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Role of nuclear-electronic coupling in attosecond photoionization of H2
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The separation of electronic and nuclear dynamics due to differing timescales is a useful concept for
understanding ground-state molecular systems. However, coupling between these degrees of freedom is critical
to understanding the evolution of most excited-state systems. We measure two-photon ionization delays of H2

and compare to calculations of the same measurement in a frozen-nuclei approximation. We find discrepancies
between the vibrationally resolved measurement and bond-length-dependent theory, suggesting that nuclear
motion affects H2 photoionization on attosecond timescales. We ascribe our observation to nuclear-electronic
channel coupling between continuum vibrational states. Our results demonstrate that nuclear-electronic coupling
cannot be neglected in the sudden ionization of molecules containing light atoms.
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I. INTRODUCTION

The coupling of electronic and nuclear motion is a fun-
damental problem in photochemistry. This coupling is most
prominent when the electronic and vibrational energy scales
are similar. One situation in which this can occur is in molec-
ular systems containing light, fast-moving nuclei, such as
hydrogen, which is an important component of light-sensitive
biomolecules. We investigate how electron dynamics are in-
fluenced by nuclear motion in hydrogen-containing systems,
on their natural timescale of attoseconds. To do this, we mea-
sure the attosecond photoionization time delays of molecular
hydrogen (H2), which is the simplest system that can display
nuclear-electronic coupling.

The photoionization time delay is a differential mea-
surement of the phase of the two-photon ionization matrix
element, and can reveal ionization dynamics when compared
to a set of models. Correlated electronic phenomena such
as autoionization resonances [1–5], continuum channel cou-
pling [6–8], and shake-up ionization [9] have been studied in
atomic systems using photoionization time delays. Molecular
systems provide even more opportunities to study electron
dynamics in photoionization [10–14]. Depending on the

*annaliw@stanford.edu
†jcryan@slac.stanford.edu

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

geometry and number of nuclei, photoionization from
molecules may be affected by multiple scattering, coupling
between multiple ionization channels, and interaction with the
nuclear degrees of freedom. The photoionization delay is par-
ticularly sensitive to molecular shape resonances [10,13,14].
Moreover, the photoionization delay was also shown to be
sensitive to coupling between various ionization channels
around resonance features, such as shape resonances, as well
as in the vicinity of autoionizing resonances [14,15].

Continuum-channel coupling in molecular photoionization
can also occur in a vibrationally excited system where nuclear
and electronic timescales match. This is an example of the
breakdown of the Born-Oppenheimer, or adiabatic, approx-
imation (BOA), which allows for the separation of nuclear
and electronic degrees of freedom in the Hamiltonian. This
model will breakdown near conical intersections, where nona-
diabatic coupling can cause the exchange of energy between
electronic and nuclear degrees of freedom in bound electronic
states [16]. In this article we investigate the coupling be-
tween continuum states via inelastic electron scattering, which
represents a breakdown of the BOA during photoionization.
Our work builds on existing knowledge of non-BOA physics
in H2 photoionization [17] by revealing continuum channel
coupling between discrete H2

+ vibrational states, with high
resolution in both time and energy.

II. METHODS

We measure the photoionization delays of molecular hy-
drogen (H2) using a reconstruction of attosecond beating by
interfering two-photon transitions (RABBITT) measurement
scheme [18,19]. RABBITT is a flexible tool for studying
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FIG. 1. Schematic for photoionization by a train of attosecond XUV pulses (APT) in the presence of a weak IR field, resulting in our H2

RABBITT measurement. The APT consists of harmonics up to 30 eV (purple), which drives photoionization in H2 molecules for frequencies
above the ionization threshold (i.e., harmonics 11–19). The emitted photoelectrons interact with the weak IR field to produce sideband features,
illustrated graphically in the inset. The far right-hand side of the inset shows the measured photoelectron spectrum for the combined XUV/IR
field with no retardation voltage on the electron spectrometer (see text).

