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Attosecond coupled electron and nuclear
dynamics in dissociative ionization of H,

L. Cattaneo®™, J. Vos', R. Y. Bello?, A. Palacios?3, S. Heuser', L. Pedrelli’, M. Lucchini
F. Martin?>¢ and U. Keller®

7, C. Cirelli*4,

The interaction of an extreme-ultraviolet attosecond pulse with a molecular system suddenly removes electrons, which can lead
to significant changes in the chemical bonding and hence to rearrangements of the residual molecular cation. The timescales
of the electronic and nuclear dynamics are usually very different, thus supporting separate treatment. However, when light
nuclei are involved, as in most organic and biological molecules containing atomic hydrogen, the correlation between electronic
and nuclear motion cannot be ignored. Using an advanced attosecond pump-probe spectroscopic method, we show that the
coupling between electronic and nuclear motion in H, leaves a clear trace in the phase of the entangled electron-nuclear wave
packet. This requires us to re-evaluate the physical meaning of the measured phase, which depends on the energy distribution
between electrons and nuclei. The conclusions are supported by ab initio calculations that explicitly account for the coupling

between electronic and nuclear dynamics.

microscopic phenomena in many fields. However light-driven

processes in life sciences, physics and engineering are often not
fully understood. Only recently with the advent of attosecond sci-
ence'” could light-induced electron dynamics be investigated in real
time, well separated from the slower nuclear dynamics that typi-
cally range from tens to hundreds of femtoseconds and even longer.
Novel attosecond measurements have been used to resolve dynamics
of primary ionization processes in atoms, such as tunnel ionization’
and photoemission’. These pioneering measurements triggered
more theoretical and experimental activities in atomic targets® 2,
and there is a strong interest in expanding these efforts to more com-
plex systems such as molecules"*~'® and condensed matter'>*.

Here we address a fundamental challenge for molecules com-
posed of light atomic species, such as atomic hydrogen: to time
resolve the coupled electron-nuclear dynamics occurring in such
systems. For this we have combined experimental measurements
with complete ab initio theoretical calculations to investigate these
complex dynamics in the simplest of all molecules containing light
nuclei, H, (refs '°). We used the reconstruction of attosecond beat-
ing by interference of two-photon transitions (RABBITT) tech-
nique”, based on the combination of an extreme-ultraviolet (XUV)
attosecond pulse train (APT)* with a time delayed, long and rather
weak infrared (IR) pulse. This technique has proved to be one of the
most reliable’” and established methods for the investigation of pho-
toionization time delays in atoms>”*"2, even in the presence of double
ionization processes’, spin-orbit interaction'’ and resonances”'>'°.
However, applications of RABBITT to molecules are very scarce.

In particular, Haessler and co-workers measured the phase of
the electron wave packet released on photoionization in a molecular
target: N, (ref. ©°). In particular, they observed the distinct influ-
ence of complex resonances in the continuum for different vibra-
tional states of N,*. Recently Huppert et al.'® performed a similar

|_ight is increasingly being harnessed to investigate ultrafast and

study that accessed the photoionization time delay induced by
shape resonances in N,O and H,O. However, none of these studies
gave access to coupled nuclear—electronic dynamics in those mol-
ecules. To do so requires not only subfemtosecond time resolution,
but also the coincidence detection of both the ejected electrons and
the residual charged molecular ions. This is very challenging, as
(1) the coincidence detection requires an overall low count rate to
avoid false coincidence between the ejected electrons and ions, and
(2) the access to angular-resolved data, if no molecular alignment
is used, relies only on dissociative ionization, usually associated
with very low yields compared with non-dissociative ionization
(see Supplementary Information).

In the present study, we meet these requirements by combin-
ing the RABBITT technique with our AttoCOLTRIMS appara-
tus consisting of a cold target recoil ion momentum spectroscopy
(COLTRIMSY) allowing for full three-dimensional (3D) coincidence
detection®*. To visualize the entangled electron-nuclear dynam-
ics, we ionized randomly oriented H, molecules in the energy
region where molecular autoionization manifests itself upon pop-
ulation of doubly excited states (DESs)*'~*. We show, in fact, that
the phase of the electron wave packet can be strongly influenced
by the existence of resonances embedded in the continua®*'¢, and
can carry the imprint of specific nuclear dynamics. This calls for a
new interpretation of the spectral phases extracted from RABBITT
experiments, as nuclei can no longer be considered as frozen enti-
ties, but as active players during the photoionization process. The
entire analysis of the presented experimental data is supported by
a theoretical approach that accurately incorporates both the elec-
tronic and nuclear motions and their correlation™.

