than 3 orders of
magnitude difference with the 3p channel [see Fig. 1(a)]. An
extended analysis over a larger set of data was thus performed
to improve the statistical significance of the result in the 34- to
43-eV spectral range corresponding to orders 22 to 27. There,
the phases were extracted for both sideband and harmonic
peaks. As discussed in Fig. 2(b), the harmonic phases are
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FIG. 3. Atomic delay difference between 3s and 3p ionization
channels in the vicinity of the 35 CM and 3p CM (highlighted
in red/medium gray and blue/dark gray, respectively). (a) Ex-
perimental data from Lund (magenta/dark gray dots) and Saclay
(orange/light gray markers, circles for sidebands, squares for har-
monics) compared with simulations using the 2P2C-RPAE model
(green/dark gray line). (b) Decomposition of the simulated delay-
difference curve (green/dark gray line) into the 3s (red/gray dashed
line) and 3 p (blue/black dashed line) delay curves.

shifted by ~m relative to the SBs. However, this 7 phase shift
cancels when we calculate the delay difference between 3s
and 3p harmonics. As shown in Fig. 3(a), the harmonic delays
behave as an average of the neighboring sideband delays [46],
with the only exception being Hy; at 42 eV.

In Fig. 3, the experimental results are compared with
theoretical predictions using the recently developed 2P2C-
RPAE method [44]. It consists of calculating complete
self-consistent two-photon processes, including electron cor-
relation in bound-continuum and continuum-continuum tran-
sitions, ion polarization effects, and the reversed photon time
orders. The orbital energies of 3p and 3s are adjusted to fit the
experimental ionization thresholds and the interaction with the
fields is computed in the length gauge. The calculated t3’> and
r3’§ include the contribution from all emission angles, which
corresponds to our experimental configurations. For r{}, this
integration significantly modifies the delays as compared to
that in the XUV polarization direction [14,39], while for 1:3‘§
little effect is observed due to the single 3s — ¢p transition.
Earlier work [39] shows that the full one-photon RPAE theory
yields a 3s CM at 40 eV, while the restricted one-photon RPAE
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calculation with only intrashell (n = 3) correlation produces
a CM close to 42 eV in better agreement with one-photon
cross section measurements [36]. For this reason, we use the
latter method for the 3s 2P2C-RPAE simulations in Fig. 3(b),
which moves the positive peak of 75 from 40 eV to the correct
position of 42 eV [46].

An excellent agreement between the simulations and the
experimental data is observed in the 3p CM region and above
(45- to 68-eV range), as shown in Fig. 3(a). For the lower
energies, a small deviation in the 34-to 39-eV range and a
disagreement in the 39- to 42-eV range can be noticed. Note
that our measurements are fully consistent with earlier exper-
imental results in the 34- to 40-eV range [11,12].

We attribute these differences to the presence of unresolved
additional ionic channels that perturb the measurements.
In this 3s CM region where the cross section drops, two
SU channels associated with the 3s23p*('D)3d(*S) and
3523p4(1D)4p(2P) ionic states, hereafter denoted 3d and 4p
channels, give significant contributions to the photoelectron
spectrum and may even dominate over 3s, as shown in Fig. 1.
The 4p channel has H,_s 4, overlapping with SB, 3, due to
the difference in ion excitation energies being five times the
laser photon energy, AEy, 3, = 7.90 eV ~ Shiw,. Similarly,
the 3d channel has SB, ;¢34 overlapping with SB, 3,, due to
AE3;_3, = 9.34 eV = 6hwy.

We first consider the 34- to 39-eV range, where 3s and
4p are the dominant channels. We model the RABBIT mod-
ulation amplitude for a given channel by assuming that it is
proportional to the one-photon cross section at a given final ki-
netic energy of the photoelectron [46]. This allows us to make
simple estimates of the modulation strengths B, ; in Eq. (1)
assuming constant harmonic photon flux [see Fig. 4(a)]. The
crossing between the 3s and 4p modulation strengths close
to 39 eV results in a significant SU contamination of the 3s
time-delay measurements in this energy range.