attosecond dynamics in a variety of systems. The technique
was originally developed to reconstruct the temporal profile
of an attosecond pulse train (APT), and is now frequently
used to study photoemission delays [1,3,5–15,17,20–30]. In
a RABBITT measurement, we observe modulations in the
photoelectron spectrum produced by the combined field of
a periodic, extreme ultraviolet (XUV) APT (with temporal
spacing π

ω
) and weak infrared (IR) probe field (with central

frequency ω) as a function of the XUV/IR delay. This pro-
duces a photoelectron spectrum with photoemission features
from the APT frequency comb and weak sideband features
formed by the two-photon (XUV + IR) ionization process.
See Fig. 1 for a graphical illustration. As seen in the differen-
tial signal displayed in the bottom panel of Fig. 2, the sideband
yield oscillates with the XUV/IR delay τ at twice the probe
frequency (2ω),

SB2n(τ ) ∝ cos [2ωτ + �φ2ω(2n)], (1)

where �φ2ω(2n) is a phase offset in the sideband modula-
tion that varies with sideband order (2n). This oscillation in
the sideband yield is the result of interference between the
two different photoionization pathways that produce electrons
with the same kinetic energy. In general it is possible to
partition �φ2ω(2n) as follows:

�φ2ω = �φXUV + �φa, (2)

where �φXUV is a result of the group delay in the APT. The
other term, �φa, is the contribution to �φ2ω(2n) from the
target which encodes photoionization dynamics.

The target-dependent term �φa is the result of phase dif-
ferences in the perturbative, two-photon ionization process

that produces the sideband features. This phase difference
is frequently decomposed further into a single-photon, XUV
ionization contribution �φPI and a measurement-induced con-
tribution, often referred to as the continuum-continuum phase,
�φCC. This latter approximation is limited to a small set of
photoionization cases, and is not valid for low-energy pho-
toelectrons, near continuum resonances, or where multiple
ionization states may interact. The separation is further com-
plicated in molecular photoionization, where there may be
multiple partial-wave couplings in the continuum [14,31]. In
the current study we abstain from partitioning �φa, because
we use a molecular target and part of the measurement takes
place near the ionization threshold.

We then use �φa to define the two-photon photoionization
delay τ (2)(E ),

τ (2)(E ) = �φa

2h̄ω
∼ ∂φ(E )

∂E
, (3)

since the energy derivative of the spectral phase is the group
delay of a wave packet. The conversion to time delay is done
to match convention and provide physical interpretation of the
phase. �φXUV can similarly be converted to attochirp (τXUV)
by dividing by the harmonic spacing. Due to the presence of
the IR field, the two-photon time delay τ (2) is not the same
quantity as the electron scattering delay, but it is still a useful
observable for studying photoionization dynamics [32]. We
will isolate the effects of particular physical properties of H2

photoionization by comparing to a two-color time-dependent
Schrödinger equation (TDSE) simulation of the two-photon
delay in a model system.
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FIG. 2. Two-color photoelectron spectrogram of H2. The bottom panel shows the photoionization spectrum of H2 as a function of XUV/IR
time delay, displayed as a percent difference from the time-averaged photoelectron spectrum. The pump/probe oscillations are visible on the
time delay axis and vibrational state peaks are visible in the energy axis. A combination of ω and 2ω oscillations is visible; the 2ω oscillations
are isolated by Fourier analysis and used for RABBITT analysis (see Supplemental Material [33]). The amplitudes in the top panel demonstrate
our vibrational resolution in each sideband. The black dotted curves (left axis) show the normalized, delay-averaged XUV/IR spectrum and
the blue curves (right axis) show the Fourier amplitude of the 2ω oscillations. Each sideband was measured as separate data sets, each with
different electron retardation voltages, to optimize spectral resolution (labeled on plot).