Within the axial recoil approximation® we reconstruct the H,*
molecular axis before dissociation, as shown in Fig. 1a,b, and define
the angle of its axis with respect to the XUV polarization axis: the
angle (see Supplementary equation (2)).
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Fig. 1| H, dissociative photoionization. a, lon momenta vectors p,,, and p,, in the laboratory frame (LF, grey dashed arrows) and in the molecular frame
(MF, orange solid arrows). p.._ is the electron momentum vector. b, Polar plot of H* counts as a function of g: #, =70-110° (red cone) and ,=0-20° and
160-180° (blue cones). The integration cone of +20° is a compromise between reasonable experimental statistics and good comparison with theory,
which assumes perfect parallel orientation. ¢, XUV spectrum. d, Relevant potential energy curves as a function of the internuclear distance; the grey area
represents the Franck-Condon region. ef, RABBITT traces of photoelectrons in coincidence with H* by selecting $, (e) and g, (f). In ¢ and f, the blue and
red arrows indicate the absorption of an XUV photon (blue arrows) and the absorption/emission of an IR photon (red arrows).

The energy conservation involved in the dissociative ioniza-
tion of H, on absorbing a single XUV photon of energy Eyyy can
be expressed as Eyy = KER + Ei;, + Iy;, where E;, is the electron
kinetic energy, KER=E,} +E[l is the kinetic energy released by
the nuclear part during dissociation (see Supplementary equation
(3)) and I, is the dissociation limit of the molecular ion at 18.078 eV
(Fig. 1d). In our experiments, due to the energy range 24-42eV of
the interacting XUV photons (Fig. 1c) and the randomly oriented
molecules (Fig. 1b), several ionization paths can be activated while
leading to the same I, (refs '**°).

We observe direct ionization populating the cationic ground state
*ZH(1so,) for Exyy <~25€V, resulting in molecular fragments with a
KER within approximately 1eV, and the first excited state of the ion
22, *(2po,) for Eyyy>~30eV and KER 10-12eV (black solid poten-
tial curves in Fig. 1d). Owing to the low intensity of the 25th and 27th
harmonics, no contribution from higher ionic states, as, for example,
the °T1,(2pr,) or the *X,(2s0,) state, is observed in the spectrum.

Moreover, we also populate the first two DES series, Q, and
Q,, for molecules preferentially oriented parallel and perpendicu-
lar with respect to the XUV polarization axis, respectively (see
Methods). These states autoionize to the previously mentioned,
ground and first excited ionic states, but result in higher energetic
ionic fragments compared with the relative direct path. Figure 1d
shows only the lowest-lying states for both DES series, that is, Q,'%,*
(blue dashed line) and Q,'TI, (red dotted line), as their contribution
strongly dominates over all the others.

The experimental outcome of parallel oriented molecules is
directly compared with calculations performed by solving the
time-dependent Schrodinger equation employing a basis of states
that accurately describe molecular autoionization and the elec-
tron-nuclear couplings, that is, going beyond the usual adiabatic
approximation in which electron dynamics precedes any nuclear
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rearrangement’. In short, we performed a multichannel close-
coupling expansion of the electronic continua associated with the
two lowest ionic states (*°X,*(1sc,) and *Z,*(2pc,)) and the first two
series of DES (Q, and Q,). Only molecular states of '%,* or 'Z,* total
symmetry were considered, thus restricting the outcome of our cal-
culations to the case of collinear pump and probe fields interacting
with H, molecules aligned parallel to the polarization direction (see
Supplementary Information). As calculations for the perpendicular
orientation of the molecule in the context of RABBITT experiments
are prohibitively expensive, the comparison is only possible for the
data retrieved for the parallel orientation.

