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Abstract
In light atoms, the technique of Reconstruction of Attosecond Bursts by Interference of
Two-Photon Transitions (RABBITT), driven by circularly polarized radiation, enables a
complete retrieval of ionization amplitudes in the XUV+IR regime, including their relative
phases (Kheifets 2024 Phys. Rev. Res. 6 L012002). In this work, we extend this method to
heavier atoms by conducting numerical simulations of circularly polarized RABBITT on the Kr
3d and Xe 4d atomic shells. The XUV ionization dynamics in these atoms differ markedly due
to the presence of a ‘giant’ shape resonance in the 4d→ Ef ionization channel of Xe, a feature
absent in Kr. Nevertheless, when an IR photon is added to the XUV ionization, the results for Kr
and Xe are surprisingly similar, with the ratio of absorption/emission matrix elements and their
relative phases remaining close in value. Moreover, these ratios and phases show minimal
variation even when the Xe atom is encapsulated within a C60 fullerene cage. In search for the
Cooper-like minimum in the IR absorption amplitude ratios predicted in Ji et al (2024 J. Phys. B
57 235601), we extend our investigation to the Ce 4f shell where this minimum is indeed
present.

Keywords: RABBITT, atomic ionization, ultrafast science, Attosecond science

1. Introduction

Two-photon interferometric techniques, such as
Reconstruction of Attosecond Beating by Interference of
Two-Photon Transitions (RABBITT), have found extensive
applications in attosecond science following the pioneering
work [1]. In the RABBITT technique, a comb of ionizing
XUV harmonics is complemented by the absorption or emis-
sion of an IR photon. The arrival times of the XUV and IR
photons are precisely synchronized, while their relative delay,
∆, is varied. This IR photon absorption/emission creates side-
bands (SBs) positioned between the primary XUV absorption
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peaks. The population of these sidebands oscillates at twice
the IR photon frequency as ∆ is varied:

SSB (∆) = A+Bcos [2ω∆−C] , C= 2ωτa , τa = τW+ τcc .

(1)

Here A,B are the RABBITT magnitudes parameters and C is
its phase. The latter is conveniently linked with the atomic
time delay τ a composed of the Wigner time delay τW and the
continuum-continuum (CC) component τ cc [2].

In most RABBITT applications, the XUV and IR pulses
are co-linearly polarized. More recently, RABBITT with
circularly polarized XUV and IR radiation, either co- or
counter-rotated, has been suggested [3] and then successfully
implemented [4–6]. The strong helicity dependence in cir-
cular RABBITT (cRABBITT) enables the reconstruction of
the magnitude ratio and phase difference of the two-photon
XUV+IR ionization amplitudes [7]. Depending on the angular
momentum projection of the initial target orbital, the co- and
counter-rotating XUV and IR pulses create final continuum
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states that contain either a single or dual partial waves. The
interference between these different continuum states in the
IR absorption (+) and emission (–) processes generates a spe-
cific combination of spherical harmonics. This combination
can be disentangled from the RABBIT phase C(θ) known as
a function of the photoelectron emission angle θ. In this way,
the angular-independent modulus ratio and relative phase

R± =
∣∣∣T±ℓ→ℓ−1/T

±
ℓ→ℓ+1

∣∣∣ , ∆Φ± = arg
{
T±ℓ→ℓ−1/T

±
ℓ→ℓ+1

}
(2)

can be retrieved from a numerically simulated or experiment-
ally measured cRABBITT process.