A. Measurement

The XUV APT used to produce the data shown in Fig. 2
is produced by strong-field driven high harmonic generation
(HHG). The HHG driving field and RABBITT probe field
are both produced by an 810 nm, 30 fs, 100 Hz repetition
rate Ti:sapphire laser. The laser is split into three beams.
Two HHG driving beams of about ∼14 mJ pulse energy are
temporally overlapped and vertically offset. They are focused
together by an f = 5 m spherical mirror. They cross in an
argon gas cell (10 mm long with 7 Torr pressure) at the laser
focus to produce high harmonics. The crossed-beam geometry
allows us to separate the XUV radiation from the residual
driving field in the far field after the HHG cell and before the
RABBITT interaction region. A third, weak (<3 mJ) probe
beam copropagates with the driving field and is temporally
advanced with a piezoelectric driven delay stage by ∼150 fs to
avoid interference with the HHG process. The delay stage also
controls the probe delay in the RABBITT measurement, with
∼10 as step resolution. The probe beam is transmitted through
a thin piece of fused silica after the gas cell, which com-
pensates for the ∼150 fs advance introduced upstream and
temporally overlaps the IR pulse and APT. At the endstation,
the APT and probe are both focused by a B4C coated focusing
optic ( f = 10 cm) into the interaction region of a magnetic
bottle spectrometer. This focusing optic ultimately defines the
bandwidth of the XUV APT by suppressing frequencies above
∼30 eV, leaving us with harmonics up to H19. For more infor-
mation on the photon energies and ionization pathways used
in this experiment, see Supplemental Material [33]. The H2

and argon samples are introduced into the interaction region
by a 35 μm gas needle.

The flight tube of the magnetic bottle spectrometer is 1.2 m
long and, as is common to any time-of-flight device, the reso-
lution varies with electron energy. The vibrational states of the
hydrogen cation are clearly resolved at low electron energies,
and become harder to distinguish above 5 eV. We can change
which part of the spectrum lies within the high-resolution
energy range by applying a retarding voltage to the front of

the flight tube. We repeated the RABBITT measurement with
each of the sidebands (12, 14, and 16) in the high-resolution
energy region using different retardation potentials (0, 3, and
5.5 V, respectively), as shown in Fig. 2. Argon provides an en-
ergy calibration reference as well as an XUV phase reference
for each measurement.

B. Analysis

To extract the phase �φ2ω, we Fourier transform the raw
data shown in Fig. 2 along the time delay axis and extract the
components with frequency near 2ω. This procedure filters
out any contamination of the signal caused by the residual
driving laser field, which appears at 1ω, or broadband and dc
noise. More details on our Fourier transform analysis can be
found in the Supplemental Material [33]. The extracted phase
is then corrected for any timing drift in the pump/probe delay.
Although the delay stage has high precision, we observe a
timing drift over the course of the measurement. We correct
this drift by saving the data in chronological bins, each of
which contains enough repetitions of the pump/probe delay
measurement to give a reasonably accurate estimate of the
(2ω) RABBITT signal. For each measurement repetition, the
time delay values are taken in a random order to further
reduce the impact of laboratory-time systematic errors. We
then correct the global phase offset of the RABBITT signal
of each chronological bin and combine the results to form a
single data set. Similarly, the three separate data sets at 0, 3,
and 5 V electron retardation are matched to a global phase
offset, given by the phase of the high-energy SB18 electrons.
More details on the time drift corrections and global phase
corrections can be found in the Supplemental Material [33].

The delay-drift corrected data set has a clear 2ω oscillation
signal at each photoionization peak from which we can extract
RABBITT phase values. Our magnetic bottle resolves the vi-
brational states of H2

+ in each harmonic band. However, there
is still some degree of overlap of adjacent state peaks even
with improved resolution after voltage retardation. We take an
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average of the phase inside each peak, using the 2ω oscillation
amplitude to weight each photoelectron energy point. This
spectral integration method reduces the impact of the lower
amplitude, overlapped parts of the spectrum,

φSI = arg

[ ∑
A2ωeiφ2ω

]
. (4)

We use bootstrapping to measure the variation on our phase
extraction, repeating the spectral integration analysis on 100
resampled data sets and using the standard error of the
extracted phase values to determine the error on our measure-
ment.