We can separate the two paths leading towards the lowest Q, 'X,*
and Q, 'I1, DESs by selecting the two different molecular orienta-
tions, , and f, (see f angle in Fig. 1a,b and Supplementary equa-
tion (2)), and extract the associated KER. The symmetry-selected
KER spectrum, in turn, will enable us to disentangle direct ioniza-
tion and autoionizing pathways***. Sanchez and Martin’” assigned
the different peaks observed in the KER spectrum for the !X, final
symmetry and photon energy of 27 eV, separating the non-resonant
from the resonant contributions, as reproduced in Fig. 2a. As can be
clearly observed, the non-resonant cross-section, or direct ioniza-
tion curve (yellow curve in Fig. 2a) has an influence only within the
first couple of electronvolts along the KER axis. Conversely, the res-
onant contribution, or autoionization curve (red curve in Fig. 2a),
presents a significant cross-section over a broad range of energies.
Note that above 2 eV, the resonant term is the only contribution to
the total cross-section, thus making the KER of the ion fragments a
valid tool to disentangle direct from autoionizing paths in the dis-
sociative ionization of H,.

This separation is nicely reproduced in the experimental data
(Fig. 2¢,f). Figure 2b,e,f shows the time-integrated dissociative ion-
ization probability as a function of the KER and electron kinetic
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Fig. 2 | Cross-section and kinetic energy correlation diagrams. a, Calculated cross-section for the H, molecule, at 27 eV photon energy, considering

the resonant (red), the non-resonant (yellow) and the total contributing paths (black) as a function of the proton (H*) kinetic energy. Panel adapted
from ref. ¥/, APS. b,e f, Theoretical calculation corresponding to the total ionization for the parallel orientation (b) and experimental results for 5, (e)

and g, (). Colour bar in logarithmic scale. Black dashed lines highlight the HH positions. ¢,d,g, KER spectra integrated over all electron kinetic energies,
corresponding to b, e and f, respectively. In addition, d and g show the XUV-only case (purple and cyan curves, respectively). In f,, the HHs populate the
'%,* final symmetry of the two-electron target, resulting in one electron in the ?X_*(1s6,) (°Z,*(2ps,)) ground state of the ion and the second electron in
the continua with odd (even) angular momenta, respectively. The SBs, instead, populate the '%,* final symmetry with the same states of the ion but with

different odd/even electron angular momentum.

energy when both XUV and IR fields are present. In other words,
for each dissociative event, these 2D plots show how the energy
(Exyy — Iny) redistributes between the electron and the coincident
ion fragments H*+H.

In all of these 2D plots, two distinct KER regions are clearly vis-
ible: the first one between 0 and roughly 1.5eV, and the second one
above 1.5eV. In the low-KER region, the non-resonant or direct
photoionization path is the dominant contribution, specifically
from the *Z,*(1sc,), although weakly modulated by a coherent reso-
nant component® (Fig. 2a). In contrast, the resonant or autoion-
izing contribution is almost entirely responsible for the KER signal
appearing above 1.5eV. The direct photoionization to *X*(2pc,)
opens only for photon energies Ey,, > ~30eV, thus resulting in ion
fragments with KER>10eV.

Figure 2b represents the energy correlation for the theoretical
case only including the parallel configuration, that is, only the 'X*
is allowed by the one-photon XUV absorption (see Methods). For
the simulations, we chose a relatively short IR pulse (7.8fs) to avoid
unphysical reflections of the ejected electron from the box boundar-
ies (see Supplementary Information).

Figure 2e,f shows the experimental case for the two molecular
orientations: f§, perpendicular and f3, parallel, as defined in Fig. 1b.
The lateral panels, namely Fig. 2¢,d,g, present the KER spectra inte-
grated over all electron kinetic energies associated with the 2D plots
in Fig. 2b,e,f, respectively.

The signal corresponding to the XUV single-photon absorp-
tion, also named high harmonics (HHs), appears as a strong sig-
nal compared with the XUV +1IR two-photon absorption signal or
sidebands (SBs). This is clearly visible in Fig. 2b (theory) while in
the experimental measurements (Fig. 2e,f), the HH positions are
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highlighted with black dashed lines. The differences in intensity
between the calculated and the measured SB signals are probably
due to the different duration of the theoretical and experimental IR
pulses. We found an overall very good agreement between theory
(Fig. 2b,c) and experiment (Fig. 2f,g, blue curve) for the 3, case.