The moduli ratios R± are of particular interest because
of the recently formulated Fano propensity rule in the two-
photon ionization processes [8]. By virtue of this rule, the
angular momentum is preferably increased or decreased in the
IR photon absorption/emission processes, respectively. This
implies the inequalities R+ < 1 and R− > 1. These inequal-
ities have indeed been confirmed by numerical cRABBITT
simulations in He 1s and Ar 3p shells. In the weak IR field
regime, the RABBIT process is well described by the soft
photon approximation (SPA) [9]. Within the SPA, the com-
bined two-photon amplitudes are factorized into the product
of separate XUV and IR parts and it is the IR part that is
fully responsible for the ℓ→ ℓ± 1 ratios and phases. The IR
driven ratiosR± can be conveniently analyzed within the quas-
iclassical approximation [10, 11]. These analytical predictions
provide a rigid test for numerical cRABBITT simulations.
Not only that, at a sufficiently high photon frequency, large
orbital momentum of the target and low photoelectron energy,
a departure from the Fano propensity rule is predicted in [11]
with the counter-rotating polarization being able to produce
R+ > 1. At the photoelectron energies in between the two
regimes of R+ < 1 and R+ > 1, the absorption ratio passes
through a characteristic Cooper-like minimum.

These recent theoretical advances motivate us to extend
the evaluation of cRABBITT amplitudes, previously conduc-
ted in He and Ar [7], to heavier atomic targets such as Kr
3d and Xe 4d. While the He ratios align well with predic-
tions from the hydrogenic model, the ratios for Ar, Kr, and Xe
are compared against a recently developed analytical model
[11]. Agreement across all these targets is very satisfactory.
Comparing the results for Kr 3d and Xe 4d reveals a min-
imal dependence of R± and∆Φ± on the specific target orbital.
Moreover, encasing the Xe atom in a C60 fullerene cage does
not significantly alter the ratios, even in the presence of con-
finement resonances. Such resonances occur when the pho-
toelectron de Broglie wavelength is resonant with the size of
the cage. The relative phase, however, shows greater sensitiv-
ity, exhibiting some oscillatory behavior. These findings sup-
port the general assumption that IR photon dressing occurs at
sufficiently large distances and are minimally affected by the
atomic electronic structure and the ionic potential of the target.
At these distances, the ionic potential is asymptotically hydro-
genic. Finally, in the search of the Cooper-like minimum in

R+, we extend our investigation to the 4f shell of the cerium
atom where this minimum is indeed present.

The remainder of this paper is organized as follows. In
section 2, we describe our numerical technique, which is based
on solving the time-dependent Schrödinger equation (TDSE)
under the influence of circularly polarized XUV and IR pulses.
In section 3, we outline the lowest-order perturbation theory
(LOPT) framework, which provides an analytical interpreta-
tion of our results through angular momentum algebra. Our
numerical results are presented and analyzed in section 4. In
section 4.1, we validate our results by comparing them with
photoionization cross-sections and angular anisotropy β para-
meters from previous synchrotron studies. In section 4.2, we
examine the angular dependence of the cRABBITT phase to
determine the amplitude ratios and relative phases. Finally, we
summarize our main findings and discuss future directions for
this research in section 5.

2. TDSE formalism

As in our earlier applications [12–14], we solve numerically
the one-electron TDSE in the single active electron approxim-
ation

i∂Ψ(r)/∂t=
[
Ĥatom + Ĥint (t)

]
Ψ(r) . (3)

The electromagnetic interaction is written in the velocity
gauge

Ĥint (t) = A(t) · p̂ , A(t) =−
ˆ t

0
E(t ′) dt ′ . (4)

The TDSE (3) is driven by the vector potential A(t) which
includes both the XUV and IR fields. The XUV field is repres-
ented by an attosecond pulse train (APT) composed of eleven
equally spaced pulseletts of the opposite polarity:

Ax (t) =
5∑

n=−5

(−1)nAn exp

(
−2ln2

(t− nT/2)2

τ 2x

)
× cos [ωx (t− nT/2)] . (5)

Here

An = A0 exp

(
−2ln2

(nT/2)2

τ 2T

)
.