The resulting phase extracted from the above analysis
is the RABBITT phase �φ2ω. To isolate �φa, we remove
�φXUV using a reference measurement [14,27] made in argon.
We measure �φAr = �φAr

XUV + �φAr
CC + �φAr

PI , and subtract
�φAr

CC and �φAr
PI using theoretical values [6,21]. This method

requires treating �φAr
CC and �φAr

PI as separable at low electron
energy, around 2 eV, but we find that an enhanced model of
the continuum-continuum delays is accurate enough here [21].
The argon reference measurement is taken under the same
conditions as H2, so the implicit assumption in this method
is that the experiments share the same �φXUV:

τXUV = τAr − τAr
PI − τAr

CC, (5)

τ (2) = τH2 − τXUV. (6)

C. Theoretical model and TDSE

Molecular two-photon ionization phases cannot be ac-
curately calculated through conventional combinations of
single-photon ionization models and continuum-continuum
phase models [21,31]. This is because molecular systems ex-
perience substantial partial wave mixing through two-photon
ionization [14,31]. We avoid this problem by directly simulat-
ing the RABBITT measurement through TDSE calculations
of photoionization and photoelectron wave-packet propaga-
tion in the combined XUV/IR field.

The simulation XUV APT and weak IR probe are similar to
those used in the measurement. Each calculation is integrated
over the electron emission direction and averaged over molec-
ular orientation to emulate the magnetic bottle photoelectron
spectrometer used in the measurement. TDSE calculations
are performed as a function of XUV/IR delays to replicate
a RABBITT measurement and extract the 2ω RABBITT os-
cillation phase. Numerical details are described in Ref. [34].

One key difference between the measurement and model
systems is the treatment of the nuclei. Throughout the cal-
culation, the nuclei are frozen at a single bond length. The
RABBITT simulation is repeated for three nuclear separa-
tions, which changes the ionization potential and electron
kinetic energy in addition to small changes in the scattering
potential. The nuclear separations (r0 = 1.4, 1.45, 1.5 a.u.)
are close to the equilibrium geometry of H2 and provide a
realistic approximation of the molecular scattering potential
involved, where the nuclei would only move some very small
distance during the photoionization and scattering processes.
This reproduces some of the properties of the vibrational
spectrum that we observe in the measurement, mainly the
asymptotic photoelectron energies for H2

+ vibrational states

ν = 1, 2, 3. This simplified model lacks the real nuclear dy-
namics of the system we observe, but it provides a useful
comparison for discriminating between significant compo-
nents of the H2 photoionization Hamiltonian.

III. RESULTS AND DISCUSSION

Figure 3 shows both the measured and calculated two-
photon ionization delay [Eq. (6)]. We resolve the delay for
five vibrational states (ν = 1–5) of H2

+ in each sideband (12,
14, 16), shown in black. Figure 3 also shows the results of
RABBITT simulations for the three different fixed nuclear
separations R = 1.4, 1.45, 1.5 a.u. (red markers). Each sep-
arate R calculation is connected by a red dashed interpolation
to emphasize the differences between different R values.

The main features shown in Fig. 3 are (1) the phase
trends between sideband orders and (2) the vibrational state
progression within each sideband. The variation of the aver-
age experimental delay with sideband order agrees with the
general trend of the TDSE calculations. This can be associ-
ated with the shape of the cationic potential. The agreement
demonstrates that our theory correctly predicts the effect of
the cationic potential on two-photon ionization delay, and any
further discrepancies are not due to the average molecular
potential. In the vibrational progression, the experimental data
show a decreasing ionization delay with increasing vibrational
state (decreasing electron kinetic energy) in each sideband. In
contrast, the TDSE simulations show increasing delay with in-
creasing vibrational state (decreasing electron kinetic energy),
which is what we would expect based on the intersideband
average trend.

