
PHYSICAL REVIEW RESEARCH 6, L022066 (2024)
Letter

Attosecond photoionization delays in molecules: The role of nuclear motion
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Molecular photoionization delays are often analyzed by assuming that nuclei remain fixed during the ion-
ization process since they move much more slowly than electrons. However, recent high-energy resolution and
multicoincidence experiments have shown that nuclear motion can have a significant and visible effect on the
measured ionization delays on the attosecond time scale. To analyze this behavior, we have chosen the simplest
of all molecules, H+

2 , and performed nearly exact calculations of streaking and RABBIT (reconstruction of at-
tosecond beatings by interferences in two-photon transitions) spectra by solving the time-dependent Schrödinger
equation in full dimensionality, and retrieved the corresponding photoionization delays. We show that, when
two-center effects are at play, nuclear motion is responsible for a substantial increase of the photoionization
delays, in particular of the so-called continuum-continuum delays. The magnitude of such an increase is
comparable to the absolute values of the measured delays.

DOI: 10.1103/PhysRevResearch.6.L022066

Following the first realization of attosecond pulses [1,2],
photoionization time delays have been extensively investi-
gated in atoms ([3–7] and References therein) and, more
recently, in molecular targets [8–16]. One of the key issues
has been to relate the single-photon ionization delays, or
Eisenbud-Wigner-Smith (EWS) delays [17–19], to the delays
extracted either from attosecond electron streaking [20–22]
or two-photon interferometric measurements [2,23], both of
which combine the XUV pulses needed to ionize the system
with IR fields. Although the problem has now been satisfacto-
rily solved in atomic systems [3,4,6,24–28], this is not the case
for molecules due to the presence of the additional nuclear
degrees of freedom, which complicates the analysis and thus
calls for extension of the concepts developed for atoms. Up to
now, interpretation of measured delays is mostly based on the
assumption that nuclei do not move (fixed-nuclei approxima-
tion, FNA), using the fact that, for not-too-low kinetic energy
of the ejected electron, nuclei move much more slowly than
electrons.

Recent experimental work on H2 [14,29], N2 [8,15,30], and
CH4 [31] has shown, however, that photoionization delays
may depend not only on the kinetic energy of the emitted
electron but also on the energy deposited in the vibrational and
dissociative degrees of freedom of the remaining cation, i.e.,
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on the sharing of the excess photon energy between electrons
and nuclei. Furthermore, photoionization delays are expected
to be sensitive to molecular orientation and the multicenter
character of the molecular potential [32]. To establish a solid
theoretical framework for molecular photoionization time de-
lays and to gauge the applicability of extraction protocols
for atoms and molecules, one should ideally solve the time-
dependent Schrödinger equation in full dimensionality by
including all electronic and nuclear degrees of freedom. In this
work, we have accomplished this goal by applying the nearly
exact spectral method described in Refs. [33–35] to evaluate
attosecond electron streaking and reconstruction of attosecond
beatings by interference of two-photon transitions (RABBIT)
spectra for the simplest and most fundamental molecule, the
H+

2 molecular ion.
We show that, for specific molecular orientations with

respect to the light polarization direction, calculated photoion-
ization delays retrieved from either streaking or RABBIT
spectra are significantly larger when the nuclear dynamics is
fully accounted for as compared to the limit of fixed nuclei.
Surprisingly, the influence of the nuclear degree of freedom
is more pronounced for the time delay related to the IR-
induced continuum-continuum coupling than the time delay
of the XUV-induced bound-free transition is perturbed. This
enhancement of the time delay is found to be nearly identical
for attosecond streaking employing single-attosecond pulses
(SAP) and for RABBIT involving attosecond pulse trains
(APT). We attribute this behavior to the interplay between
enhanced two-center effects in the presence of the IR field and
the spreading of the molecular wave packet. The important
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FIG. 1. Simulation of photoionization of the H+
2 molecule in a streaking (upper row) and RABBIT (lower row) scenario. Panels (a) and (f)

show the potential energy curves of the ground state of H+
2 (1sσg) and the ionization threshold (1/R), where R is the internuclear distance, and

the vertical transition after absorption of a single XUV photon (blue arrow). Also shown is the absorption or emission of a single IR photon (red
arrows) in a continuum-continuum transition. The expected EKEs and KERs are also indicated (green and cyan lines and labels). (b) and (g):
photoionization coincidence maps after absorption of the XUV radiation (no IR included). (c)–(d) and (h)–(i): corresponding photoionization
coincidence maps in the presence of the IR field for two different time delays between the XUV and IR pulses. The black dashed horizontal
lines in (c) and (d) indicate the EKE at which the largest ionization probability is obtained with XUV pulses only. The black dashed diagonal
line in (h) and (i) represents a typical energy conservation line, EKE + KER, resulting from the sharing of the excess photon energy between
the electron and the nuclei. (e): streaking spectrogram (photoelectron spectrum as a function of the XUV-IR delay) at a fixed KER of 12.2 eV.
(j): RABBIT spectrogram (photoelectron spectrum as a function of the XUV-IR delay) as the fixed total energy indicated by a cut perpendicular
to the black diagonal line in panels (h) and (i).