and A0 is the vector potential peak value while T= 2π/ω
is the period of the IR field. The XUV central frequency is
ωx = 60 eV for Xe 4d and 79 eV for Kr 3d while the time
constants τx, τT are chosen to span a sufficient number of har-
monics in the range of photon frequencies of interest for a
given atom. The IR pulse with the wavelength of 780 nm
has a cosine squared envelope shifted from the center of the
APT by a variable delay∆. The latter is incremented in seven
steps by 10 a.u. each. The XUV and IR intensities are kept
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Figure 1. One-electron effective potentials in Kr 3d (left) and Xe 4d (right). The top panels show −V(r) in the logarithmic scale where the
short-range (Z− 1)/r and the long range 1/r asymptotics are displayed. In the case of Xe 4d, the C60 cage potential is also shown. The
bottom panels exhibit the one-electron potential augmented by the centrifugal term ℓ(ℓ+ 1)/(2r2) to visualize the formation of the potential
well in Xe 4d and lack of thereof in Kr 3d. Results with the POE and LHF potentials are shown to demonstrate formation of the potential
well for Xe.

low in the × 1010 Wcm−2 range to retain the ionization pro-
cess within the LOPT domain. The choice of the one-electron
potential entering Ĥatom is described in [13]. As in [14], an
attractive spherical square well potential is introduced to rep-
resent the C60 cage. These potentials are illustrated graphic-
ally in figure 1

The TDSE (3) is solved numerically by the spherical-
coordinate implicit derivatives (SCID) computer code [15].
The photoelectron momentum distribution (PMD) is obtained
using the time-dependent surface flux (t-SURF) method [16,
17]. The PMD is expressed as the projection of the time-
dependent wave function after the end of propagation on the
basis of scattering states,

Pnlm (k) =
∣∣∣⟨φk (r) |Ψnlm (r, t→∞) |⟩

∣∣∣2 . (6)

Here the indexes n, l,m denote the initial atomic orbital. The
photoelectron momentum k is defined in the Cartesian frame
in which the ẑ axis is aligned with the light propagation direc-
tion and the (x, y) plane contains the vector potentials of both
the XUV and IR fields. Projection of the PMD on the (x, z)
plane serves to determine the angular profile of a given spec-
tral feature:

SN (θ) = Pnlm (kx,ky = 0,kz) , θ = tan−1 (kz/kx) ,

E=
(
k2x + k2z

)
/2= Nω− Ip . (7)

Here E is the photoelectron energy while N= 2q for a
sideband and N= 2q± 1 for a primary harmonic peak. In
equation (9) the bound state indices nlm are assumed on SN(θ)

but dropped for brevity and Ip is the ionization potential of the
target orbital. The k-grid is sufficiently dense to specify the
angle θ with a 2◦ increment.

Present computations are fairly time consuming because
the TDSE should be propagated to a fairly large times on a fine
grid before the PMD could be extracted at sufficiently large
distances away from the nucleus. Each set of CO or CR cal-
culations with several increments of the XUV/IR delay takes
about 104 CPU hours of the Gadi supercomputer [18].

Very considerable efforts have been made to ensure a full
numerical convergence of the TDSE results. More specific-
ally, the radial, angular and momentum grids were thoroughly
tested as well as the overall propagation time and the time
increment at each propagation step.

3. Lowest order perturbation (LOPT) formalism

Within the LOPT theory, the two-photon amplitude of the
XUV absorption and the IR absorption/emission (±) is given
by the following expression [2, 19]:

M±
m (k)∝ EΩEω

∑
λ=l±1

∑
L=λ±1

∑
|M|⩽L;|µ|⩽λ

(−i)L eiηLYLM
(
k̂
)

×
∑̂

d3κ
⟨RkL|r|Rκλ⟩⟨Rκλ|r|Rln⟩
Ei+Ω± −κ2/2− iγ

⟨YLM|Y1m2 |Yλµ⟩

× ⟨Yλµ|Y1m1 |Ylm⟩ . (8)

Here EΩ,Eω are the spectral contents of the XUV and IR fields,
respectively, while ⟨nl|,⟨κλ| and ⟨kL| are the initial, intermedi-
ate and final electron states defined by their linear and angular
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momenta. The linear polarization (the LIN case) corresponds
to m1 = m2 = 0 whereas for the circular polarization m1 = 1
and m2 =±1 in the co- and counter-rotating (CO/CR) cases,
respectively.

