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We study resonant two-photon ionization of helium atoms via the 1s3p, 1s4p

and 1s5p1P1 states using the 15th harmonic of a titanium-sapphire laser for the

excitation and a weak fraction of the laser field for the ionization. The phase of

the photoelectron wavepackets is measured by an attosecond interferometric

technique, using the 17th harmonic. We perform experiments with angular

resolution using a velocity map imaging spectrometer and with high energy

resolution using a magnetic bottle electron spectrometer. Our results are

compared to calculations using the two-photon random phase

approximation with exchange to account for electron correlation effects. We

give an interpretation for the multiple π-rad phase jumps observed, both at and

away from resonance, as well as their dependence on the emission angle.
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1 Introduction

Attosecond techniques using single pulses [1, 2] or pulse trains [3, 4] combined with a

synchronized laser field have become essential tools for the study of photoionization

processes in atoms and molecules. The phase information provided by techniques such as

streaking [5] or RABBIT (Reconstruction of Attosecond Beating By Interference of Two-

photon transitions) [3] complements cross-section measurements, giving insight into the

photoionization temporal dynamics [2, 4]. Experiments have been performed in different

atomic [6–8] andmolecular [9–11] systems, and in broad photon energy regions, typically

between 20 and 100 eV [6, 12]. When atoms or molecules are ionized into “flat”,

structureless continua, the phase does not vary much with energy, apart from the

threshold region, which may be affected by the variation of the so-called Coulomb

phase and a laser-induced “continuum-continuum” phase [13, 14]. In contrast,
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pronounced phase variations are observed in the vicinity of

Cooper minima [4, 8] and broad shape resonances in atomic

or molecular systems [7, 11].

These studies require broadband radiation, single attosecond

pulses or attosecond pulse trains, typically spanning a few tens of

eV in energy, in order to resolve ultrafast dynamics with time

scales in the attosecond regime. Attosecond techniques may also

be applied to the study of two-photon resonant processes, where

the first, extreme ultraviolet (XUV) photon comes into resonance

with a bound [15–18] or quasi-bound autoionizing state [9, 19].

The study of resonant two-photon ionization usually demands a

higher spectral resolution than that of non-resonant processes,

and the time scales are in the femtosecond range. In the early

measurements [15, 20], the XUV frequency was tuned the across

the resonance. Recently, powerful energy-resolved methods like

“rainbow” RABBIT have been developed [21]. In particular, the

nontrivial phase variation around the 2s2p doubly excited state in

helium [21, 22], and the 3s−14p window resonance in argon [23]

have been extensively studied. In simple cases like helium, the

temporal dynamics of the wavepacket created by resonant

photoionization can be recovered [21, 22].

Angle detection brings a new dimension, momentum, to this

type of measurement, allowing the reconstruction of coherent

electron wavepackets in time and space. This has been beautifully

shown for two-photon resonant ionization of Ne via the 3p53d1P1
state [16], and recently of He via the 1s3p and 1s4p1P1 states [18].

Photoionization studies with angular resolution [18, 24–26] have

pointed out that additional phase jumps as a function of emission

angle appear due to the interference of angular channels, beside

the phase jumps as a function of energy.

Here, we study two-photon resonant ionization of helium

through intermediate states in the 1snp 1P1 Rydberg series with

n = 3–5. We generate odd high-order harmonics of an infrared

(IR) laser field, and tune the IR laser frequency in order to reach

the 1s3p, 1s4p or a coherent superposition of 1s4p and 1s5p states

with the 15th harmonic. We further ionize by absorption of an

additional IR photon. We analyze the phase of the created

wavepacket by interferometry using another, non-resonant

two-photon process leading to the same final state, namely,

absorption of the 17th harmonic and emission of an IR

photon. We perform two series of experiments, one with

angular resolution and moderate energy resolution using a

velocity map imaging spectrometer (VMIS) and one with high

energy resolution and no angular resolution using a magnetic

bottle electron spectrometer (MBES). In the latter case, we also

rotate the polarization of the probe field in order to eliminate one

of the angular channels. We discuss the theory of “below-

threshold” interferometry in the angle-integrated and angle-

resolved cases and we compare our experimental results with

simulations using the two-photon random phase approximation

with exchange (RPAE) [27] to account for electron correlation

effects. This allows us to interpret the multiple phase jumps

observed both as a function of energy and emission angle.

2 Principle of the experiment

Our experiment is based on the RABBIT technique, with a

focus on a narrow spectral region just below the ionization

threshold (Ip) of helium, as illustrated in Figure 1. The 15th

harmonic (H15) of the fundamental laser field is tuned into

resonance with one or several Rydberg states. Harmonics of order

17 and above have enough energy to ionize the system and

generate a comb of photoelectron peaks spaced by 2Zω. In the

presence of a dressing field with photon energy Zω, two quantum

paths lead to the same final state in the continuum, resulting in

the formation of sidebands (SBs). Varying the relative time-delay

between the XUV and IR pulses causes periodic modulations in

the SB16 signal, which can generally be written as

ISB � |A+|2 + |A−|2 + 2|A+‖A−| cos 2ωτ − Δφ( ), (1)

where A± denotes the amplitude of the absorption (+) and

emission (−) paths. The oscillation phase can be decomposed

as Δφ = ΔφXUV + ΔφA, where ΔφXUV is the group delay of the

attosecond pulses and ΔφA originates from the two-photon

ionization process. SB16 differs from the other sidebands as

the absorption path is below the ionization threshold. In a first set

of experiments, we record the SB16 signal as a function of energy

and angle. In a second one, we perform an angle-integrated

measurement with high spectral resolution. In both cases, we

extract both the amplitude of the signal oscillating at frequency

FIGURE 1
Energy levels and excitation processes involved in the present
study. The violet (red) arrows denote excitation by the 15th and 17th

harmonics (fundamental). The spherical harmonics corresponding
to the different angular momentum channels are indicated in
cyan.
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2ω and the phase of the oscillation by applying a spectrally

resolved RABBIT analysis [3, 21, 28]. In this implementation of

the RABBIT technique, sometimes called “below-threshold

RABBIT” [15, 17, 18, 29], the interesting information is the

phase change due to resonant two-photon ionization, which is

“read” by interferometry with the emission path (absorption of

the 17th harmonic and emission of an IR photon).

3 Experimental method

A Ti:Sa-based laser operating at 1 kHz provided 3 mJ pulses

with a central wavelength tunable from 780 to 820 nm and a

FWHM bandwidth of approximately 40 nm. The pulses were

split using a 70–30 beamsplitter, so that the intense fraction could

be used as the pump beam and the weaker one as the probe, as

illustrated in Figure 2A. The pump was focused into an 8 mm

long pulsed gas cell containing a rare gas, thereby generating odd

harmonics of the fundamental IR field. The resulting spectrum

was filtered with a 200 nm thick aluminium filter so as to

suppress the transmission of the pump beam into the

detection region. The probe pulses were directed onto a

piezomotor-driven delay stage and recombined with the XUV

pulses in a helium jet. The intensity of the probe in the interaction

region was reduced in order to avoid two-IR-photon absorption.

