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Multiphoton light-matter interactions invoke a so-called “black box” in which the experimental
observations contain the quantum interference between multiple pathways. Here, we employ polarization-
controlled attosecond photoelectron metrology with a partial wave manipulator to deduce the pathway
interference within this quantum ‘black box” for the two-photon ionization of neon atoms. The angle-
dependent and attosecond time-resolved photoelectron spectra are measured across a broad energy range.
Two-photon phase shifts for each partial wave are reconstructed through the comprehensive analysis of
these photoelectron spectra. We resolve the quantum interference between the degenerate p → d → p and
p → s → p two-photon ionization pathways, in agreement with our theoretical simulations. Our approach
thus provides an attosecond time-resolved microscope to look inside the “black box” of pathway
interference in ultrafast dynamics of atoms, molecules, and condensed matter.
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When multiple transition pathways are available to
create photoelectrons in the same final state, the phase
and transition amplitude of each individual pathway is
hidden from experimental measurement. The accessible
observable includes the interference between the different
pathways, which results in a so-called quantum “black box”
[1]. This pathway interference plays a fundamental role in
light-matter interaction [2], most famously in two-center or
double-slit interference [3–5]. This paradigm has been used
to interpret many phenomena including Cohen-Fano photo-
electron emission time delays [6], attosecond photoelectron
holography [7], electron localization in a molecule [8,9],
quantum trajectory interference in high-order harmonic
generation [10,11], and even zeptosecond scale electron
birth time [12]. Experimentally, the fingerprints of this
(quantum) pathway interference can be found in (photo-
electron) momentum observations [1,3], or in oscillations
within a measured signal in the (delay) time domain.
Modern attosecond metrology has enabled the measure-

ment of the phase shift of a photoelectron wave packet
passing through the potential well of its parent ion [13–18].
This metrology has opened a new avenue to investigate
photoelectron emission dynamics on their natural timescale,
and has been exploited to study asymmetric molecular orbit

effects in photoelectron emission [19,20], shape resonances
[21–24], two-center interference [5], circular dichroism of
electron vortices [25] and electron delocalizations [16]. For
photoionization delay studies, attosecond pulse trains (APT)
in the extreme ultraviolet (XUV) region are employed and
the photoionization phase shift measurement realized using
the RABBITT (reconstruction of attosecond beating by
interference of two-photon transitions) approach [26,27].
InRABBITTstudies, a sideband (SB) electron arises from

the interference between two ionization pathways. One
involves the absorption of a near-infrared (NIR) photon
and its (2q − 1)th harmonic XUV photon, and another
involves the absorption of one (2qþ 1)th harmonic XUV
photon and emission of one NIR photon. Their interference
manifests itself as an oscillation in the yield as a function of
the pump-probe delay. The SB oscillation encodes the two-
photon phase shift between the absorption and emission
pathways, and its phase is defined as ϕSB ¼ Δϕ2hνþ
ΔϕXUV, where ΔϕXUV is the attochirp of the XUV-APT
[28], and the two-photon phase shift is Δϕ2hν ¼ ΔϕEWSþ
Δϕcc. ΔϕEWS is related to the Eisenbud-Wigner-Smith time
delay between adjacent high harmonics [29,30], andΔϕcc is
the continuum-continuumtransitionphase shift between two

PHYSICAL REVIEW LETTERS 131, 203201 (2023)

0031-9007=23=131(20)=203201(7) 203201-1 © 2023 American Physical Society

https://orcid.org/0000-0001-5949-2626
https://orcid.org/0000-0002-5274-1009
https://orcid.org/0000-0001-5652-1495
https://orcid.org/0000-0002-5088-9835
https://orcid.org/0000-0002-4826-6049
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.131.203201&domain=pdf&date_stamp=2023-11-14
https://doi.org/10.1103/PhysRevLett.131.203201
https://doi.org/10.1103/PhysRevLett.131.203201
https://doi.org/10.1103/PhysRevLett.131.203201
https://doi.org/10.1103/PhysRevLett.131.203201


pathways induced by the long-range Coulomb potential in
the NIR field [31,32]. Experimental observations [17,33,34]
demonstrate that, for simple systems such as helium, the
characteristics of eachpartialwave, identified by the electron
orbital angular momentum l and magnetic quantum number
m, including the amplitude ratios and phase shifts, can be
reconstructed for every single partial-wave absorption or
emission pathway based on the angle-resolved photoelec-
tron phase shifts [18,23,35–37].
As illustrated in Fig. 1, the photoelectron wave packet