While the radial part of equation (3) is generally not sep-
arable into the XUV and IR components, such a separation
can be conducted in the angular part containing the following
spherical harmonics:

M±
mi
(k)∝ TL×YLM

(
k̂
)
⟨YLM|Y1m|Yλµ⟩ ⟨Yλµ|Y1m1 |Ylimi⟩ . (9)

The underlined expression defines the angular momentum
dependence in the final continuum while the remainder is
common for the two L= λ± 1 continuum channels. Here
the radial part is absorbed into TL with the rest of the
indices dropped for brevity of notations. The underlined
angular part has the following structure for the d and f
initial states with various angular momentum projections:

li = 2 mi = 1 ∝ −T2 +
3
10
P̄1
4 (cosθ) T4 P̄1

4 =
P1
4

P1
2

=
5
6

(
−3+ 7cos2 θ

)
mi = 2 ∝ −T2 +

1
15
P̄2
4 (cosθ) T4 P̄2

4 =
P2
4

P2
2

=
5
2

(
−1+ 7cos2 θ

)
li = 3 mi = 3 ∝ −T3 +

1
28
P̄3
5 (cosθ) T5 P̄3

5 =
P3
5

P3
3

=
7
2

(
−1+ 9cos2 θ

) . (10)

Here we tabulated only those angular momentum projec-
tions which correspond to a single partial wave continuum. It
is those projections that we will be using to deduce the amp-
litude ratios and relative phases of equation (2). Equation (10)
defines the angular dependence of the RABBITT phase. For
the d initial state, it is

CCR/CO
m=1 = arg

[
T+∗
4 T−4

]
+ arg

[
3
10
P̄2
4 (cosθ)−

T±
2

T±
4

]
CCR/CO
m=2 = arg

[
T+∗
4 T−4

]
+ arg

[
1
15
P̄2
4 (cosθ)−

T±
2

T±
4

]
. (11)

The analogous expressions for the f initial state are

CCR/CO
m=3 = arg

[
T+∗
5 T−5

]
+ arg

[
1
28
P̄3
5 (cosθ)−

T±
3

T±
5

]
. (12)

In equations (10) and (11), the azimuthal angle θ is coun-
ted from the common propagation direction of the XUV/IR
light and the polar angle ϕ is assumed to be zero. By examin-
ing equations (11) and (12), we observe that the CR phase
depends on theR+ < 1 ratiowhereas its CO counterpart allows
to recover the R− > 1 ratio. This ratio and phase recovery is
conducted by fitting numerical TDSE results with the corres-
ponding analytic expressions. Said fitting is conducted with a
nonlinear least-squares Marquardt–Levenberg algorithm [20].

4. Numerical results

4.1. XUV photoionization

Single-photon XUV ionization of Kr 3d and Xe 4d is firmly
established in earlier synchrotron studies. These sub-valent
atomic shells are well separated from the core and the valence

shell and their single-photon ionization is largely free from
inter-shell correlation. This allows to represent the XUV ioniz-
ation process by an effective one-electron potential which can
be localized for the purpose of its deployment in the TDSE
modeling.

In our previous angular resolved RABBITT simulations
in valence shells of noble gas atoms [13], we employed the
parameterized optimized effective (POE) potential from [22].
While this potential is well suited for the Kr 3d shell, its utiliz-
ation in Xe 4d calculations [14] needs to be re-examined. This
particular sensitivity of Xe 4d ionization to the effective one-
electron potential can be understood from figure 1. This figure
exhibits theKr 3d (left) andXe 4d (right) effective potentials in
the asymptotic regions (top) and at middle distances (bottom)
where the centrifugal term is added to illustrate the formation
of the potential well in Xe and lack of thereof in Kr. The loc-
alized Hartree–Fock potential (LHF) is employed both for Kr
3d and Xe 4d. This potential is constructed from the 3d→ Ef
continuous orbitals as prescribed in [23]. The LHF potential
takes the form