Two complementary experimental measurements were

performed, as indicated in Figures 2B,C. In the angle-resolved

experiment (b), a velocity map imaging spectrometer [30, 31] was

installed for the electron detection and the helium atoms were

providedbyanEven-Lavievalvepulsedat500 Hz[32].Tooptimize

the 15th and 17th harmonic signal, the gas target was chosen to be

xenonor krypton in theVMISmeasurements. The photoelectrons

were detected with a microchannel plate leading to a phosphor

screen, recorded by a camera. The resulting images captured the

projection of the momentum of electrons in the plane

perpendicular to their travel. The momentum maps were

recorded as a function of the delay between the pump and

probe pulses, in steps of 250 as. The photoelectron momentum

distribution was obtained at each delay by performing an inverse

Abel transformon theVMIS images [33]. In order tominimize the

appearance of mathematical artefacts in the centre of the inverted

images, a well-known problem of inversion methods based on

Legendre polynomial decomposition, an iterative inversion

algorithm based on [34] was applied. The oscillation phase for

each energy andangle binwas extractedbyfitting a cosine function

to the recorded time-delay signal.

The high spectral resolution measurements were carried out

using an MBES for the electron detection, with a 2 m long flight

tube and a 4π sr collection angle [see Figure 2C]. The energy

resolution was better than 80 meV at low kinetic energies. He

atoms were provided by an effusive gas jet. The delay between the

two beams was stabilized with an RMS error of less than 20 as. In

the MBES measurements, high-order harmonics were generated

in argon. The laser central wavelength was chosen to be 782 nm

and the bandwidth 30 nm, so that the spectral region covered by

the 15th harmonic included the 1s4p1P1 resonance. The relative

contributions of s and d angular channels to the two-photon

transition amplitude were varied by rotating the polarization of

the probe in a direction either parallel or perpendicular to the

polarization of the pump pulse.

4 Theoretical method

4.1 Two-photon matrix element

The two-photon transition matrix element connecting the

initial state |a〉 with the continuum state |q〉 via all dipole-

FIGURE 2
Experimental setup: (A)Optical interferometer allowing us to
createanattosecondpulsetrainandadelayeddressingfield;(B)Velocity
mapimagingspectrometer; (C)Magneticbottleelectronspectrometer.
Weuse the followingabbreviations:BS,beamsplitter;A, aperture;
FM, focusing mirror; GC, gas cell; RTS, rough translation stage; PTS,
piezo-driven translation stage; HM, holey mirror; F, filter; TM, toroidal
mirror; ELV, Even-Lavie valve; MCP, microchannel plates.
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allowed intermediate states can be written in the lowest order of

perturbation theory as

M±
qa Ω,ω( ) � −i lim

ξ→0+
∑
p

∫ 〈q | ez | p〉〈p | ez | a〉
ϵa + ZΩ − ϵp + iξ

EqE
±
1 . (2)

Here ϵa and ϵp represent the energies of the initial and

intermediate states, Eq, E+
1 � E1 the qth harmonic and laser

fields, with frequencies Ω and ω, respectively. In this

expression, electron correlation is neglected and lowest-order

perturbation theory for the interaction with the radiation fields is

assumed. In addition, both fields are described as

monochromatic and linearly polarized along the same

direction (z). Energy conservation implies that ϵq = ϵa + ZΩ ± Zω,

where the sign ± refers to absorption or emission of the IR

photon. Note that in the latter case, E−
1 is the complex conjugate

of E+
1 . Since the IR laser field is delayed by τ relative to the XUV

field, E±
1 ∝ e∓ iωτ . When the second photon absorption or

emission is above the threshold (ZΩ > Ip), the two-photon

matrix element is intrinsically complex. When ZΩ < Ip, which is

the case when the 15th harmonic is absorbed, the lowest-order

contribution can be chosen to be real, but if electron correlation

is accounted for, as discussed in Section 4.3, the matrix element

is again intrinsically complex.

4.2 Angular momentum channels

The next step consists in using spherical coordinates and

introducing the different angular momentum channels (see

Figure 1). Two-photon ionization of He leads to s- or d-final states,

and the angle-resolved two-photon amplitude can be written as

A±
‖ θ( )∝ ∑

L�0,2
YL,0 θ, 0( ) L 1 1

0 0 0
( )ei ηL−Lπ

2( )M±
L (3)

Here L = 0, 2 is the angular momentum of the final state, ηL the

energy-dependent scattering phase, sum of the Coulomb phase

and a contribution from the short-range potential. The phase

Lπ/2 describes the effect of the centrifugal potential. YL,0 denotes

a spherical harmonic, andM±
L is the reduced two-photon matrix

element [35], which depends on the photon energies. The

amplitude varies with the polar angle θ, but due to the

cylindrical symmetry, not with the azimuth. Since the

ionization is from an s-orbital, the photoelectron can only

occupy anm = 0 state with respect to the XUV-field polarization.

If the polarization of the laser field is turned 90° with respect

to the XUV field, the interaction with the IR field will change the

magnetic quantum number, as defined with respect to the XUV

field, by Δm = ±1. Since the ionization is from an s-orbital, only

one angular momentum channel, the d-channel, survives.

A±
⊥ θ,ϕ( )∝ − Y2,1 θ,ϕ( ) 2 1 1

−1 1 0
( )eiη2M±

2 (4)

In this case, the angular dependence will be that of a d-wave.

4.3 Electron correlation

The two-color two-photon RPAE approach [27] 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. The method, which is described

in detail in Ref. [27], is gauge-independent and was originally

developed for above-threshold ionization, but is here used in a

scenario where, in the absorption path, no individual photon is

able to ionize the atom by itself. To facilitate the comparison with

experimental results, experimental energies are used for the

bound excited states that are encountered in the sum over

intermediate states p: 1s3p1P1, 1s4p
1P1, and 1s5p1P1. Both time

orders of the photon interaction are considered, but the result is

completely dominated by the time order where the XUV photon

is absorbed in the first step, as described by Eq. 2. The emission

path of the RABBIT scan is over a smooth spectral region in the

continuum and the phase change over the small energy interval

discussed here is small. In the absorption path, the situation is

very different. The bound state resonances are narrow, with only

light-induced broadening possible (see below). If

monochromatic XUV light is tuned over such an excited state

resonance, the denominator in Eq. 2 abruptly changes sign and a

sharp π-rad jump of the phase is expected at the resonance

energy. Phase jumps are also to be expected when (and if) the

matrix elements in the numerator change sign.