Due to their different symmetries, the 3s and 4p channels
add incoherently in this angular-integrated measurement [52].
The incoherent sum of the two signals, SB,, 3, and H,s 4p,
then results in a phase-shifted and amplitude-modified oscil-
lating function, B, cos(2wgt — 6;), where

p . ( sin(é,,) )
; = tan + 9n,3sa
Bn,3s/Bn+5,4p + COS(SH)

B, = \/Buis.ap) + (Bus)? + 2Bugs apBusicos(,), ()

with 6, 3, = AgyUY 4+ A¢;,. The relative phase between the

4p and 3s oscillations, §,, is defined by
b= AGE — AGY + Adis s, — Ay T, (3)

where the m factor accounts for the opposite oscillations of
H, 54, with respect to the neighboring 4p sidebands [46].
APXY — ApXYY ~ 0.14 7 is determined by an independent
measurement of the attosecond chirp. The 3s atomic phase
is computed using the 2P2C-RPAE theory restricted ton = 3
correlation, while the 4p atomic phase is computed using
the asymptotic approximation, as described in Ref. [46]. The
resulting atomic delay for 4p SU, shown in Fig. 4(b), is found
to be small, due to cancellation of the positive A¢™. and

. - LA n+5.4p
negative A¢ contributions. This implies that the atomic
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FIG. 4. (a) Estimated modulation strength B, ; of the RABBIT
signal for the 3s (red/medium gray line), 4p (cyan/light gray line),
and 3d (green/dark gray line) channels, and effective modulation
strength B, of the incoherently combined 3s and 4p contributions,
denoted 3s + 4p (black line). (b) Theoretical atomic delays for the
3s (red/medium gray line) and 4p (cyan/light gray line) channels,
and effective atomic delay for the incoherent 3s + 4p case (black
line). The experimental points as well as the previously published
data [11,12] are plotted for comparison (in this region, 1:3/; ~ 0).
phase A¢f+5’4p
A¢$3S, as shown in Fig. 3(b), is small so that §, is close but
largér than 7.

In the 34- to 38.5-eV range where B, 54, < B3, 6 &=
(r — 8,)By15,4p/Bn.3s + 0,35. The contribution of the 4p SU
channel shifts down the effective atomic delay, in excellent
agreement with the experimental results in Fig. 4(b). Around
39 eV, the similar amplitudes and ~m-shifted oscillations of
the two channels result in a minimum of the total modula-
tion strength B; and a fast variation of the effective delay as
illustrated in Fig. 4 by the black lines. However, the 3d SU
channel cannot be neglected anymore in this energy region.
This SU process is much more complicated to estimate be-
cause it originates from the highly correlated 3s channel and
exhibits a Cooper-like minimum as shown in Figs. 1(a) and
4(a). The 39- to 42-eV range is thus a transition region where
at least three dephased incoherent channels contribute. This
might explain why the delay measured at harmonic 27 (close
to 42 eV) cannot be easily reproduced by modeling.

In conclusion, we have demonstrated the potential of
the Rainbow RABBIT method to separate the contributions
of the 3s and 3p ionization channels in argon and to measure
the corresponding atomic delays for a wide range of energies
(34-68 eV) that include both 3s and 3p Cooper minima.
Our results are in excellent agreement with the predictions
of many-body perturbation theory in a 24-eV range around
the 3p Cooper minimum, revealing the high accuracy of both
experiment and theory in this region. Furthermore, we identify
two strong shake-up ionization channels, the contributions of

plays a negligible role in Eq. (3). Similarly
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which are probably responsible for the discrepancy observed
in the 3s Cooper minimum region. This calls for further
investigations to clarify their role. For instance, using a mid-
IR driving wavelength from an optical parametric amplifier
would allow for better sampling and tunability in order to sep-
arate the 3s, 3p, and shake-up channels. This study thus pro-
vides a step towards improving our understanding of the com-
plex nature of correlated multielectron ionization dynamics.
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