However, the use of a different IR pulse length in the theory and
experimental measurements (~30£s) leads to a visible discrepancy for
nuclear fragments in the low-KER region. Indeed, Fig. 2d-g present a
double peak profile in the low-KER region, not visible in the theoreti-
cal calculations (Fig. 2b,c) nor in the XUV-only absorption case for
B, and f, (purple and cyan dashed curves in Fig. 2d,g, respectively).
This is a clear indication that the long-IR field used in the experi-
ments plays an active role during the evolution of the fragmentation
process, an effect commonly referred to as bond softening. Even
moderately intense fields, as in our case (1.4x10"-3.0x 10" Wcm™,
see Supplementary Fig. 2), can dress the potential energy curves and
allow alternative fragmentation channels for certain vibrational states
to open, resulting in ion fragments with slightly higher energy around
1eV (refs “-*?). The shorter pulses employed for the theoretical simu-
lations prevent the appearance of the bond-softening signal at low
KER. As the KER increases, where autoionization occurs, theory and
experiment converge towards a better agreement.

The photoelectron-photoion spectra can be analysed as a function
of the time delay to extract the phase of the molecular wave packet,
by exploiting the RABBITT technique (see Fig. le,f). Two-photon
transitions (blue and red arrows in Fig. 1c,e) are induced in the target
gas by the interaction of a XUV APT (Fig. 1c) phase-locked with the
generating field and the probing IR field itself (see Methods).

This will produce a photoelectron spectrum that peaks not only
at energies corresponding to the odd HHs, HH,,,, (g is an integer
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Fig. 3 | 3D nuclear-electron phase-time map. a, Extracted experimental phases (3D surface) and corresponding time delay (2D projection at the bottom)
for 8, as a function of both KER and electron energy. Phases and time delays are expressed with two different colour bars. The KER upper limit is 5eV
subdivided in intervals of 1eV, due to statistical limitations. The electron energy upper limit is 22 eV sampled every 3.2 eV using an integration range
around each SB maximum of +0.35eV. b, Ab initio calculations accounting for all electron-electron and nuclear-electron interaction terms for the g,
configuration. The KER upper limit is 20 eV subdivided in KER intervals of TeV. Each surface is a linear interpolation between the data points (black solid
circles). In the experimental case, each data point represents the weighted mean over a set of eight independent measurements with corresponding error
bars (vertical black lines) considering two terms: the statistical standard deviation over all independent measurements and the average uncertainty of

each SB fit as reported in ref. %,

number), but also at the SB position of order 2q, SB,, (red arrows
in Fig. 1c,f).

The ionization amplitude visible in each SB (Fig. le,f) is gov-
erned by the interference between quantum paths, which can be

expressed as follows™”:

Squ(t) ~ COS (2wIRt—A¢XUV—A¢n_e) (1)
where t is the delay between the XUV pump and the IR probe,
Agyyy represents the additional phase term acquired due to the
chirp of the XUV field, A¢,_, refers to what we name the ‘coupled
nuclear—electron phase’ for our molecular target and @y is the fun-
damental IR frequency.

In the atomic case, this scattering phase is usually called the atomic
phase A¢,, and has been unanimously defined as the sum of two con-
tributions: the Wigner scattering phase, that is, the phase difference
acquired by the escaping electron subject to a short-range Coulomb
potential with respect to a free electron with the same kinetic energy*,
and the continuum-continuum phase term due to the additional
IR-induced electronic transitions®. The definition of the photoioniza-
tion time delay is derived from the atomic phase as follows:

Yot oy A

T, =h ~h
AE

w=h—p 2)
where 7 is Plank’s constant divided by 2. In the molecular case,
one needs to take into account the influence of the nuclear motion,
which in the case of H, and the photon energy range consid-
ered in this work, happens to be as fast as the electronic motion.
Furthermore, the nuclear contribution to the total phase extracted
from the oscillating SBs is likely to be state dependent. This implies
that to describe the SB amplitude modulation, we need to consider
all the intermediate molecular states explicitly depending on both
electron and nuclear coordinates.

To clearly visualize the impact of such electron-nuclear coupling
on the resulting phase A¢, ., we built a 3D phase-time map, which
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shows the behaviour of the extracted spectral phases as a func-
tion of both the electron kinetic energy and the KER (Fig. 3). We
divided the KER spectrum into intervals of 1eV and filtered out
the RABBITT traces selecting only those corresponding electrons.