FIGURE 3
Absorption matrix elements to the s (red) and d (blue)
continuum. The real and imaginary parts are shown respectively in
the solid and dashed lines. The matrix elements in (A) do not
include electron correlation while the matrix elements in (B)
are obtained using RPAE.
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Figure 3 presents the real and imaginary parts of the two-

photon transition amplitudes in the absorption path for the s and

the d channels without (a) and with (b) electron correlation. The

transition matrix elements from the ground state to the bound

excited states and from these states to the continuum can be

chosen to be real. Therefore, the amplitudes are real-valued in (a).

At resonance, where the amplitude diverges, the phase variation

is simply due to a sign change, while the one in between

resonances, referred to as anti-resonant, it happens because

the amplitude goes to zero. The phase jump in between the

resonances happens at approximately the same energy for both

the s and the d channel.

Through the introduction of electron correlation into the

ionization process, the matrix elements acquire an imaginary

part leading to a phase shift of the outgoing photoelectron. The

phase variation at resonance is slightly smoother, while the

energy where the anti-resonant phase jump takes place is now

different for the s and the d channels. When incoherently adding

the contributions from the two channels, this leads to a smoother

phase variation at anti-resonances. On the other hand, when

these contributions are added coherently, the resulting phase

jump depends on the angle of emission, as discussed more in

detail below.

4.4 Ionization-induced broadening and
finite pulse effects

It is possible to go beyond lowest-order perturbation

theory for the dressing field close to resonance in a simple

way, by adding an intensity-dependent AC-Stark shift (δp)

and ionization-induced width (γp) to the resonance energy

(ϵp → ϵp + δp + iγp). The added complex term in the

denominator will induce a change in the phase dependence

across the resonance. Changing ϵp into ϵp + δp + iγp in the

denominator of Eq. 2 leads to an additional phase term,

χp � arctg
γp

ϵa + ZΩ − ϵp − δp
[ ]. (5)

Close to the resonance, the phase varies as arctg (γp/δϵ), where
δϵ goes through zero. The derivative of this function close to

zero (and hence the slope of the phase variation with energy)

is equal to −1/γp. Since γp is proportional to the probe

intensity, the absolute value of the slope of the phase

variation across the resonance is expected to decrease as

the intensity increases. In some of the simulations

presented below, we include an ionization-induced width

equal to 10 meV, corresponding to a probe intensity of

6 × 1011 W/cm2. We do not include any Stark shift,

however, since the origin of the energy axis in the

experiment is not precisely known. Our experimental data

are adjusted to the unshifted position of the resonant states.

To compare with experimental results, we also include

bandwidth effects through convolution with appropriate line

profiles. Using Gaussian profiles defined by the central

frequencies Ω0, ω0 and bandwidths σq, σ1 for the XUV and IR

fields respectively, the matrix elements leading to the same final

energy ϵq are summed up as

M±
qa�

1
2πσ1σq

∫M±
qa ωqa∓ ω,ω( )e− ω−ω0( )2

2σ2
1

− ωqa ∓ω−Ω0( )2
2σ2q dω, (6)

where Zωqa = ϵq − ϵa.

Theory of below-threshold RABBIT in
helium

We now generalize the theory of RABBIT to the particular

case where absorption of the lowest harmonic takes place in the

discrete spectrum [29]. We consider two-photon ionization of

He, with only a single angular channel for the first XUV photon

absorption. In the angle-resolved case, the sideband signal is

ISB θ, τ( ) � |A+
‖ θ, τ( ) + A−

‖ θ, τ( )|2, (7)

where τ denotes the delay between the XUV and the IR fields, and

θ is the emission angle. The amplitudes for the absorption and

emission paths are defined as

A±
‖ θ, τ( )∝ − Y00

��
1
3

√
eiη0M±

0+Y20 θ, 0( )
���
2
15

√
ei η2−π( )M±

2 . (8)

The coherent addition of the four terms included in Eqs 7 and 8

depends on the phases arg[ei(ηL−Lπ/2)M±
L]. For the emission path,

as in the ordinary RABBIT description with the intermediate

state of the two-photon transition in the continuum, in the

asymptotic limit, we have [14],

arg ei ηL−Lπ
2[ ]M−

L( ) � η−1 + π + ϕL−
cc + ϕ−

XUV − ωτ. (9)

Here η−1 denotes the scattering phase in the p-continuum, at the

energy corresponding to the absorption of the 17th harmonic, ϕL−cc
is the additional phase due to the continuum-continuum

emission process, which slightly depends on the angular

momentum [36, 37], ϕ−XUV is the phase of the 17th harmonic

and τ is the delay between the XUV and IR fields. For the

absorption path,

arg ei ηL−Lπ
2[ ]M+

L( ) � ηL −
Lπ

2
+ ϕL + ϕ+

XUV + ωτ. (10)

ηL is here the scattering phase of the final state (s or d), ϕL reflects

the sign changes of the two-photon matrix element at resonance

or anti-resonance, as well as the effect of electron correlation (see

Figure 3) and ϕ+XUV is the phase of the 15th harmonic. In contrast

to the case where both paths are above the threshold, the

asymmetry between the two paths does not allow us to

eliminate the scattering phase of the final state and extract the
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Wigner time delay [14]. A RABBIT measurement allows,

however, the study of the phase variation (ϕL) of the two-

photon matrix element across the resonance.

5.1 Angle-integrated below-threshold
RABBIT

In an angle-integrated measurement, the θ-integration of

ISB(θ, τ) eliminates the cross-products between different angular

momentum channels (due to the orthogonality of the spherical

harmonics) which now add incoherently,

ISB τ( ) ∝
1
3

|M+
0 |2 + |M−

0 |2 + 2|M+
0‖M−

0 | cos Δφ0( )[ ]
+ 2
15

|M+
2 |2 + |M−

2 |2 + 2|M+
2 ‖M−

2 | cos Δφ2( )[ ], (11)

where

ΔφL � arg ei ηL−Lπ
2[ ]M+

L( ) − arg ei ηL−Lπ
2[ ]M−

L( ). (12)
In ordinary (above-threshold) RABBIT,

ΔφL � 2ωτ − ΔϕXUV − Δη1 − ΔϕL
cc, (13)

where Δη1 � η−1 − η+1 , ΔϕXUV � ϕ−XUV − ϕ+XUV and

ΔϕLcc � ϕL−cc − ϕL+cc . Neglecting the small L-dependence of Δϕcc
[37], the two oscillatory terms in Eq. 11 are in phase, meaning

that RABBITmeasurement allows to unambiguously determine

the phase Δη1 [4, 14] and the Wigner delay approximated by

Δη1/2ω. When one path is below threshold, however,

ΔφL � 2ωτ − ΔϕXUV + φL
ref + ϕL, (14)

with φL
ref � ηL − η−1 − ϕL−cc − Lπ/2 − π. Eq. 11 describes the

incoherent addition of two terms oscillating with the same

frequency 2ω, but with a different phase variation as a

function of energy (ϕL) and different reference phase (φL
ref ),

complicating the interpretation of the extracted phase. Although

both ηL and ϕL−cc vary significantly close to the threshold due to

the influence of the Coulomb potential, as shown in Figure 4A,

the reference phase φL
ref does not depend much on the energy or

on L in the range investigated in the present work (Figure 4B).