generated by two-photon ionization in neon is created
through three distinct transition pathways: p → s → p,
p → d → p, and p → d → f. The final p wave may be
reached via two intermediate states—s or d—but the
observable encodes only their interference. This, then, is
a pathway interference “black box,” where, in principle, the
which-way information is hidden from the observer. Here,
we demonstrate the decomposition of this interference
“black box” by employing polarization-controlled XUV-
APT and NIR attosecond coincidence metrology to realize
a symmetry-resolved photoionization experiment.
Experimentally, we observe both the symmetry-resolved

photoelectron angular distributions and angle-resolved
phase shift distributions induced by the NIR field at each
sideband for neon atoms. The polarization axis of the weak
NIR field is tuned with a cross angle (ΘT) set at 0° or 90°.
An ab initio simulation using the R-matrix-with-time-
dependence (RMT) method was also performed to obtain
theoretical yields and phase shifts for each partial wave
[38–40]. The measurements from two different skew

angles, 0° and 90°, provide sufficient information to
reconstruct the separate magnitudes and phases of the p →
d → p and p → s → p pathways from the measured
spectra, and the results are in good agreement with the
theoretical predictions from RMT.
The XUV-APT is prepared via high harmonic generation

in an Ar gas-filled capillary, covering high harmonics from
20.41 eV (H13) to 36.1 eV (H23). Three-dimensional
momenta of ion fragments and photoelectrons are measured
in coincidence using a cold target recoil ion momentum
spectroscopy setup [41,42]. See Fig. S1 in the Supplemental
Material (SM) for more details [43]. By varying the time
delay τ between the XUV-APT and the NIR field, the SB
yields oscillate as YSB ¼ Acosð2ωNIRτ − ϕSBÞ þ B, where
ωNIR is the angular frequency of the NIR field [32,49].
To aid comparison between phase shifts for different
SBs, we then compute the SB phase shift differ-
ence, ΔϕSB

rel ðθÞ ¼ ϕSBðθÞ − ϕSBðθ ¼ ΘTÞ.
Figures 2(a)–2(c) show the SB phase shift difference of

neon atoms at ΘT ¼ 0° as a function of electron emission
angle and kinetic energy. The ΔϕSB16

rel in Fig. 2(a) presents a
strong emission angle dependence [50]. Moving from an
emission angle of 0° to 50° induces a relative phase shift of
−0.085π, and we observe a phase jump of approximately π
radians at the node of the photoelectron angular distribution
at θ ¼ 90°. For higher-order sidebands [Figs. 2(b) and 2(c)],
ΔϕSB

rel varies more slowly as θ deviates from 0°. For
ΘT ¼ 90°, the same flattening of the phase shift with
increasing kinetic energy is observed, although the phase
jumps are now centered on θ ¼ 0°.
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FIG. 1. (a) Schematic diagram of two-photon XUVþ NIR quantum transition pathway at ΘT ¼ 0°. The final p0 wave originates from
the coherent superposition between pathway p0 → s → p0 and pathway p0 → d0 → p0 from the same initial p0 electron. (b) Same as
(a) but for ΘT ¼ 90° following the quantum transition pathways of p0 → s → p�1 and p0 → d0 → p�1. The yellow and purple lines
indicate the transition pathway through the intermediate state of d and s waves, respectively. (c). The sketch for the polarization-
independent transition pathways of p0 → d0 → f0 at ΘT ¼ 0° and p0 → d0 → f�1 at ΘT ¼ 90°.
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To understand the kinetic energy dependence of each
ΔϕSB

rel and to further clarify the transition pathway super-
position, we performed RMT simulations and extracted the
two-photon phase shifts,ϕ2hν

lm , for each partial wave and each
residual-ion state (ionization of neon may leave the residual
ion in either the P0 or P�1 states). Figures 3(a)–3(c) present
the resulting ϕ2hν

lm for neon as a function of electron kinetic

energy atΘT ¼ 0°, and Figs. 3(d)–3(f) forΘT ¼ 90°. In most
cases, the two-photon phase shifts for the partial waves vary
only slightly with kinetic energy and are almost identical to
each other. The exceptions are the p0 and p�1 waves
associated with the P0 ionic state. The kinetic energy
dependence for p�1 is still rather slight, but for p0, ϕ2hν

