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CHEMISTRY

Reconstruction of the time-dependent electronic wave
packet arising from molecular autoionization

Roger Y. Bello', Sophie E. Canton??3, Denis Jelovina', John D. Bozek*, Bruce Rude®,
Olga Smirnova®’, Mikhail Y. lvanov®®?, Alicia Palacios’'®, Fernando Martin

Autoionizing resonances are paradigmatic examples of two-path wave interferences between direct photo-
ionization, which takes a few attoseconds, and ionization via quasi-bound states, which takes much longer.
Time-resolving the evolution of these interferences has been a long-standing goal, achieved recently in the helium atom
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owing to progress in attosecond technologies. However, already for the hydrogen molecule, similar time imaging has
remained beyond reach due to the complex interplay between fast nuclear and electronic motions. We show how
vibrationally resolved photoelectron spectra of H, allow one to reconstruct the associated subfemtosecond auto-
ionization dynamics by using the ultrafast nuclear dynamics as an internal clock, thus forgoing ultrashort pulses.
Our procedure should be general for autoionization dynamics in molecules containing light nuclei, which are

ubiquitous in chemistry and biology.

INTRODUCTION

The decay of quasi-bound (resonant) states immersed in the continuum
of many-particle systems is one of the most common manifestations of
intrinsic two-way interferences in physics (1-4). In atoms, these states
generally show up as asymmetric peaks in photoabsorption spectra
recorded as a function of photon energy (5, 6). The origin of the
asymmetry is the interference between the two processes that lead to
the same photoelectron energy: direct ionization, which is a fast, almost
instantaneous process, and autoionization, which is much slower and
typically occurs on a time scale of few femtoseconds to few tens of
femtoseconds. As shown by Fano in the early 1960s (6), the shape of
the resonant peaks, 6(E), is completely determined by the resonance
position, E,, the autoionization width, I' (that is, the inverse of the
resonance lifetime), and the so-called resonant profile (or Fano)
parameter, g, through the well-known formula o(E) = o¢(q + €)?/
(1 + €%), where € = 2(E - E,)/T and o, is the total nonresonant
background cross section.

Although first observed in the photoionization of rare gases (5),
Fano profiles are not exclusive to atomic systems. They are also found
in photoionization spectra of simple molecules (N,, CO, etc.) (7, 8), in
scanning tunneling spectra of magnetic impurities lying on metal
surfaces (Kondo effect) (9-11), in plasmonic systems (12) and optical
metamaterials (13, 14), in photonic (15, 16) and phononic crystals
(17, 18), and in matter-wave scattering in Bose-Einstein (19, 20) and
Fermi gases (21), to name a few examples. In all cases, the origin of
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the asymmetry is similar to that in atoms: the interference between a
fast and a slow process leading to the same final state.

As a consequence of the delay between the direct (fast) and the
resonant (slow) processes, the interference takes time to fully set up
and can be controlled. With the advent of attosecond techniques (22),
it has recently been possible to monitor the birth and subsequent evo-
lution of the electronic wave packets generated by atomic resonances
during photoionization of He and hence to visualize the buildup of the
Fano profiles with subfemtosecond time resolution (23, 24). This work
has opened the door to the control of electron dynamics in atoms by
acting on the time scale inherent to electronic motion.

However, when it comes to H,, the prototype molecular system,
the situation is much more complex. First, the slow component of the
electron dynamics associated with autoionization occurs on the same
few-femtosecond time scale as the fast nuclear dynamics associated with
the proton motion so that the usual Fano picture is no longer applicable
(25). As a consequence, the photoionization spectra show no clear trace
of resonant features (26-28). Second, the coupling of the electronic
and nuclear motions entangles, in a quantum mechanical manner,
the photoelectron with the molecular ion, scrambling the interference
pattern if the ionic state is not measured. To uncover the interference, ex-
periments have looked at the dissociative ionization (H, > H+H" +¢")
(29-32) or radiative (H, — H + H + hv) channels (33, 34), which, how-
ever, only account for less than a few percent of the total photoionization
cross section. The need to measure the photoelectron, together with the
energy of the emitted photon or of the dissociating fragments (ideally, in
coincidence, to fully access correlations between electronic and nuclear
motions), reduces the signal even further.