V(r) =−Q(r)
r

,

Q(r) = bexp(−r)+ (Z− 1− b)exp(−ar)+ 1 (13)

with Z= 36,a= 4.44,b= 8.94 for Kr and Z= 54,a=
4.16,b= 9.84 for Xe. The difference between the POE and
LHF potentials is very manifest in Xe where the formation of
the potential well shown in the bottom right panel of figure 1.
This well is much narrower and the potential barrier is higher
with the LHF potential in comparison with the POE one.

We can judge on the accuracy of the effective one-electron
potentials by comparing the main characteristics of the XUV
photoionization deduced from TDSE with time-independent
studies. This comparison is most straightforward for linearly
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Figure 2. Photoionization cross-section in the polarization direction (top) and angular anisotropy β parameter (bottom) in Kr 3d (left) and
Xe 4d (right). The values extracted from the primary harmonic peaks marked as TDSE are compared with the corresponding RPAE results.
Experimental data for the β parameter in Xe are from [21].

polarizedXUV radiation. In this case, the height of the primary
harmonic peaks normalized to the spectral content of the XUV
radiation is proportional to the corresponding photoioniza-
tion cross-section in the forward direction S2q+1/EΩ ∝ σ(E)×
(1+β(E)). In addition, the angular variation S2q+1(θ)∝ 1+
β(E)P2(cosθ) defines the angular anisotropy β parameter
[14].

In figure 2 we compare the photoionization cross-sections
(top) and the β-parameters (bottom) deduced from the
TDSE with the time-independent calculations using the ran-
dom phase approximation with exchange (RPAE). The lat-
ter approximation is well established against a large body of
experimental data [24]. While agreement between the TDSE
and RPAE for Kr 3d is fair with both potentials, the TDSE
results with the POE potential are manifestly off for Xe
4d. In the meantime, the LHF potential largely removes this
disagreement.

4.2. Angular dependent cRABBITT phase

The cRABBITT magnitude and phase parameters are found
by using the cosine fit of equation (1) into the SB oscilla-
tion signal in a given direction. In figure 3 we exhibit the
angular dependent cRABBITT phase C(θ) as a function of
the photoelectron emission angle θ. The angular range of
90◦ ≤ θ ≤ 180◦ is only displayedwhich corresponds to the top
hemisphere of the photoelectron emission. The lower hemi-
sphere is not shown as the photoelectron angular distribution
is symmetric relative to the equatorial xy plane. The top row

of panels in the figure displays the cRABBITT phase for the
lowest SB40–44 in Xe 4d whereas the bottom row visualizes
the SB66–70 in Kr 3d. The angular momentum projection of
the target orbital is fixed at M= 1,2 as it is those projections
that allow for an unambiguous extraction of the ratios and rel-
ative phases according to equation (10). The two sets of data
are displayed corresponding to the CO/CR polarization of the
XUV and IR radiation.

The raw C-values extracted from the time variation of the
cRABBITT signal (1) are shown with error bars which indic-
ate the accuracy of the cosine fit with equation (1). The raw C-
values are fitted with the corresponding analytic expressions
of equation (11). The fitted values are shown by the solid lines
of matching color. We notice a gradual convergence of the
cRABBITT phase near θ = 90◦ as the SB order grows.

4.3. Amplitude ratios and relative phases

The angular fit with equations (11) and (12) is used to extract
the absolute ratios R± and their relative phases ∆Φ. We start
analyzing these results in figure 4 where we display the T2/T4
ratios for the Kr 3d (right) in comparison with the T1/T3 ratios
for Ar 3p from [7] (left). The Ar data were analyzed previously
where agreement was found poor with a hydrogenic model of
[25]. Predictions of this model are exhibited by the dotted lines
in the top left panel. In comparison, a more advanced analytic
model of [11] provides a much better guidance to our numer-
ical data both for Ar 3p and Kr 3d. The relative phase pre-
dictions of this model are also rather close to our data except

5
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Figure 3. Angular dependent cRABBITT phase C(θ) in the lowest SB’s of Xe 4d (top) and Kr 3d (bottom). The CO and CR C(θ) values
are extracted from the M= 1 and M= 2 angular momentum projections. The raw values are shown with error bars of the cosine fit with
equation (1). The solid lines of the matching color exhibit the angular fit with equation (11).