p0

increases from −0.48π to −0.12π between SB16 and SB22,
corresponding to a photoemission time delay of 236 as.
Importantly, these two—the p0 and p�1 waves—can arise
from two intermediate states, s or d0. By contrast, all partial
waves that arise from a single intermediate state display an
almost flat phase shift with kinetic energy. We use these
partial waves as a reference to determine the quantum-
number dependence of the phase shifts, which is required
to resolve the interference “black box” in the p waves.
Figure 4(a) shows how this can be accomplished, namely by
taking differences between the phases of partial waves
arising from the same d�1 intermediate state.
Figure 4(b) presents the differences between two-photon

phase shifts for p and f waves with the same magnetic
quantum number, m, calculated using RMT. A slight
difference between f and p waves is observed at low
energy. Since they pass through a common d�1 intermedi-
ate state, the phase difference must result directly from the
continuum-continuum transitions. In other words, Δϕcc
does depend on l. If instead we compare final states with
common orbital angular momentum l for different skew
angles in Fig. 4(c), the differences between p�1 and p0, and
between f�1 and f0 are almost zero, i.e., Δϕcc does
not depend on m. Coupled with the fact that the two-
photon phase shifts for f0 and f�1 at ΘT ¼ 0° are identical,
this indicates that the Wigner-phase shifts ΔϕEWS are also
independent of the magnetic quantum number, m. This is

FIG. 2. (a)–(c) Angle-resolved relative two-photon phase shift
distributions of (a) SB16 (3.53 eV), (b) SB18 (6.70 eV), and
(c) SB20 (9.84 eV) in neon atoms at ΘT ¼ 0°, where the purple
and red arrows indicate the polarization axis of the XUVand NIR
laser fields. The squares show the experimental results with
standard deviation. The solid lines represent the theoretical
simulations with a shaded area indicating the standard deviation.
The opacity is weighted by the photoelectron yields. (d)–(f) Same
as (a)–(c) but for ΘT ¼ 90°. The discrepancy between theory and
experiment at 0° in (d) and (e) is attributed to the low photo-
electron yield at these emission angles and the limited angular
resolution in the experimental results compared to the (theoretical
perfect) angular resolution in the RMT results.

FIG. 3. (a)–(c) Partial wave resolved two-photon phase shift
ϕ2hν
lm of photoelectrons coupled to the residual ionic state of (a) the

incoherent sum of P0 and P�1, (b) P0, and (c) P�1 at ΘT ¼ 0°.
The blue color weighted circle lines represent the results of p0

and p�1 waves, and the orange color weighted square lines show
f0, f�1, and f�2, respectively. (d)–(f). Same as (a)–(c) but for
results at ΘT ¼ 90°.

FIG. 4. (a) Sketch of the two-photon transition pathway of the
electron coupled to the P�1-residual ionic state for ΘT ¼ 0° and
90°. (b) Theoretically calculated continuum-continuum phase
shift difference between f and p waves with the same magnetic
quantum number. The dark and light green lines show the results
for m ¼ �1 and m ¼ 0. (c) Same as (b) but for m-resolved
continuum-continuum phase shift difference. The dark and light
blue lines represent the phase shift difference between f�1 and
f0, and p�1 and p0 waves.
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critical for the resolution of the pathway interference
(see SM [43]).
The kinetic energy dependence observed for the p0 wave

at ΘT ¼ 0° and p�1-wave at 90° are manifestations of the
interference between two ionization pathways via s- and
d0-intermediate states. Figure 5(a) shows reconstructed
two-photon phase shifts of p0 and p�1 waves under the
laser field geometry of ΘT ¼ 0° and 90° from the exper-
imentally measured ΔϕSB

rel distributions shown in Fig. 2.
The reconstruction method is described in detail in the SM
[43]. Based on the “soft photon approximation,” atΘT ¼ 0°
the interference can be described analytically as [17,51,52]

R0°

interfe
−iϕ2hν

p0 ¼ Rps

3
e−iϕ

2hν
psp −

4Rpd

15
e−iϕ

2hν
pdp ; ð1Þ

where the ðRps=3Þ and ð4Rpd=15Þ are the transition ampli-
tudes from p0 → s → p0 and p0 → d0 → p0, and ϕ2hν

psp and
ϕ2hν
pdp are the two-photon phase shifts associated with each

transition pathway. At ΘT ¼ 90°, the interference is

R90°
interfe

−iϕ2hν
p�1 ¼ 1

ffiffiffi

2
p Rps

3
e−iϕ

2hν
psp þ

ffiffiffi

2
p

Rpd

15
e−iϕ

2hν
pdp : ð2Þ

Here, the Rps and Rpd represent the XUV induced radial
transition amplitude for each intermediate state that is not
affected by the polarization of the NIR field. The perpen-
dicularly polarized NIR field works as a phase manipulator
introducing an additional π phase shift between the two
ionization pathways. This changes the sign of the Rpd