These factors have prevented time-resolved studies of H, auto-
ionization. Currently available attosecond pulses, which are required to
provide the necessary time resolution, are too weak to obtain dissocia-
tive ionization spectra in coincidence. A similarly challenging scenario
is expected for most organic and biological molecules, because they con-
tain a significant proportion of hydrogen atoms.

The difficulty would be very much alleviated if one could extract
time-resolved information from the dominant nondissociative channel.
Although no resonance features are visible in the total nondissociative
photoionization spectra of H,, theory has long ago predicted (28) that
photoionization spectra in which the vibrational state of the remaining
H," ion is resolved (hereafter called v-spectra) do show resonance
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features associated with the H, doubly excited states (although they
vanish when summing over all H," vibrational states). Furthermore,
it has been recently demonstrated (35) that these v-spectra provide a
time-energy mapping of autoionization dynamics. Ultrafast nuclear
motion is the clock that maps these dynamics into the final popula-
tion of the bound vibrational states of H,", allowing one to image H,
autoionization without the need for ultrashort probe pulses as are
used in current attosecond pump-probe experiments (36). That is,
nuclear motion can act as an internal probe of the ultrafast electron dy-
namics triggered by the ionizing field.

Although v-spectra have been measured for many molecules over a
wide range of photon energies (37-42), in the case of H,, they have only
been recorded at high photon energies (37). Therefore, there is no ex-
perimental evidence so far that H, resonance structures can be resolved
in the dominant nondissociative channel, thus remaining one of the
fundamental unsolved problems in molecular photoionization.

Here, we report accurate synchrotron radiation measurements of
the vibrationally resolved photoionization cross sections of H, and
show that they exhibit the signature of autoionizing states. We fully re-
solve the shape of their corresponding resonant features and find them
to be in excellent agreement with nearly exact theoretical calculations.
We then fully reconstruct the autoionization dynamics and the buildup
of the interference between direct ionization and autoionization in H,
with subfemtosecond time resolution.

RESULTS AND DISCUSSION

Figure 1 shows the measured and calculated vibrationally resolved
photoionization cross sections referred to the dominant ionization
channel H, + hv — H,"(v = 2) + e~ (in short, v-ratios). The measured
photoelectron spectra from which these ratios have been extracted are
presented in section S1. Very prominent features with distinct profiles

are observed for photon energies between 24 and 37 eV, in clear contrast
to the featureless vibrationally unresolved photoionization cross sec-
tions in the same range of photon energies. Following earlier theoretical
work (43, 44), we assign the observed structures to autoionization from
the lowest Q; 'Z,* and Q, 'IT, doubly excited states of H,. The cor-
responding potential energy curves are shown in Fig. 2. These states
lie above the first (1so,) and the second (2po,,) ionization thresholds
of H,, respectively, and can therefore decay by directly emitting an elec-
tron and leaving H," in the ground electronic state 1s6,. Decay of Q,
states can also be accompanied by excitation of the remaining electron
to the 2po, excited state of H,", which is entirely repulsive and therefore
does not contribute to the nondissociative ionization channel. As the
autoionization decay takes a few femtoseconds, the nuclei have enough
time to move along the corresponding repulsive potential energy curves
before the electron is emitted (see the red and blue paths shown in Fig. 2).
As a consequence, the populated doubly excited states can efficiently
ionize over a wide range of internuclear distances, from the Franck-
Condon region up to well outside this region, thus leading to a broad
distribution of H,"(1s0,) vibrational states. In general, the slower the
autoionization, the higher the vibrational state in which H," is left,
because the rapidly evolving nuclear wave packet in momentum space
can more efficiently overlap with higher vibrational states of H,"(1scy)
(35). Therefore, by vibrationally resolving the final state of the re-
maining H," ion, one gains access to the dynamics of the autoionization
decay: The nuclear motion acts as an internal clock that can be used to
extract dynamical information about this decay.