The TDSE calculations reveal the dependence of the
photoionization matrix element on internuclear separation.
The results for different R values do not lie on a single
curve—their potentials are distinct and result in different
τ (2)(E ). Other studies of vibrationally resolved photoioniza-
tion from diatomic molecules have examined this geometry
dependence in photoionization delays [13] or a vibrational
wave-packet phase [35,36]. This ionization delay variation
between vibrational states of the cation has been described
as non-Franck-Condon physics, where the dipole matrix el-
ement varies rapidly with R. The variation in curvature of
τ (2)(E ) in our TDSE calculations shows the same subtle effect
of non-Franck-Condon physics. The vibrational trend of our
measurement is beyond the geometric effects that are shown
in the calculations.

Instead of simulating vibrational states, the TDSE cal-
culation studies the effect of (static) nuclear geometry on
photoionization delay by using frozen nuclei, excluding any
vibrational motion effects. Excluding nuclear motion from our
model also excludes nuclear-electronic coupling, a possible
mechanism for channel coupling between vibrational states in
the continuum. In H2 photoionization it is possible to populate
multiple fast-moving vibrational states of the cation at near-
threshold electron energies. This allows us to reach conditions
where nuclear-electronic coupling occurs because the nuclear
and electronic energy scales are similar. There is evidence for
nuclear-electronic coupling in this energy range from electron
scattering experiments in H2 [37,38] and H2

+ [39,40], where
vibrational state transfer is induced by an energy exchange
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FIG. 3. Two-photon ionization delays for H2. The measured two-photon ionization delay is extracted from Fig. 2 (black circles). This is
compared to fixed-nuclei TDSE simulation for three different nuclear separations R = 1.4, 1.45, 1.5 a.u. (red triangle, red asterisk, and red
square, respectively). Each R simulation is connected by interpolation (red, dashed line). The top panels show a closer view of the bottom
panel for each sideband of the RABBITT measurement.

with a free electron. This type of inelastic scattering interac-
tion can be applied to photoionization, often referred to as
a half-scattering event, and described as continuum-channel
coupling mediated by nuclear-electronic coupling. Attosec-
ond timescale matching between the vibrationally excited
nuclei and free electron has also been observed in HHG spec-
troscopy of H2 and D2 [41].

Our data support nuclear-electronic channel coupling in H2

photoionization. We see the discrepancy between theory and
experiment increases with the vibrational state number. This
discrepancy represents the BOA nonadiabatic coupling term
of the system, which would not be present in the calculation
due to the lack of nuclear motion. The nonadiabatic coupling
term is proportional to the nuclear momentum, so it should
grow with the vibrational state as shown in our data. The effect
is also most prominent for near-threshold electron energies
in sideband 12, which gives further evidence for non-BOA
physics due to energy matching.

IV. CONCLUSION

We compared measurements of the two-photon ionization
delay with fixed-nuclei simulations. Discrepancies between
the measured delays and calculated delays increase (1) with
an increasing vibrational state within each sideband, which

corresponds to an increasing nuclear momentum, and (2)
for near-threshold electrons (SB12). Under these two condi-
tions, which correspond to momentum matching between the
electrons and nuclei, we may observe nuclear-electronic cou-
pling associated with breakdown of the Born-Oppenheimer
approximation. Since nuclear-electronic coupling is the only
vibrational state-dependent phenomena that is not accessible
in our fixed-nuclei model, it is a likely source of the dis-
crepancy between theory and experiment. Our observations
of nuclear-electronic coupling in H2 photoionization motivate
further examination of the interaction of hydrogen motion and
attosecond electron dynamics in molecular systems.

In the future, we intend to abandon the fixed R approx-
imation and to treat the unrestricted vibrational dynamics.
This work implemented within the prolate spheroidal exterior
complex scaling method is currently underway. We hope that
such an improved theoretical model shall be able to reproduce
the experimental data more accurately
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