Figure 4. The cRABBITT amplitude ratios R± (top) and the relative phases ∆Φ (bottom) in Ar 2p (left) and Kr 3d (right). The CO(–) and
CR(+) ratios and phases are extracted from the M= 0,1 projections for Ar and M= 1,2 for Kr. The analytic predictions from [11] are
shown with solid lines whereas the dotted lines visualize the hydrogenic values of [25].

for larger photoelectron energies where the relative phases are
very small. At these energies, the two sets of CO and CR ratios
tend to unity for both target atoms. At lower end of the pho-
toelectron energy scale, the Xe 4d ratios deviate from unity
markedly stronger than the same ratios for Ar 3p as predicted
by the analytic model [11].

We observe in figure 4 that the amplitude ratios and relat-
ive phases are rather close for various M projections. Ideally,
they should be identical. Thus a weak M dependence indic-
ates the accuracy of our determination. In addition, the relat-
ive phases are almost the same in the CR and CO polarization
cases.

6
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Figure 5. The cRABBITT amplitude ratios R± (top) and the relative phase ∆Φ (bottom) in the free Xe 4d atom (left) and the same atom
inside the C60 cage (right). The CO(–) and CR(+) ratios and phases are plotted in the M= 2 and M= 1 (where available) angular
momentum projections. The analytic predictions for the ratios and phases are from [11].

Figure 6. The cRABBITT amplitude ratios R± (top) and the relative phase ∆Φ (bottom) in Xe 4d at the wavelength of 400 nm. The CO(–)
and CR(+) ratios and phases are extracted from the M= 2 angular momentum projection. The analytic predictions for the ratios and phases
are from [11].

We continue to exhibit our ratios and phases in figure 5
where we compare the 4d shell of the free Xe atom (left) and
of the same atom trapped in the C60 cage (right). This trapping
causes confinement resonances which manifest themselves in
photoionization cross-section, angular anisotropy β parameter
and time delay [14, 26]. In comparison to this set of data, the
R± ratios and∆Φ phases are rather insensitive to the confine-
ment. Except for a single data point in theR− ratio, the bare Xe
and Xe @C60 data are very similar. The relative phases ∆Φ
do show some oscillatory structure however the data points

are too scattered to link this oscillation with any particular
resonance.

Our next set of the ratios and phases is exhibited in figure 6
where we present the Xe 4d results with the IR wavelength
halved to 400 nm. As predicted in [11], such a decrease
should result in a stronger deviation of the amplitude ratios
from unity. This deviation can be indeed observed in the left
panel of Figure 6. Our numerical results follow the trend of
the analytic model except for the lower end of the photo-
electron energy scale. Here the CO ratio and phase are very

7
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Figure 7. The cRABBITT amplitude ratio R+ in Ce 4f at the
wavelength of 800 nm. The CR(+) ratios are extracted from the
M= 3 angular momentum projection. The two sets of data are
shown with a slight modification of the LHG b parameter and the
corresponding ionization potential. The analytic prediction is from
[11].

large. We attribute this deviation from the analytic model to
the crossing of the lowest harmonic peak H19 below the ion-
ization threshold. Such a phenomenon which we term the
under-threshold RABBITT or uRABBITT for brevity, allows
to probe the discrete target states [27–29]. Under this condi-
tion, the continuous phase in one of the arms of the RABBITT
interference should be substituted with the resonant phase.
The same effect manifest itself in the cRABBITT where both
the amplitude ratio and the relative phase are affected by the
under-threshold resonance.