The time evolution of the autoionizing electron wave packet can be
retrieved by using an extension of the Fano formalism that incorporates
the effect of the nuclear motion on an equal footing with electronic mo-
tion. In this formalism, molecular rotation is not taken into account
because it is orders of magnitude slower than autoionization (pico-
seconds versus femtoseconds) so that the orientation barely changes
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Fig. 1. Vibrationally resolved photoionization cross sections normalized to that for the v = 2 state of H," as a function of photon energy. Circles with error bars:
Experimental data. Full lines: Ab initio calculation. Dashed lines: Fit to the experimental data by using the extended Fano model described in the text [see also (35)].
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Fig. 2. Evolution of the nuclear wave packets generated in the H, doubly
excited states by the XUV radiation. The nuclear wave packets follow the
potential energy curves of the Q; and Q, states until the latter autoionizes by
emitting an electron and leaving the H," cation in the 1sc4 electronic state.
The longer the autoionization time, the longer the wave packet travels in the Q
states and the higher the vibrational state in which H," is left after autoionization,
because the overlap between the moving nuclear wave packet and the final vi-
brational state is only efficient near the classical turning points of the latter. The
Franck-Condon region where the transition from the ground state to the
continuum takes place is indicated by a shadowed orange area.

during the electron emission process. The resonant contribution to
the photoelectron wave packet correlated to the v-state of the H,"
cation can be approximately written (35)

T'(R)

(e O = Oy o) gtcos{ (B, + €)' aRg, (R g (R, )

(1)

where C is a constant, 6" (€) is the nonresonant background cross
section, € is the energy of the emitted electron, R is the internuclear
distance, ¥ is the final vibrational state of H," with vibronic (electronic
plus vibrational) energy E,, I is the autoionization width of the Q
resonance, and xq is the nuclear wave packet evolving along the
potential energy curve of this resonance, described within the semi-
classical WKB approximation [see, for example, (45) for an introduc-
tion to WKB]. We note that, for each final vibrational state of H,", the
photoelectron energy and the photon energy E are related by the
formula E + E; = E, + €, where E, is the H, ground-state energy.
The measured resonant profile 6,(€) is given by c,(€) = [y (€, t = o)|*.
The validity of this model has been demonstrated in (35). The key un-
known quantity of interest in Eq. 1 is I'(R), which encodes the coupled
electron-nuclear autoionization. Here, we have used Eq. 1 for ¢ = o to
fit the measured photoionization cross sections, considering I'(R) as a free
parametric function. The results of such a fit, for the lowest Q; 'E,"and Q,
'T1,, doubly excited states, are shown as dashed lines in Fig. 1. The agree-
ment with ab initio theory and experiment is excellent. The details of the
fitting procedure can be found in the Supplementary Materials.
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Now, using the experimentally determined I'(R) function and Eq. 1,
we have thus reconstructed the electronic wave packet generated at
different times ¢ in the vicinity of each resonance. This procedure re-
sembles that followed by Gruson et al. (23) in the He atom, except for
the fact that the present reconstruction formula incorporates the effect
of the nuclear dynamics, which is essential to correctly account for the
phase evolution of the molecular electronic wave packet. The other
important difference is that, here, the phase information is not retrieved
by using an ultrashort light pulse but from the internal probe provided
by the nuclear motion. The results of this reconstruction procedure for
the Q, 'Z," and Q, 'TI,, resonances are shown in Fig. 3, where they are
compared with the actual electron wave packet densities obtained from
the ab initio calculations. As can be seen, the time evolution of the
reconstructed and calculated wave packet densities is very similar, thus
demonstrating that one can obtain accurate amplitude and phase
information about the autoionizing electronic wave packet from the
vibrationally resolved measurements performed over a wide range of
photon energies and with sufficient energy resolution to access all the
resonant features. It is important to emphasize that, because of the dipole
selection rule that operates under the present experimental conditions,
the Q, '=," and Q, 'TI, reconstructions correspond to the actual wave
packets resulting from molecules oriented parallel and perpendicular to
the polarization direction of the synchrotron radiation field, respectively.