This implies that when ϕ0 ≃ ϕ2, for example at resonance, both

terms in Eq. 11 vary with a similar phase offset. However, when

ϕL changes sign because the L-dependent matrix element goes to

zero, which happens at different energies for the s and d channels,

the interpretation of the phase extracted from the experimental

measurement is not clear. This is where angle-resolved

measurements or the use of different polarizations for the

excitation fields become useful.

5.2 Angle-resolved below-threshold
RABBIT

We first rewrite Eq. 8 as

A±
‖ θ( )∝ eiη0M±

0 +
�
2

√
P2 cos θ( )eiη2M±

2 , (15)

where we have introduced P2, the Legendre polynomial of

order 2, equal to (3x2 − 1)/2. Using Eqs 9 and 10, we have

A−
‖ θ( ) +A+

‖ θ( )∝ ei −ωτ+ϕ−XUV+η−1( ) eiϕ0−cc |M−
0 | −

�
2

√
P2 cos θ( )eiϕ2−cc |M−

2 |[ ]
− ei ωτ+ϕ+XUV( ) ei η0+ϕ0( )|M+

0 |[
+ �

2
√

P2 cos θ( )ei η2+ϕ2( )|M+
2 |].

(16)
We define χ±(θ) as the argument of the quantities inside the

brackets. The angle-resolved RABBIT signal can be written as

ISB θ( ) � |A+
‖ θ( ) + A−

‖ θ( )|2 ∝ |A+
‖ θ( )|2 + |A−

‖ θ( )|2
+2|A+

‖ θ( )‖A−
‖ θ( )| cos 2ωτ − ΔϕXUV − η−1 − Δχ θ( )[ ],

(17)
where Δχ(θ) = χ−(θ) − χ+(θ). In contrast to the angle-integrated

result, we now have a single oscillatory signal. The price to pay is

that the phase depends not only on the energy but also on the

emission angle θ. Eq. 17 can be expanded into a Legendre

polynomial decomposition as in [36, 37]. We will not do that

in the present work, but concentrate on the understanding of the

phase variation with emission angle.

5.3 Angular phase jumps

In contrast to what we have discussed so far, which is the

phase difference between the absorption and the emission paths

[Eqs. 14 and 17], we now consider the phase difference between

the angular channels for the absorption and the emission paths

individually,

Δφ+ � η0 − η2 + ϕ0 − ϕ2 (18)
Δφ− � ϕ0−

cc − ϕ2−
cc − π. (19)

FIGURE 4
(A) Phase ηL − Lπ/2 (blue) and ϕL−cc (red) as a function of
energy for L = 0 (solid) and L = 2 (dashed); (B) Reference phase
φL
ref � ηL − η−1 − ϕL−cc − Lπ/2 − π for L = 0 (solid) and L = 2 (dashed).

Frontiers in Physics frontiersin.org06

Neoričić et al. 10.3389/fphy.2022.964586

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.964586


Factorizing the phase terms, the quantities inside the bracket in

Eq. 16 are proportional to exp(iΔφ±)|M±
0 | +

�
2

√
P2|M±

2 |. There
will be a phase jump in the path considered (emission or

absorption) as a function of the emission angle whenever the

real part of this expression changes sign. Introducing

ϒ± � |M±
0 |�

2
√ |M±

2 |
cosΔφ±, (20)

a phase jump will happen at an angle θ such that

P2 cos θ( ) � −ϒ±. (21)
This equation has a solution only if

−1≤ϒ± ≤
1
2
. (22)

These two inequalities set conditions for a sign change as a

function of angle, and hence a phase jump, in the absorption or

emission paths. We also note that when |M±
0 |≪

�
2

√ |M±
2 |, or

when Δφ± ≈ ± π/2, a phase jump will happen at an angle such

that P2 (cos θ) is close to zero, i.e. at a node of Y20, 54.7° or 125.3°

(often referred to as “magic” angles). In contrast, if

|M±
0 |≫

�
2

√ |M±
2 | and Δφ± ≠ ± π/2, the inequality (22) is not

fulfilled, leading to an absence of a phase jump as a function of

angle. Δφ− is positive and, in general, small, increasing close to

the threshold [36]. We find that ϒ− ≥ 1/2 so that no phase jump

can be found in the emission path. The absorption path will in

contrast exhibit different energy regions with or without a

phase jump, depending on whether Eq. 22 is fulfilled or not.

Because of the non-zero imaginary part of

exp(iΔφ±)|M±
0 | +

�
2

√
P2|M±

2 |, the phase jump as a function of

angle is smaller than π rad. The direction of the phase jump

depends on the sign of Δφ+. This is illustrated in Figure 5,

showing both ϒ± as a function of energy, and the phase

variation of the absorption path as a function of angle

(vertical axis) and energy (horizontal axis). The black dashed

lines indicate the different energy regions, where a phase jump

as a function of angle is to be or not be expected.

5.4 Delay-integrated asymmetry
parameters

The sideband signal can be expressed using the angle-

integrated signal, ISB(τ), and two delay-dependent asymmetry

parameters (βi(τ), i = 2, 4) as [26, 38, 39]

ISB θ, τ( ) � ISB τ( )
4π

1 + ∑
i�2,4

βi τ( )Pi cos θ( )⎡⎣ ⎤⎦. (23)

Another way to parameterize the sideband angular

dependence [35] is to extract the angle-integrated signal and

asymmetry parameters, I±SB and β±i for the absorption and

emission processes separately, and then similar quantities for

the oscillating cross term A+p
‖ A−

‖ (or its complex conjugate). The

delay-integrated angular βi-parameters [39] can be simply

obtained as [35]

βi �
β+i I

+
SB + β−i I

−
SB

I+SB + I−SB
. (24)

They are the sum of the ordinary β-parameters for the absorption

and emission paths, weighted with the relative strength of each path.