Our final set of results is presented in figure 7 where we
exhibit the R+ ratio in the 4f shell of the cerium atom. In
this computations, the LHF potential (13) was used with Z=
58,a= 4.16,b= 13.45. Comparison with the analytic model
[11] indeed confirms a formation of a Cooper-like minimum in
the R+ ratio. Because the said minimum is rather narrow and
cannot be spanned by a limited number of SB’s, an additional
set of calculations was performed by adjusting the b-parameter
to 13.55 which reduced the ionization potential by 2 eV. The
two sets of the TDSE calculations hint to the presence of the
Cooper minimum. However the ratio R+ still remains below
unity and the Fano propensity rule is not yet violated.

5. Summary and outlook

In this work, we examined the angular dependence of the
RABBITT phase in cases where both XUV and IR ion-
ization are driven by circularly polarized radiation. In a
cRABBITT process, the strict selection of photoelectron angu-
lar momentum and its projection significantly restricts the
accessible continuum states. This simplification reduces the
complexity of the angular dependence of the cRABBITT
phase, enabling the separation of radial matrix elements from
the corresponding spherical harmonics. Consequently, the
absolute ratios and relative phases of these matrix elements

can be extracted from either numerical simulations or exper-
imental data. Such an extraction was demonstrated for He 1s
and Ar 3p in our previous work [7].

In this work, we extend our analysis to heavier targets, spe-
cifically Kr 3d, Xe 4d and Ce 4f. A larger number of the avail-
able orbital momentum projections in the initial state restricts
experimental use of the proposed procedure. However, our
numeric experimentation using the TDSE allows for an unam-
biguous extraction of the amplitude ratios and their relative
phases. Such an extraction is motivated by predictions from a
recently developed analytical model [11], which suggests that
the deviation of the amplitude ratios from unity increases sig-
nificantly as the angular momentum of the target orbital and
the frequency of the IR photon rise. While we confirm these
trends, we are unable to verify another important theoretical
prediction: at sufficiently high photon frequencies and large
orbital momentum, the Fano propensity rule for IR photon
absorption is expected to be violated, causing the amplitude

ratio R+ =
∣∣∣T+ℓ→ℓ−1/T

+
ℓ→ℓ+1

∣∣∣ to exceed unity. This trend is

predicted to coincide with the appearance of a ‘Cooper-like’
minimum in R+. This minimum is indeed observed in the Ce
4f shell as shown figure 7.

Doubling the IR photon frequency as in the case of Xe 4d
visualized in figure 6 does not reveal the Cooper minimum
sufficiently clearly because the sideband separation by 2ω
reduces the number of useful data points. Additionally, as the
lowest harmonic peak crosses below the ionization threshold,
the resulting ratios and phase differences are influenced by the
uRABBITT process. Both of these challenges can potentially
be addressed through attosecond streaking driven by circularly
polarized XUV and IR pulses. Ionization driven by linearly
polarized XUV radiation and streaked by circularly polarized
IR pulses has already been achieved [30, 31], suggesting that
extending this setup to circularly polarized XUV and IR pulses
is feasible. This approach represents a promising direction for
continuing the present work.

In conclusion, wewant to highlight one of the central points
of the present work. It is the separability of the XUV and IR
ionization processes in cRABBITT. The XUV photon absorp-
tion elevates an electron from the initially bound state to the
continuum. This process is very sensitive to the ionic potential
as it takes place close to the origin. Hence, the XUV results
of Kr 3d and Xe 4d differ so substantially. The subsequent IR
photon dressing takes place in the continuum and hence it is
much less sensitive to the ionic core potential which is asymp-
totically always hydrogenic. The results of the cRABBITT
simulations contain the amplitude ratios and the phase differ-
ences. In such a construction, the XUV part of the two-photon
ionization amplitude is factored out. The remaining IR part is
rather insensitive to the target and compares well with the pre-
dictions of a hydrogenic model [11].
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