In the RABBITT technique, we cannot access the absolute scat-
tering phase of the photoelectrons, as it is unknown when the XUV
initiates the photoemission dynamics™'*'»!>!*?°. This means that we
can only access relative phases defined as follows:

A¢2q — (¢1ntKER ¢leV KER) (3)

where ¢thER nd ¢21ev KERare the phases extracted from the fit of
the SB of order 2q for RABBITT traces composed of photoelectrons
corresponding to a KER integrated and 1 eV — KER interval, respec-
tively. It follows that A¢,, is free from XUV chirp as the A¢y,y term
cancels out. To isolate the dominant contribution of the two popu-
lated DESs of different symmetry, we further select the molecular
orientation: #, and f3,.

Figure 3a shows a 3D map of the experimental relative phases for
the perpendicular case ¢ A There is a clear modulation as a function
of both electronic and nutlear energy, becoming more pronounced
as the KER increases. It is worth noticing that modulations in the
low-KER front corner of Fig. 3a (KER < 3 eV versus all electron ener-
gies) can only be associated with the nuclear-electronic coupling, as
we can exclude any Q, DES contribution in this region (KER + elec-
tron energy is below the Q, threshold, 31eV). In contrast, oscilla-
tions in the high-KER back corner of Fig. 3a (KER>3eV versus
all electron energies) are mainly due to autoionization from the Q,
DES. The relative spectral phases can be converted to photoioniza-
tion time delays according to the following equation:

Ad ( ¢intKER_ ¢ leV—KER)
Ar,, = 24 _ 2q 2q (4)
2w 2w
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Fig. 4 | Relative molecular phases as a function of the photon energy.
a,b, Experimental data corresponding to 8, (a) and 8, (b). Each experimental
data point represents the weighted mean over a set of eight independent
measurements. Weighted mean and error bars are calculated considering
both the statistical standard deviation over all independent measurements
and the average uncertainty of each SB fit as reported in ref. 2. The smaller
error bars in a compared with those in b are due to better statistics obtained
with the higher dissociation probability for the perpendicular orientation
(see Fig. 1b). ¢, Ab initio calculations accounting for all interaction terms
reproducing the experimental parallel case. The y-axis range has been
adapted to emphasize the trend. The black dashed lines indicate the Q, (a)
and Q, (b,c) DES energy at the neutral equilibrium distance.

offering a rough but intuitive picture of the dynamics occurring
during the molecular dissociation process. If the escaping electron
was not affected by the nuclear dynamics taking place during the
photoionization and dissociation processes, Az, should strictly be
zero, as the electron feels the same molecular potential irrespective
of any KER selection. Obviously, this is not the case when reso-
nances are involved, for example, in the vicinity of the Q, and Q,
DES, as the nuclei have enough time to move before autoionization
occurs, so that the electron feels a different molecular potential at
the instant of ejection. However, we also see that Az, can be dif-
ferent from zero in the non-resonant region. According to equation
(4), this can only be associated with the KER selection, that is, to a
specific nuclear dynamics, which is thus able to slow down (positive
delay) or accelerate (negative delay) the photoemitted electrons. As
can be observed, the relative time delays span from -400 as (blue) to
above +300as (red). The experimental 3D map for the parallel case
could not be obtained due to the limited statistics at KER>2eV in
this configuration. Nevertheless, we could benefit from the ab ini-
tio calculations to reproduce the relative phases for the parallel case
A(ﬁf/ / and strengthen our conclusions. Figure 3b shows the 3D map
of the theoretical Acﬁzﬂ/ /, which shows the same trend as in Fig. 3a,
meaning that Aqﬁz/Z/ is clearly dependent not only on the electron
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energy but also on the nuclear kinetic energy, especially where the
Q, DES does not contribute (KER <3¢eV).

The large modulation in the measured and calculated delays is
the consequence of the interplay between non-resonant and reso-
nant photoelectron emission, as well as dissociation. For the first
two processes, a similar modulation of delays has been predicted
both theoretically* and experimentally’ in the vicinity of autoion-
izing states of atoms. This has led to a re-interpretation of the rela-
tion between the concepts of photoemission delays and Wigner
delays®*. The main difference here is that the active role played by
dissociation makes this picture even richer. In addition to the ion-
ization time delay, an equivalent ‘dissociation time delay’ could be
defined at a given electron kinetic energy from an expression simi-
lar to that given in equation (2), but written now in terms of a KER
derivative instead of an electron energy derivative. Not surprisingly,
variations in the dissociation time delays at a given electron energy
can be as large as those observed in the ionization time delays at a
given KER (Fig. 3).