implication of the present result is that physically mean-
ingful measurements of photoionization delays in molecules
require determining both photoelectron and nuclear kinetic
energies, and, ideally, molecular orientation. An illustration
of the streaking and RABBIT protocols for H+

2 is given in
Fig. 1. In streaking [Fig. 1(a)], an XUV single attosecond
pulse ionizes the molecule, leading to an electron kinetic
energy (EKE) distribution that roughly follows the envelope
of the XUV pulse in the frequency domain. The IR pulse
streaks the electron in the continuum, thus shifting this distri-
bution in energy. In RABBIT [Fig. 1(f)], an XUV attosecond
pulse train gives rise to harmonic peaks in the photoelectron
spectrum [HX and HX+2 in Fig. 1(f)]. The IR induces transi-
tions to states between two consecutive harmonics, generating
sidebands [SBX+1 in Fig. 1(f)]. In both protocols, ionization
leaves two bare protons behind, leading to Coulomb explosion
in which the nuclei acquire kinetic energy (kinetic energy
release, KER). The range of accessible KERs is roughly de-
termined by the width of the Franck-Condon region (yellow
vertical band). In the streaking calculations, we have used a
SAP with 40 eV central frequency, 1 fs total duration (cos2

envelope, FWHM = 364 as), 3 × 1010 W/cm2 peak intensity
and cosine-square envelope, and an IR pulse with 1.65 eV
central frequency, 6 fs duration, 1011 W/cm2 peak intensity
and cosine-square envelope. In the RABBIT calculations, we
have employed an APT with 7 identical XUV pulses with the
same central frequency and peak intensity as in the streaking
calculations, with 800 as duration each and separated by 1.25
fs, with a global Gaussian envelope; the IR pulse is also the
same as before except for a slightly larger duration of 8 fs.
The range of photon energies covered by the chosen pulses is
representative of current streaking and RABBIT experiments.

Figure 1 also shows the calculated photoionization coin-
cidence maps, in EKE and KER, for ionization by a SAP

[Fig. 1(b)] and an APT XUV pulse [Fig. 1(g)] of an H+
2

molecule parallel to the polarization direction and the electron
ejected in this same direction (θe = 0◦, φe = 0◦, and θN =
0◦, φN = 0◦) in the absence of an IR probing pulse. Figs. 1(c)–
1(d) and 1(h)–1(i) display the corresponding streaking or
RABBIT coincidence maps for two different time delays be-
tween the XUV and IR pulses. In the streaking scenario, the
probability distribution in electronic kinetic energy oscillates
as a function of XUV-IR delay shown for two typical delays
[Figs. 1(c)–1(d)]. In the RABBIT coincidence maps, both har-
monic and side bands follow total energy conservation lines
ET = EKE + KER, reflecting the fact that the excess photon
energy is shared between electrons and nuclei [Figs. 1(h)–
1(i)]. Figure 1(e) displays a typical streaking spectrogram as
a function of the XUV-IR delay, Fig. 1(j) the corresponding
RABBIT spectrum for a cut perpendicular to the direction of
energy conservation exhibiting the typical oscillations in the
sidebands as a function of the XUV-IR delay. An important
point to stress is that photoionization amplitudes, hence any
property that can be extracted from them, including pho-
toionization delays, depend significantly on both EKE and
KER. In other words, streaking and RABBIT spectra depend
on the state in which the remaining ionic species is left.
The same applies to the EWS delays. Indeed, the asymptotic
phases of the wave function as well as the partial derivatives
of these phases with respect to electron energy (the EWS
delays) depend on both electron (EKE) and nuclear (KER)
energies, as shown by the EKE-KER two-dimensional plots in
Fig. 2(a).