6 Experimental results

6.1 Angle-integrated measurements

Figure 6 presents results obtained with the velocity map

imaging spectrometer. We show the angle-integrated intensity

(A) and phase (B) for sideband 16, as a function of the total

energy absorbed in the two-photon ionization process. Several

measurements have been performed, such that the 15th harmonic

spans a large energy region across the 1snp1P1 (n = 3–5) series.

Figure 6A presents three broad maxima, approximately centered

at the position of the resonances. The relative intensities of the

maxima are arbitrary, since the three measurements have been

performed with different central laser frequencies. Therefore, we

normalize the maxima in Figure 6A. The broadening is partly due

to the XUV and IR bandwidths leading to a convolution of the

FIGURE 5
Phase variation of the absorption path as a function of angle
and energy. The top figure shows the variation of ϒ± with energy
together with the limits of the inequality in Eq. 22 (dashed
horizontal black lines). The absorption path is shown in blue
and the emission path, which does not lead to any phase jump, in
magenta. The black vertical dotted lines indicate the energies at
which ϒ+ intersects the black dashed lines. This indicates the limits
of the spectral region displaying phase jumps in angle. The vertical
red dotted lines indicate the energies at which ϒ+ changes sign,
leading to a change in the direction of the phase jump in angle. At
these energies, the phase jump occurs at the magic angle. The
cyclic color bar is shown in the top left corner of the bottom figure.
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amplitudes (see Eq. (6)), to the ionization-induced additional

width, as well as to the spectrometer resolution. The first peak

corresponding to the 1s3p1P1 resonance exhibits a double

structure, that could be due to a continuum structure induced

by the interference between direct non-resonant two-photon

ionization and ionization from the 1s3p1P1 bound state [40].

Such a feature has been previously observed in photoelectron

spectroscopy [18], transient absorption measurements [41], as

well in numerical simulations [15].

Figure 6B shows the phase variation of the angle-integrated

sideband 16 intensity. The presented curves are obtained by

performing a weighted averaging over a few measurements, as

detailed in the SM. Phase jumps of approximately − π rad can be

observed when the 15th harmonic energy becomes equal to that of

the np1P1 states. Likewise, anti-resonant phase jumps of opposite

sign and similar magnitude can be seen in between each two

successive resonant jumps [17, 18]. The splitting of the 1s3p1P1
state is also accompanied by a phase variation.

Figure 6 further shows the results of a two-photon RPAE

calculation, not including (dotted black curve, only shown in (b))

and including (black curve) bandwidth effects, with σ1 = 25 meV,

σq = 150 meV, as well as an additional width due to ionization

from the Rydberg state (γp = 10 meV). These simulations

reproduce the behavior of the intensity and phase variation

across the resonances.

6.2 Parallel and perpendicular
polarizations

High-spectral-resolution angle-integrated RABBIT

measurements were performed in the energy region around

the 1s4p1P1 resonance. Figure 7A shows a zoom-in on

SB16 and H17. As expected [17], their oscillations are out of

phase and both exhibit a π-rad variation across the photoelectron

peak width.

In this measurement, our aim is to compare measurements

with the dressing field polarization parallel (0°) and

perpendicular (90°) to that of the XUV, while keeping the

probe intensity at the same value. Both s and d channels

coexist in the parallel configuration, while only the d channel

FIGURE 6
Two-photon ionization via 1snp states with n = 3, 4, 5.
(A) Angle-integrated intensity. Red line: measurement, black line:
RPAE-based simulations. Relative heights of individual peaks are
not to scale. (B) Angle-integrated phase. Red solid line:
measured data, shaded areas: error of the weighted average.
RPAE-based simulations excluding (grey dashed line) and
including (black solid line) the effect of the pulse bandwidth and
power-induced broadening (γp = 10 meV). Vertical grey lines
indicate the energies corresponding to the 1snp1P1 resonances
with n = 3, 4, 5.

FIGURE 7
Angle-integrated measurements with the MBES. (A) Zoom-in
on the oscillations of SB16 and H17. The extracted phase variation
is indicated by the white lineouts. (B) Phase of SB16. Data points:
phase measured with parallel (red) and perpendicular (black)
XUV and IR polarizations; solid curves: calculated total phase for
parallel XUV and IR polarizations (red) and d-wave only phase
(black).

Frontiers in Physics frontiersin.org08

Neoričić et al. 10.3389/fphy.2022.964586

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.964586


is allowed when the probe polarization is perpendicular to that of

the pump, since only Δm = ±1 transitions are possible. In these

measurements, we normalize the phase variation to that of the

non-resonant sideband 18, which exhibits a flat phase. A

comparison between parallel and perpendicular IR

polarizations is shown in Figure 7B. The black and red

symbols and solid curves correspond to the parallel and

perpendicular case, respectively. We observe a smooth phase

variation across the resonance rather than a sudden π-rad jump,

in agreement with the results shown in Figure 6. In order to

reproduce this behavior in theoretical calculations, it is necessary

to include both ionization broadening and folding due to finite

pulse effects. In the region investigated, close to the 1s4p

resonance, the phase variations of the s and d channels are

very similar, so that the parallel or perpendicular

configurations do not yield very different phase measurements.

6.3 Delay-integrated photolectron
angular distributions

Figure 8 presents the variation of the β2 and β4 parameters for

the delay-integrated signal. These coefficients vary significantly

across the observed energy range, with maxima close to the

1s3p1P1, 1s4p1P1 and 1s5p1P1 resonances. The experimental

behavior is reproduced by the calculations, here shown without

including any folding, i.e. assuming a monochromatic dressing

field, at a wavelength of 782 nm. The strong variation of the β2 and

β4 parameters between two resonances indicates a varying angular

distribution, due to a change in the relative amplitude and phase of

the s and d angular channels.

6.4 Angle-resolved phase measurements

We here concentrate on the spectral region around the

1s4p1P1 resonance. Figure 9 displays the phase variation as a

function of angle and energy. The phase is indicated in color,

following a cyclic representation, thus avoiding unwrapping

issues. The phase decreases (increases) when moving

clockwise (anti-clockwise) in the cyclic color bar.

Figure 9A, right shows the measured values in the angle

and energy region, delimited by a dashed contour, where

the signal is sufficiently high for a reliable phase and

amplitude retrieval. Figure 9A, left shows the results of the

two-photon-RPAE calculation. The two results agree quite

well. The angular modulations of the experimental signal in

the region 0–57°, 21.15–25.3 eV are comparable to the

experimental error bar ( < 0.8 rad). In the following, we

focus on the interpretation of the theoretical results, which

give a more complete picture of the phase variation as a

function of both energy and angle. In order to gain a

deeper insight into the interplay of the different angular

channels, we show the sideband variation where we

selectively suppress the resonant path to the s continuum

(Figure 9B, left) or to the d continuum (Figure 9B, right).