For a more direct comparison between measured and calculated
delays, and to further emphasize the impact of autoionization and
dissociation processes on the overall dynamics, we defined a differ-
ent relative phase as A¢p; = (¢i;“KER—¢21°WK]%R) » where Ad)zl‘q’WKER is
the phase of SB,, selected on a [ow-KER region ranging from 0eV
to a variable upper bound. The low-KER region was chosen to span
from 0.9 to 1.24 eV, where the bond-softening effect plays a signifi-
cant role. The upper limits of the low-KER intervals correspond to
the actual eigenvalues resulting from the diagonalization of the nuclear
Hamiltonian in the calculation box and are compatible with our exper-
imental KER resolution (0.05 eV, see Supplementary Information).

Using A¢p’ we can now present experimental data for both
molecular orientations, f, (Fig. 4a) and p, (Fig. 4b), and compare
the parallel case with the theoretical values (Fig. 4c). As in this case
we are analysing KER integrated data, the f, integration angle has
been reduced to +10° for a better comparison with the theory.

It is evident that as the low-KER upper bound goes from 0.9
towards 1.24eV (Fig. 4b), the A¢2//’/ / profile becomes smoother
and the error bars narrower. Regaraing the specific profile of the
Aqbz’:/ / as a function of photon energy, there is a clear feature in
the energy range 29-32eV, in contrast to the other energy poin ts,
which appear relatively flat within the error bars. This behaviour
is nicely reproduced by our calculations as shown in Fig. 4c and
mainly associated with the influence of the Q, DES. Nevertheless,
the phase variation observed in the experiment is larger than that
obtained by theory. This may be due to (1) the short duration of the
pulse used in the calculations, which prevents one from accounting
for bond-softening effects appearing at low KER (Fig. 2g), or (2) the
fact that theory provides information for molecules that are strictly
parallel to the polarization direction, while the experimental data
are retrieved for molecules contained within an angular cone.

Figure 4a shows the experimental data for the perpendicu-
lar configuration where two features can be clearly recognized:
first, below 30eV all curves overlap within the error bars, inde-
pendent of the choice of the low-KER reference. Second, above
30eV, the remarkable oscillations flatten as the low-KER upper
bound increases. At photon energies above the Q, threshold, the
relative phase presents a significant phase jump due to the effec-
tive population of Q, DESs and subsequent autoionization. For
photon energies below such threshold, a completely flat profile
is expected. Therefore, we conclude that the residual modula-
tion observed in the experimental data is only attributable to the
nuclear-electronic coupling. This means that the movement of
the nuclei modulates the spectral phase of the escaping electron in
the dissociative ionization processes.

To conclude, we have shown that whenever light atoms are involved
in the molecular ionization process, the variations of the ionization
phases with the nuclear kinetic energy can be as large as variations
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with the electron kinetic energy, implying that the outgoing electron
wave packet cannot be disentangled from the nuclear wave packet.
This suggests that the concept of Wigner time delays widely employed
to provide temporal information on the ionization dynamics could be
extended to provide similar information on the dissociation dynam-
ics of the remaining cation by analysing the variation of the measured
phases with nuclear kinetic energy at fixed photoelectron energy.
Therefore, this twofold dependency requires us to reconsider the phys-
ical meaning of photoionization time delays, not only in the simple
H, molecular case, but also in most organic and biologically relevant
molecules containing light atoms. Furthermore, the present study rep-
resents the first attempt towards a full reconstruction of the complete
molecular wave packet, thus opening the way to control its dynamics.

Methods

Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41567-018-0103-2.
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Methods

Experimental details. The XUV pump was generated by focusing a strong,
linearly polarized IR field (central wavelength 780 nm) into an Ar gas target
resulting in an APT centred at 35 eV, which only comprises odd multiples 2q+1
of the fundamental IR frequency wy;, as shown in Fig. 1c. The probe pulse, in
contrast, is a weak IR pulse exhibiting a peak intensity of between 1.4x 10" and
3.0x 10" W cm™ and a pulse duration of roughly 30fs.