Figure 3 shows that both wave packets experience marked changes
during the first femtosecond, with the appearance of more and more
nodes as time goes by. Subsequently, some of the nodes disappear,
and after around 3 fs, no more significant changes take place. Therefore,
all the interferences resulting from the coupled electron and nuclear
dynamics associated with the autoionization decay set up in less than
3 fs. One can now compare these results with those recently obtained
for the 2s2p !P° resonance of He (23), to which the Q; 'X," and Q, 'I1,,
resonances correlate in the united atom limit (R = 0). A noticeable
difference with the atomic case is that the calculated ionization rate
profiles do not follow the standard Fano picture because they exhibit
at least two maxima and two minima (even more at very short times).
This is the consequence of the coupling between the electronic and the
nuclear motion, absent in atoms. Another interesting result is that the
evolutions of the Q, ',* and Q, 'TT, wave packets are different, which
is due to the different values of the corresponding autoionization widths
I'(R) and their different variation with internuclear distance. As pointed
out in early work (43, 44), the autoionization width for the Q; D
resonance is larger than that for the Q, 'T1, resonance. Asa consequence,
interferences in the Q, 'Z,," wave packet evolve faster and the stationary
regime is reached earlier.

The weak features observed in the calculated X wave packet at
around 20 eV, a region that is not accessible in the present experiment,
are most likely due to the crossing of the potential energy curve of the
Q, doubly excited state with the jonization threshold, which occurs at
an internuclear distance of about 4 atomic units (au; see Fig. 2). Similar
features are not observed in the IT wave packet, because the Q,
potential energy curve does not cross the threshold.

CONCLUSION AND PERSPECTIVES

In summary, we have been able to identify the long-awaited signature of
H, doubly excited states in the nondissociative photoionization channel
and then to reconstruct the subfemtosecond time evolution of the mo-
lecular electronic wave packet in the vicinity of the lowest Q; 'Z," and
Q, 11, doubly excited states. Both the time resolution and the phase

30of 6



SCIENCE ADVANCES | RESEARCH ARTICLE

Experimental (e, )
40 T T T T T T T T T T
15+ 1 i
= 2. (Parallel) IT, (Perpendicular) 0.015
£
< 1T ]
g 4 0.01
=
@
=
g0 - 0.005
1>
D
E
2 L 10
S10 +
&~
-0.005
0
Ab initio
40 . ; . u | l ' ' ' '
= I3 (Parallel) IT1, (Perpendicular) 0.015
L
20 17 }
g L 4 001
=
@
=
§20 L -1 F q 0.005
1>
]
E
2 L 1o
S0 - B ]
&
. -0.005
1 1 1 1 1 1 L L : 1
0 05 1 15 2 25 0 05 1 15 2 25
t(fs) t(fs)

Fig. 3. Buildup in time of the interference between direct ionization and autoionization from the lowest Q, 'Z,* (left panels) and Q, 'Il, (right panels) doubly
excited states corresponding to the v = 5 vibrational state of the remaining H,* ion. Similar plots can be obtained for other final vs. (Top) Square of the wave
packet densities obtained from experiment as a function of photoelectron energy (y axis) and time (x axis). (Bottom) Results of the ab initio calculations for a pulse of
200 as. For a better visualization, the monotonic decreasing background associated with the direct ionization channel has been subtracted in all cases.

information necessary for the reconstruction are imprinted in the nu-
clear motion that follows the excitation by the extreme ultraviolet
(XUV) field. The nuclear dynamics act as an internal probe of the
system, in contrast to the usual pump-probe schemes where the probing
is performed by using an (external) ultrashort pulse. For the reconstruc-
tion to be experimentally feasible, one must have some a priori knowl-
edge of the molecular system under investigation, namely, of the
potential energy curves (surfaces) of the ground and quasi-bound states
embedded in the continuum, from which the vibrational wave functions
can be estimated. In general, this is no longer a daunting task for small-
and medium-sized molecules, because a plethora of user-friendly quan-
tum chemistry packages for bound state calculations can provide this
information with high accuracy. In addition, vibrationally resolved
photoelectron spectra of small polyatomic molecules can be routinely
accessed in most synchrotrons. With these generally available tools,
one can retrieve from experiment the autoionization width as a function
of the molecular geometry using a simple semiclassical analysis and
hence reconstruct the time-dependent wave packet.