Overall, the phase variation observed in Figure 9A, left is

more similar to that of a pure d wave (Figure 9B, left) than that

of a pure s wave (Figure 9B, right). Nonetheless, as shown in

the following, a detailed analysis of the sideband angle- and

energy-resolved phase variation shows that it is the result of a

complex interplay of the two partial waves. In the following,

we focus on interpreting the phase variation in the vicinity of

three spectral regions, indicated with coloured half-circles in

Figure 9A.

First, at the position of the 4p resonance, indicated by a red

half-circle close to 25.31 eV, a sharp π-rad phase jump along the

energy axis is observed at all emission angles. In this region both

the s and d channels experience a π-rad jump due to the

resonance such that the angle-resolved measurements do not

provide additional information compared to the angle-

integrated ones.

FIGURE 8
Energy variation of the delay-integrated asymmetry
parameters β2 (blue) and β4 (red); (A) Experimental results;
(B) Theoretical calculations obtained at a given dressing field
wavelength, equal to 782 nm. The grey lines indicate the
energies corresponding to the 1snp1P1 resonances with n = 4,5.
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An anti-resonant phase jump along the energy axis can

observed in the vicinity of the green half-circle. In this region,

the matrix element M+
2 crosses 0 and changes sign such that the

relative weight of the s and d resonant paths varies very fast as a

function of energy. As a result, a strong angular dependence of

the position of the phase jump can be observed in Figure 9A, left:

at angle above 54.7° the phase jump appears above the green line,

while at angles below the magic angle, the phase jump appears at

energies below the green line. This is consistent with the fact that

M+
2 and Y20 should have opposite signs in order for the real part

of A+
‖ (0) to cancel.

At 54.7°, where Y20 has a node, the phase variation as a

function of energy is fully dominated by the s channel as can be

observed by comparing Figure 9A, left with Figure 9B, right. In

addition, in the close vicinity of the spectral region where M+
2

cancels no phase variation as a function of emission angle is

observed in (Figure 9A, left), since the s channel dominates. This

corresponds to the spectral region shown in Figure 5 where the

inequalities in Eq. (22) are not fulfilled.

In contrast to the region close to the 4p resonance, here

angle-resolved measurements provide a lot of information on the

competition between the s and d resonant channels that cannot

be obtained from angle-integrated measurements.

Finally, over a large energy range, from 25 to 25.3 eV, a

sharp phase jump can be observed as a function of angle close

to 54.7°. In this spectral region the d resonant channel strongly

dominates and the phase jump as a function of angle reflects

the change of sign of Y20. The exact angle at which the phase

jumps and the magnitude of the phase jump depends on the

relative weight between s and d. When M+
0 � 0 (blue circle),

the phase exhibits a sharp π-rad jump exactly at the magic

angle, while the phase jumps occurs at lower (higher) angles

below (above) the blue line. Interestingly, although the d

channel dominates, the change of sign of M+
0 across the

blue line manifests as a change of direction of the angular

phase jump.

This analysis shows that by examining the positions of the

phase jumps as a function of angle and energy, it is possible to

infer not only the position of the resonance, but also the positions

of the sign changes of M+
L , even in the case where two-photon

ionization is very much dominated by one contribution, the d

channel. This also shows that phase measurements as a function

of angle and energy give a lot of information about the relative

contributions of the two angular channels.

7 Conclusion

In conclusion, we have studied the phase and intensity of

two-photon ionization through the 1s3p1P1, 1s4p1P1 and

1s5p1P1 resonance series, using an interferometric method.

While the intensity variation presents a series of peaks at

the positions of the resonance, the phase undergoes π-rad

phase changes both at and in between the resonances. Going

through the resonance, the phase decreases linearly with energy

with a total phase variation of π rad at all emission angles. The

smaller the ionization induced by the dressing field, the more

rapid this linear decrease in phase is. The phase variation

remains similar when varying the relative polarization of the

XUV and dressing fields. A second sharp phase variation of

π rad is observed between two resonances. This anti-resonant

phase variation is strongly dependent on the emission angle

and reflects the angle- and polarization-dependent interplay

between the two angular channels contributing to the two-

photon ionization process.

We have shown both experimentally and theoretically that,

even for a simple atomic system like helium, angle-resolved

measurements, as well as measurements with different

polarizations, provide invaluable insight to the physics of

resonant two-photon ionization. They should become an

essential tool to the investigation of more complex atoms or

molecules.

FIGURE 9
Angle-and-energy-resolved relative phase of SB16 around
the 4p resonance. (A)Comparison between experiment (right) and
theory (left). Only the experimental results with significant signal-
over-noise ratio are presented. This region is indicated by the
black dashed line. The radial coordinate is the total energy, while
the polar angle is the electron emission angle relative to the
polarization axis. The cyclic color bar is shown in the top right of
the figure. In (B), we present the contribution of the s (right) and d
(left) waves in the absorption path to the total phase variation.

Frontiers in Physics frontiersin.org10

Neoričić et al. 10.3389/fphy.2022.964586

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.964586


Data availability statement

The raw data supporting the conclusion of this article

will be made available by the authors, without undue

reservation.

Author contributions

LN, DB, HL, RW, MA, SL, JP, HW, JL, SM, SZ, and CA

performed the experiments. RJS and RF, provided the MBES

and helped in its operation. JP, HW, JL, SM, and PE-J provided

the VMIS and helped in its operation. LN analyzed the data with

the help of DB, SL, and HL. EL performed the many-body

perturbation theory calculations. DB, EL and AL’H formalized

the theory of resonant two-photon ionization. MG and AL’H

supervized the project. LN, DB, EL, and AL’H wrote the article

with input from all the authors.

Funding

The authors AL’H and MA are partly supported by the

Wallenberg Center for Quantum Technology (WACQT)

funded by the Knut and Alice Wallenberg foundation. The

authors acknowledge support from the Swedish Research

Council (2013-8185, 2016-04907, 2017-04106, 2018-03731,

2020-0520, 2020-03315, 2020–06384), the Swedish Foundation

for Strategic Research (FFL12-0101), the European Research

Council (advanced grant QPAP, 884900) and the Knut and

Alice Wallenberg Foundation. JL acknowledges financial

support by the European Union’s Horizon 2020 research and

innovation program under the Marie Skłodowska-Curie Grant

Agreement 641789 (MEDEA).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fphy.2022.