In the presented experiments, the focused XUV pump on a cold H, gas jet
induces single-photon transitions. As a consequence, H, molecules ionize and
dissociate with a total kinetic energy corresponding to the photon energy minus
the H, ionization potential, I, that is, E,, =(2g+ 1) X hwy—I , where g is an
integer number, forming HHs (HH,,,,), as indicated by the blue arrows in Fig. 1c.e.

Each RABBITT spectrogram is obtained by collecting the photoelectron
spectrum integrated over all ionic fragments (H,* and H*), ff angle and KER.

Each pump-probe delay point is integrated for 3,600s (10 kHz laser repetition
rate). The delay point spacing is about 0.2 fs (see Fig. 1¢). Regarding the detection
of photoelectrons, we consider in the data analysis a selection cone with an
aperture of +60° with respect to the XUV polarization axis.

The backpressure used for the H, cold jet was 1.4 bar, to maintain the lowest
possible count rate on both ion and electron detectors, thus to avoid false
coincidences. In particular, the count rates on the ion and electron time-of-flight
signals were 0.8 and 1.6 KHz, respectively.

Quantum paths description involving the DESs. The Q, states can be accessed
on absorption of XUV photon energies in the range 25-30eV for molecules
preferentially oriented along the XUV polarization axis. This means that

only parallel transitions can significantly populate the Q, DESs followed by
autoionization, leaving the molecular cation in its *X,*(1sc,) ground state.

The resulting ion fragments after dissociation will appear with KER between 1
and 10eV (refs 7**>%). The Q, DESs are instead excited by XUV photons with
Exuy>31eV, mostly for molecules oriented orthogonally to the XUV polarization
axis. The Q, states can then autoionize to both *X *(1sc,) and X *(2po,) states of
the cation that can later dissociate with KER 1-5eV and 5-8 eV, respectively”’.

Ab initio calculations. We have solved the time-dependent Schrodinger
equation in full dimensionality using the spectral method described in ref. **

and successfully employed to describe XUV pump-IR probe scheme in single
ionization of hydrogen molecules'“*>**, The time-dependent wave function was
expanded in a basis set of Born-Oppenheimer states in which the electronic
components are built as antisymmetrized products of H,* states and one-electron
continuum wave functions resulting from an L? close-coupling solution of the

NATURE PHYSICS | www.nature.com/naturephysics

scattering equations. These continuum wave functions are expanded in a basis of
products of spherical harmonics (for the angular part) and B-spline functions (for
the radial part). To properly describe the relatively long interaction times of the
electrons with the combined XUV and IR fields, we employed a particularly large
radial box to define the B-spline basis, namely 300a.u., and a maximum angular
momentum of [, =11. At a photon energy of 32 ¢V, a typical value in the present
experiment, electrons are emitted with a kinetic energy of around 14 eV, which
implies that they take around 6-7 fs to reach the box boundary. For pulses longer
than that, electrons ejected during the earlier cycles may be artificially reflected at
the box boundary while other electrons are still being ionized by the later cycles,
thus leading to unphysical interferences in the photoelectron spectrum. Therefore,
to ensure numerical stability, which is particularly relevant when looking at relative
phases resulting from continuum-continuum dipole transitions, we have limited
the duration of the IR pulse and the associated APT to 7.8fs (see Supplementary
Information). The nuclear components have been obtained by diagonalizing, for
each electronic state, the corresponding nuclear vibrational Hamiltonian in a basis
of B-spline functions defined in a box of 12a.u. This box is large enough to avoid
unphysical reflections of the dissociating nuclei during the interaction with the
pulse. We computed photoionization amplitudes for molecules oriented parallel
to the polarization direction, so that the XUV APT can only induce transitions
from the X 'E,* (vibrational state quantum number v=0) ground state to the '%,*
continuum and the subsequent IR pulse from the latter to the 'X,* continuum.

We have included all continuum states associated with the two lowest ionization
thresholds, that is, the > *(1sc,) and °X,*(2po,) states of H,*, which are the only
ones that can be significantly accessed in the present experiment*.

Data availability. The data that support the plots within this paper and other findings
of this study are available from the corresponding author upon reasonable request.
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