The core idea of our method should be applicable to any molecule
containing hydrogen atoms because they move fast and therefore can be
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used as an internal clock of the system. Measuring vibrationally resolved
photoelectron spectra of molecules with high-energy resolution can
be routinely achieved at synchrotrons, so they could be used as com-
plementary tools to attosecond and few-femtosecond pump-probe
techniques to obtain dynamical information on the ultrafast auto-
ionization or Auger decay of molecules. Furthermore, by performing
isotopic substitution, for example, by replacing atomic hydrogen with
deuterium, one could also exert some control on the timing of the
autoionization decay, because the nuclear mass determines the velocity
of the nuclear wave packet that is created. Implementation of the present
reconstruction method in more complex hydrogen-containing mol-
ecules, such as water or ammonia, should be the next step toward
understanding autoionization dynamics in molecules of chemical
interest.

MATERIALS AND METHODS

Experimental methods

The experiments were performed at the high-resolution beamline 10 of
the Advanced Light Source. Effusive molecular beams were ionized by
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linearly polarized radiation. The photoelectron spectra were measured
using a Scienta SES-200 hemispherical analyzer (46) at 54.7° with re-
spect to the light polarization axis (eliminating angular effects) and were
corrected afterward for spectrometer transmission. Because of the high
performance of the analyzer, the vibrational lines were kept resolved
throughout the photon energy range covered (22 to 60 eV). With neg-
ligible stray background, reliable areas proportional to the cross sections
were extracted by summing the counts in a given kinetic energy window,
avoiding systematic uncertainties attached to baselines coming from
overlapping peaks and bypassing recourse to fitting with analytical line
shapes. This was particularly important for these experiments because
of the underlying rotational structure, almost resolved for the low v and
responsible for asymmetric broadening for the high v.

Ab initio calculations

The theoretical method accounted for electron correlation and in-
terferences between the different ionization and dissociative chan-
nels to obtain the electronic and vibrational wave functions of H,.
It made use of B-spline functions and was successfully applied to
study a variety of ionization problems in H,, such as resonant dis-
sociative photoionization induced by synchrotron radiation or ul-
trashort pulses (36, 47). We refer the reader to those works and, for
more details, to the reviews of (48-50). The specific details for the
present calculations are given below.

Vibrationally resolved photoionization cross sections were ob-
tained by using first-order perturbation theory. The final wave
function, a solution of the time-dependent Schrodinger equation,
was expanded in a basis set of Born-Oppenheimer states, written
as products of electronic and nuclear wave functions. In this expan-
sion, the bound electronic states of H, were obtained by performing a
configuration interaction calculation in a basis of antisymmetrized
products of one-electron H," functions, and the electronic continuum
states were obtained by solving the multichannel scattering equations
in a basis of uncoupled continuum states that are written as products
of a one-electron wave function for the bound electron and an expan-
sion on spherical harmonics and B-spline functions for the continuum
electron. The multichannel expansion includes the two lowest ionic
states (1so, and 2pc,) and partial waves for the emitted electron up to
a maximum angular momentum /,,,, = 7 enclosed in a box of 60 au.
The one-electron orbitals for the bound electron were consistently
computed in the same radial box using single-center expansions with
corresponding angular momenta up to [y, = 16. All electronic wave
functions were evaluated in a grid of internuclear distances in the inter-
val R = 0.1 to 12 au. The corresponding nuclear vibrational and dis-
sociative wave functions were obtained by diagonalizing the nuclear
Schrédinger equation for all electronic states included in the expan-
sion over Born-Oppenheimer states. This expansion includes the six
lowest electronically bound states, the six lowest doubly excited states
of the Q; and Q, resonance series, and the electronic continuum
states associated to the 1so, and 2pc, ionization thresholds, all
of them for both "X, and 'TI, symmetries. Couplings between these
states induced by the H, Hamiltonian and between these states and
the X'Z," ground state of H, induced by the linearly polarized
XUV radiation field were explicitly evaluated.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/8/eaat3962/DC1

Section S1. Measured photoelectron spectra
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Section S2. Validity and limitations of the reconstruction model

Section S3. Fit to the experimental data

Fig. S1. Measured photoelectron spectra as a function of photon and binding energies.

Fig. S2. Same as in fig. S1 but now with spectra obtained at different photon energies
overlaying.

Fig. S3. Comparison between the experimental and fitted photoionization cross sections for v = 3.
Reference (57)
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