964586/full#supplementary-material

References

1. Goulielmakis E, Uiberacker M, Kienberger R, Baltuska A, Yakovlev V, Scrinzi
A, et al. Direct measurement of light waves. Science (2004) 305:1267–9. doi:10.1126/
science.1100866

2. Schultze M, FießM, Karpowicz N, Gagnon J, KorbmanM, Hofstetter M, et al.
Delay in photoemission. Science (2010) 328:1658–62. doi:10.1126/science.
1189401

3. Paul PM, Toma ES, Breger P, Mullot G, Augé F, Balcou P, et al. Observation of a
train of attosecond pulses from high harmonic generation. Science (2001) 292:
1689–92. doi:10.1126/science.1059413

4. Klünder K, Dahlström JM, Gisselbrecht M, Fordell T, Swoboda M, Guénot D,
et al. Probing single-photon ionization on the attosecond time scale. Phys Rev Lett
(2011) 106:143002. doi:10.1103/physrevlett.106.143002

5. Kienberger R, Goulielmakis E, Uiberacker M, Baltuska A, Yakovlev V, Bammer
F, et al. Atomic transient recorder. Nature (2004) 427:817–21. doi:10.1038/
nature02277

6. Ossiander M, Siegrist F, Shirvanyan V, Pazourek R, Sommer A, Latka T, et al.
Attosecond correlation dynamics. Nat Phys (2017) 13:280–5. doi:10.1038/nphys3941

7. Zhong S, Vinbladh J, Busto D, Squibb RJ, Isinger M, Neoričić L, et al.
Attosecond electron–spin dynamics in Xe 4d photoionization. Nat Commun
(2020) 11:5042. doi:10.1038/s41467-020-18847-1

8. Alexandridi C, Platzer D, Barreau L, Busto D, Zhong S, Turconi M, et al.
Attosecond photoionization dynamics in the vicinity of the Cooper minima in
argon. Phys Rev Res (2021) 3:L012012. doi:10.1103/physrevresearch.3.l012012

9. Haessler S, Fabre B, Higuet J, Caillat J, Ruchon T, Breger P, et al. Phase-resolved
attosecond near-threshold photoionization of molecular nitrogen. Phys Rev A (Coll
Park) (2009) 80:011404. doi:10.1103/physreva.80.011404

10. Huppert M, Jordan I, Baykusheva D, von Conta A, Wörner HJ. Attosecond
delays in molecular photoionization. Phys Rev Lett (2016) 117:093001. doi:10.1103/
physrevlett.117.093001

11. Nandi S, Plésiat E, Zhong S, Palacios A, Busto D, Isinger M, et al. Attosecond
timing of electron emission from a molecular shape resonance. Sci Adv (2020) 6:
eaba7762. doi:10.1126/sciadv.aba7762

12. Isinger M, Squibb RJ, Busto D, Zhong S, Harth A, Kroon D, et al.
Photoionization in the time and frequency domain. Science (2017) 358:893–6.
doi:10.1126/science.aao7043

13. Pazourek R, Nagele S, Burgdörfer J. Attosecond chronoscopy of
photoemission. Rev Mod Phys (2015) 87:765–802. doi:10.1103/revmodphys.87.765

14. Dahlström JM, Guénot D, Klünder K, Gisselbrecht M,Mauritsson J, L’Huillier
A, et al. Theory of attosecond delays in laser-assisted photoionization. Chem Phys
(2013) 414:53–64. doi:10.1016/j.chemphys.2012.01.017

15. Swoboda M, Fordell T, Klünder K, Dahlström JM, Miranda M, Buth C, et al.
Phase measurement of resonant two-photon ionization in helium. Phys Rev Lett
(2010) 104:103003. doi:10.1103/physrevlett.104.103003

16. Villeneuve DM, Paul H, Vrakking MJJ, Niikura H. Coherent imaging of an
attosecond electron wave packet. Science (2017) 356:1150–3. doi:10.1126/science.
aam8393

17. Drescher L, Witting T, Kornilov O, Vrakking MJJ. Phase dependence of
resonant and antiresonant two-photon excitations. Phys Rev A (Coll Park) (2022)
105:L011101. doi:10.1103/physreva.105.l011101

18. Autuori A, Platzer D, Lejman M, Gallician G, Maëder L, Covolo A, et al.
Anisotropic dynamics of two-photon ionization: An attosecond movie of
photoemission. Sci Adv (2022) 8:eabl7594. doi:10.1126/sciadv.abl7594

Frontiers in Physics frontiersin.org11

Neoričić et al. 10.3389/fphy.2022.964586

https://www.frontiersin.org/articles/10.3389/fphy.2022.964586/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphy.2022.964586/full#supplementary-material
https://doi.org/10.1126/science.1100866
https://doi.org/10.1126/science.1100866
https://doi.org/10.1126/science.1189401
https://doi.org/10.1126/science.1189401
https://doi.org/10.1126/science.1059413
https://doi.org/10.1103/physrevlett.106.143002
https://doi.org/10.1038/nature02277
https://doi.org/10.1038/nature02277
https://doi.org/10.1038/nphys3941
https://doi.org/10.1038/s41467-020-18847-1
https://doi.org/10.1103/physrevresearch.3.l012012
https://doi.org/10.1103/physreva.80.011404
https://doi.org/10.1103/physrevlett.117.093001
https://doi.org/10.1103/physrevlett.117.093001
https://doi.org/10.1126/sciadv.aba7762
https://doi.org/10.1126/science.aao7043
https://doi.org/10.1103/revmodphys.87.765
https://doi.org/10.1016/j.chemphys.2012.01.017
https://doi.org/10.1103/physrevlett.104.103003
https://doi.org/10.1126/science.aam8393
https://doi.org/10.1126/science.aam8393
https://doi.org/10.1103/physreva.105.l011101
https://doi.org/10.1126/sciadv.abl7594
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.964586


19. Barreau L, Leon Petersson C, Klinker M, Camper A, Marante C, Gorman T,
et al. Disentangling spectral phases of interfering autoionizing states from
attosecond interferometric measurements. Phys Rev Lett (2019) 122:253203.
doi:10.1103/physrevlett.122.253203

20. Kotur M, Guénot D, Jiménez-Galán Á, Kroon D, Larsen EW, Louisy M, et al.
Spectral phase measurement of a Fano resonance using tunable attosecond pulses.
Nat Commun (2016) 7:10566. doi:10.1038/ncomms10566

21. Gruson V, Barreau L, Jiménez-Galan À, Risoud F, Caillat J, Maquet A, et al.
Attosecond dynamics through a Fano resonance: Monitoring the birth of a
photoelectron. Science (2016) 354:734–8. doi:10.1126/science.aah5188

22. Busto D, Barreau L, Isinger M, Turconi M, Alexandridi C, Harth A, et al.
Time–frequency representation of autoionization dynamics in helium. J Phys B: Mol
Opt Phys (2018) 51:044002. doi:10.1088/1361-6455/aaa057

23. Turconi M, Barreau L, Busto D, Isinger M, Alexandridi C, Harth A, et al.
Spin–orbit-resolved spectral phase measurements around a Fano resonance. J Phys
B: Mol Opt Phys (2020) 53:184003. doi:10.1088/1361-6455/ab9f0b