Photoionization time delays have been retrieved from
streaking spectra by fitting to

pf (τ ) = p0 − αAIR(τ + τS ), (1)
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FIG. 2. Photoionization time delays resulting from the full calculation (left column) and the FNA (central column) for H+
2 molecules

parallel to the polarization direction and electron ejection along this same direction. The right column shows the difference between the former
two. (a),(d),(g): photoionization EWS delay τ bc

EWS, (b),(e),(h): streaking delay τs, (c),(f),(i): RABBIT delay τR. The dashed lines in (a) and
(d) show the confinement line EKE(R) = π 2/(2R2) − 2/R (see text).

where τ is the delay between the XUV and IR pulses, p0 is
the asymptotic momentum of the photoelectron in the absence
of the streaking IR field for a given KER, τS is the observed
streaking time delay, and α (� 1) is a fitting parameter intro-
duced to match the values of the vector potential AIR to those
of the final momentum of the electron pf at the chosen KER.
Since the final linear momentum of the electron is given by
a probability distribution, due to the bandwidth of the XUV
and IR pulses [see Figs. 1(a) and 1(e)], we apply Eq. (1)
to the mean value of the final momentum. In the case of
RABBIT, photoionization delays have been obtained by fitting
the photoionization probability for a given (KER, EKE) and
for each sideband SR to

SR = α + β cos[2ω(τ − τR)], (2)

where τ is the delay between the XUV and IR pulses, ω is
the central frequency of the IR pulse (no redshift included),
τR is the RABBIT time delay, and α and β are two fitting
parameters.

The full dimensional simulations of the EWS time delay
τ bc

EWS [Fig. 2(a)], of the streaking delay τs [Fig. 2(b)], as well
as of the RABBIT delay τR [Fig. 2(c)], all of which include
the nuclear Coulomb explosion dynamics, significantly differ
from the corresponding results in fixed-nuclei approximation
[Figs. 2(d)–2(f)]. The differences between the time delays

obtained from these two approaches are shown in Figs. 2(g)–
2(i). For a direct comparison with results of the full
calculations, the results in FNA are plotted as a function of
EKE and 1/R, since KER � 1/R according to the widely
used reflection approximation (see, e.g., Refs. [36,37]). These
delays have been obtained for molecules parallel to the po-
larization direction and electrons ejected along this same
direction. Results for the perpendicular orientation are given
in the Supplemental Materials (SM) [38].

While the differences between the results of the full cal-
culation and the FNA for τ bc

EWS are rather small [Fig. 2(g)],
the differences for the streaking or RABBIT delays are signif-
icant and can reach values up to ∼15 as, i.e., comparable in
magnitude to the values τs and τR themselves. The point to be
stressed is that the streaking and RABBIT delays closely agree
with each other (τs ≈ τR) for all EKE and KER. Therefore,
the observed differences full − FNA [Figs. 2(h)–2(i)] can be
identified as an unambiguous signature of a strong influence
of the nuclear motion on the continuum-continuum coupling
subsequent to the primary ionization event.

The fact that for perpendicular emission (see Fig. 2 in SM)
a similarly strong and energy-dependent deviation is absent,
provides an important clue as to its origin. Within the range
of EKE accessible by the spectral distribution of the present
XUV pulses, electronic two-center destructive interference
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effects are only expected for parallel emission when the wave-
length of the ejected electron is comparable to the distance R
between the two protons, i.e., its momentum p satisfies pR �
(2n + 1)π (the so-called confinement effect, see Ref. [39]).
Within the FNA, these interferences have been previously
shown [11] to drastically modify the time delays where, in
general, both large delays (τ > 0) and advances (τ < 0) are
possible. The present results suggest that two-center effects
are not only important to describe ionization by the XUV
pulses, but they can play an even more important role in the
way the electron is streaked by the IR field or absorbs/emits
IR photons. The additional delay due to electron confinement
shows up in the region near the confinement line approxi-
mately given by EKE(R) = p2(R)/2 + Vpot (R) = (2n +
1)2π2/(2R2) − 2/R [see Figs. 2(a), 2(d) for n = 0 and Fig. 1
in SM for n � 0], where the first term represents the mean
molecular kinetic energy of the confined electron and the
second one the mean potential energy felt by the electron.
The width in KER of the confinement region mainly reflects
the initial spread of the nuclear wave packet at the instant of
photoionization. In the absence of the IR field, the additional
delay due to nuclear motion is at most ±3−6 as [Fig. 2(g)].
This additional delay is due to the fact that the interaction
with the XUV pulse coherently ionizes the molecule from its
distribution of nuclear distances R, which obviously cannot be
described within the FNA.