contribution to the total transition matrix element and is
analogous to double-slit interference but with two different
intermediate slits. The kinetic energy resolved ϕ2hν

p0
at

ΘT ¼ 0°, ϕ2hν
p�1

at ΘT ¼ 90°, and ϕ2hν
pdp are reconstructed

from the experimental Δϕ2hν
rel distributions, where the ϕ2hν

pdp

is equal to ϕ2hν
p�1

at ΘT ¼ 0°. Thus the hidden “which-way”

information, namely the relative transition amplitude
between the two interference pathways and the two-photon
phase shifts of the p0 → s → p0;�1 pathway can be
resolved by solving Eqs. (1) and (2) simultaneously (more
details in SM [43]).
In essence, then, the experiment measures the difference

and sum of the two pathways, and from these we may
reconstruct the two-photon phase shifts and amplitudes of
each pathway. Figures 5(b) and 5(c) show the two-photon
phase shifts for the individual pathways reconstructed from
the RMT simulations and experimental measurements.
Figure 5(d) displays the reconstructed relative transition
amplitude between the p0 → s → p0 and p0 → d0 → p0

pathways for ΘT ¼ 0°. In all cases, the reconstructed results
from experiment agree with the theoretical simulations.
As shown in Figs. 5(b) and 5(c), the reconstructed two-

photon phase shifts ϕ2hν
psp and ϕ2hν

pdp are similar, and both
gradually approach zero as a function of electron kinetic
energy. Nevertheless, we see significant differences
between the kinetic energy dependence of the p0 channel
at ΘT ¼ 0°, and of the p�1 channel at ΘT ¼ 90°. This
contrast can be explained through the sign difference in
Eqs. (1) and (2). With similar phases for the two compo-
nents and constructive interference, the p�1 channel at
ΘT ¼ 90° follows the behavior of the individual pathways.
However, for ΘT ¼ 0°, in the p0 channel the two compo-
nents interfere destructively. This pathway puts far more
emphasis on the phase difference between the two compo-
nents, and we see this phase difference amplified in Fig. 5(a).
As a result, although the XUV-APT induced relative one-
photon transition amplitude Rs=d is independent of the laser
field geometry, the energy dependence of ϕ2hν

p�1
at ΘT ¼ 90°

is different to that of ϕ2hν
p0

at ΘT ¼ 0°, as shown in Figs. 3(a)
and 3(d).
In summary, we demonstrate the decomposition of

quantum interference within the two-photon ionization of
neon atoms by employing a polarization-controlled atto-
second photoelectron metrology. Our partial wave analysis

FIG. 5. (a) Reconstructed electron kinetic energy dependent two-photon phase shift ϕ2hv
p0

and ϕ2hv
p1

at ΘT ¼ 0° and 90°, respectively.
(b),(c) Intermediate state resolved two-photon phase shift of (b) ϕ2hν

p0→s→p and (c) ϕ2hν
p0→d0→p. (d) Amplitude ratio between p0 → s → p0

and p0 → d0 → p0 at ΘT ¼ 0°. The theoretical and experimental results are shown in lines and discrete labels. (e) Sketch of the two-
photon transition pathway for electron coupled to the same final state at ΘT ¼ 0° and ΘT ¼ 90°.
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reconstructs the pathway-resolved two-photon phase shifts
of final p waves between the two interfering pathways:
ϕ2hν
p→s→p and ϕ2hν

p→d→p. Our experimental results agree well
with the RMT simulations and illustrate that the energy
dependence is dominated by the decreased phase shift
difference between p and f waves as a function of the
electron energy. For photoelectrons associated with the P0-
residual ionic state, the parallel and perpendicular geometry
induces a π phase jump between s- and d0-intermediate
states, analogous to the ungerade and gerade type inter-
ference in double-slit interference, which results in the
large photoemission phase shifts in different polarization
states. Our experimental and theoretical study establishes a
connection between the experimental observable and the
underlying partial wave characters and reveals the inter-
ference effect of two-photon transition pathways via
different intermediate states under different polarization
geometries. It provides a new perspective to probe and
control the ultrafast photoelectron dynamics in atoms,
molecules, and condensed matter involving the multichan-
nel interference phenomena, like Fano resonance [12,53],
giant resonance [54], shape resonance [23,55], and Cooper
minimum [56].
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