24. Heuser S, Galán Á, Cirelli C, Marante C, Sabbar M, Boge R, et al. Angular
dependence of photoemission time delay in helium. Phys Rev A (Coll Park) (2016)
94:063409. doi:10.1103/physreva.94.063409

25. Cirelli C, Marante C, Heuser CLM, Petersson S, Jiménez-Galán Á, Argenti L,
et al. Anisotropic photoemission time delays close to a fano resonance. Nat
Commun (2018) 9:955. doi:10.1038/s41467-018-03009-1

26. Busto D, Vinbladh J, Zhong S, Isinger M, Nandi S, Maclot S, et al. Fano’s
propensity rule in angle-resolved attosecond pump-probe photoionization. Phys
Rev Lett (2019) 123:133201. doi:10.1103/physrevlett.123.133201

27. Vinbladh J, Dahlström JM, Lindroth E. Many-body calculations of two-
photon, two-color matrix elements for attosecond delays. Phys Rev A (Coll Park)
(2019) 100:043424. doi:10.1103/physreva.100.043424

28. Müller A, Laubscher M. Spectral phase and amplitude interferometry for
direct electric-field reconstruction. Opt Lett (2001) 26:1915. doi:10.1364/ol.26.
001915

29. Kheifets AS, Bray AW. RABBITT phase transition across the ionization threshold.
Phys Rev A (Coll Park) (2021) 103:L011101. doi:10.1103/physreva.103.l011101

30. Eppink ATJB, Parker DH. Velocity map imaging of ions and electrons using
electrostatic lenses: Application in photoelectron and photofragment ion imaging of
molecular oxygen. Rev Sci Instrum (1997) 68:3477–84. doi:10.1063/1.1148310

31. Rading L, Lahl J, Maclot S, Campi F, Coudert-Alteirac H, Oostenrijk B, et al. A
versatile velocity map ion-electron covariance imaging spectrometer for high-
intensity xuv experiments. Appl Sci (Basel) (2018) 8:998. doi:10.3390/app8060998

32. Even U. Pulsed supersonic beams from high pressure source: Simulation
results and experimental measurements. Adv Chem (2014) 2014:1–11. doi:10.1155/
2014/636042

33. Smith LM, Keefer DR, Sudharsanan S. Abel inversion using transform
techniques. J Quant Spectrosc Radiat Transf (1988) 39:367–73. doi:10.1016/
0022-4073(88)90101-x

34. Vrakking MJJ. An iterative procedure for the inversion of two-dimensional
ion/photoelectron imaging experiments. Rev Sci Instrum (2001) 72:4084–9. doi:10.
1063/1.1406923

35. Saha S, Vinbladh J, Sörngå rd J, Ljungdahl A, Lindroth E. Angular anisotropy
parameters for photoionization delays. Phys Rev A (Coll Park) (2021) 104:033108.
doi:10.1103/physreva.104.033108

36. Fuchs J, Douguet N, Donsa S, Martín F, Burgdörfer J, Argenti L, et al. Time
delays from one-photon transitions in the continuum. Optica (2020) 7:154–61.
doi:10.1364/optica.378639

37. Peschel J, Busto D, Plach M, Bertolino M, Hoflund M, Maclot S, et al.
Attosecond dynamics of multi-channel single photon ionization. Nat Commun
(2022) 13:5205. doi:10.1038/s41467-022-32780-5

38. Cooper J, Zare RN. Angular distribution of photoelectrons. J Chem Phys
(1968) 48:942–3. doi:10.1063/1.1668742

39. Joseph J, Holzmeier F, Bresteau D, Spezzani C, Ruchon T, Hergott JF, et al.
Angle-resolved studies of XUV–IR two-photon ionization in the RABBITT scheme.
J Phys B: Mol Opt Phys (2020) 53:184007. doi:10.1088/1361-6455/ab9f0d

40. Knight PL, Lauder MA, Dalton BJ. Laser-induced continuum structure. Phys
Rep (1990) 190:1–61. doi:10.1016/0370-1573(90)90089-k

41. Chini M, Wang X, Cheng Y, Wu Y, Zhao D, Telnov DA, et al. Sub-cycle
oscillations in virtual states brought to light. Sci Rep (2013) 3:1105. doi:10.1038/
srep01105

Frontiers in Physics frontiersin.org12

Neoričić et al. 10.3389/fphy.2022.964586

https://doi.org/10.1103/physrevlett.122.253203
https://doi.org/10.1038/ncomms10566
https://doi.org/10.1126/science.aah5188
https://doi.org/10.1088/1361-6455/aaa057
https://doi.org/10.1088/1361-6455/ab9f0b
https://doi.org/10.1103/physreva.94.063409
https://doi.org/10.1038/s41467-018-03009-1
https://doi.org/10.1103/physrevlett.123.133201
https://doi.org/10.1103/physreva.100.043424
https://doi.org/10.1364/ol.26.001915
https://doi.org/10.1364/ol.26.001915
https://doi.org/10.1103/physreva.103.l011101
https://doi.org/10.1063/1.1148310
https://doi.org/10.3390/app8060998
https://doi.org/10.1155/2014/636042
https://doi.org/10.1155/2014/636042
https://doi.org/10.1016/0022-4073(88)90101-x
https://doi.org/10.1016/0022-4073(88)90101-x
https://doi.org/10.1063/1.1406923
https://doi.org/10.1063/1.1406923
https://doi.org/10.1103/physreva.104.033108
https://doi.org/10.1364/optica.378639
https://doi.org/10.1038/s41467-022-32780-5
https://doi.org/10.1063/1.1668742
https://doi.org/10.1088/1361-6455/ab9f0d
https://doi.org/10.1016/0370-1573(90)90089-k
https://doi.org/10.1038/srep01105
https://doi.org/10.1038/srep01105
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.964586

	Resonant two-photon ionization of helium atoms studied by attosecond interferometry
	1 Introduction
	2 Principle of the experiment
	3 Experimental method
	4 Theoretical method
	4.1 Two-photon matrix element
	4.2 Angular momentum channels
	4.3 Electron correlation
	4.4 Ionization-induced broadening and finite pulse effects

	Theory of below-threshold RABBIT in helium
	5.1 Angle-integrated below-threshold RABBIT
	5.2 Angle-resolved below-threshold RABBIT
	5.3 Angular phase jumps
	5.4 Delay-integrated asymmetry parameters

	6 Experimental results
	6.1 Angle-integrated measurements
	6.2 Parallel and perpendicular polarizations
	6.3 Delay-integrated photolectron angular distributions
	6.4 Angle-resolved phase measurements

	7 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