To analyze why nuclear motion leads to a more pronounced
increase of the confinement time in the presence of the IR, let
us consider a typical point in the EKE-KER plane in the con-
finement region, EKE ∼ 12 eV and KER ∼ 16 eV (R ∼ 1.7
a.u. in the FNA). According to Fig. 2(a), the EWS photoion-
ization time delay in the presence of the two-center effect is
about 130 as and, thus, enhanced by confinement by about
65 as relative to that of the same EKE-KER point in the
absence of confinement [perpendicular polarization direction,
see Fig. 2(a) in SM]. This increase in EWS delay is compa-
rable to the time a classical electron needs for a round trip
between the nuclei, 
t = 2R/p = 2R2/π . In turn, this addi-
tional time delay modifies the coupling of the electron to the
IR field in the presence of the spreading nuclear wave packet.
In the absence of confinement, the increase in streaking (or
RABBIT) time delay due to the spreading wave packet at this
EKE-KER point is about 6 as [Figs. 2(h), 2(i) in SM]. Scaling
this by the confinement-enhanced time delay τ

‖
EWS/τ

⊥
EWS ≈

2 gives ∼12 as in good agreement with the values shown
in Figs. 2(h) and 2(i) in the chosen EKE-KER region. We
thus conclude that it is the interplay between nuclear motion
and the confinement-enhanced electron-IR field coupling that
leads to the remarkable change in RABBIT (or streaking) time
delays for molecular photoionization. To further explore the
quantum nature of this effect we have performed classical
trajectory Monte Carlo (CTMC) calculations, in which both
the electron and the nuclei are treated classically [25]. Over-
barrier quantum reflections which provide the underpinning
to the temporal confinement of the electron in between the
two nuclei [39] are absent in the classical electron dynamics.
In Fig. 3 we compare the photoionization time delays as a
function of the EKE resulting from full classical and quan-
tum calculations both accounting for the nuclear degree of

FIG. 3. Photoionization time delays for the H+
2 molecule for

(a) emission parallel to the internuclear axis and (b) perpendicular to
it at a KER of 17 eV. Black solid lines: EWS time delays. Blue solid
lines: streaking delays. Blue dots: RABBIT delays. Purple triangles:
streaking delays predicted by a fully classical CTMC simulation
in which two-center interferences are absent. Black dashed lines:
RABBIT (or streaking) delays predicted by the sum τ bc

EWS + τCC [41]
(or τ bc

EWS + τCLC [42]) with τCC (τCLC) for an atomic Coulomb field.

freedom for two prototypical cases. Figure 3(a) shows the
delays for parallel emission, where two-center interferences
prominently appear in the present spectral range of the XUV
pulse and for a relatively high KER � 17 eV. By contrast,
Fig. 3(b) presents corresponding results for perpendicular
emission, where two-center effects are absent at these photon
energies. While the CTMC agrees well with the full quantum
simulation for perpendicular emission down to surprisingly
low EKE (� 10 eV), it fails by up to ∼100 as when two-center
effects are important.

Figure 3 also shows the prediction of the additivity rule
τR = τ bc

EWS + τCC or, equivalently, τs = τ bc
EWS + τCLC well es-

tablished for atoms [40–42]. Both τCC and τCLC account for
the coupling between the electron in the continuum and the
IR field in the vicinity of the ionic core. When applied to the
H+

2 molecule, the additivity rule still holds as long as EKE �
KER but dramatically fails when the Coulomb-explosion en-
ergy KER dominates over the electronic kinetic energy EKE.
This finding underscores the important influence of the nu-
clear motion on the coupling of the outgoing electron and IR
field and suggests a potential modification of the CLC (or CC)
contribution to the time delay for molecules when multicenter
and confinement effects become important.

In conclusion, we have shown that nuclear motion has
a strong influence on photoionization time delays retrieved
from streaking and RABBIT spectra when multicenter effects
are at play. Surprisingly, this influence is most prominently
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observed in the coupling between the IR field and the contin-
uum electron even though direct coupling to nuclear motion is
negligible. The EWS time delay associated with the transition
from the bound state to the molecular ionization continuum,
on the other hand, can be reasonably well approximated by
the fixed nuclei approximation. The molecular correction to
the IR induced delays, τCLC or τCC, is largest in the spectral
region where two-center interference or confinement effects
significantly contribute and where the magnitude of the KER
in the dissociation process becomes comparable to the asymp-
totic energy of the emitted electron. At higher energies and
outside the region of two-center interferences one can safely
rely on the fixed nuclei approximation in combination with
the reflection approximation to interpret the observed delays
as empirically demonstrated for N2 [15] and CF4 [32].

Similar effects on photoionization delays as those reported
here for H+

2 are expected to appear for other molecules and
molecular ions when dissociation channels accompanied by
Coulomb explosion and emission of protons are accessible.
We also note that, in most experiments, delays are mea-
sured relative to a reference measurement in order to subtract
contributions from an uncompensated attochirp of the XUV
pulses. As such a reference signal from an atom is free of any

two-center effects, the experimentally accessible delay dif-
ferences should allow unravelling confinement-induced time
delays undistorted by an attochirp.
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