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Capturing electronic dynamics in real time has been the ultimate goal of attosecond science since its
beginning. While for atomic targets the existing measurement techniques have been thoroughly validated,
in molecules there are open questions due to the inevitable copresence of moving nuclei, which are not
always mere spectators of the phototriggered electron dynamics. Previous work has shown that not only
can nuclear motion affect the way electrons move in a molecule, but it can also lead to contradictory
interpretations depending on the chosen experimental approach. In this Letter we investigate how nuclear
motion affects and eventually distorts the electronic dynamics measured by using two of the most popular
attosecond techniques, reconstruction of attosecond beating by interference of two-photon transitions and
attosecond streaking. Both methods are employed, in combination with ab initio theoretical calculations, to
retrieve photoionization delays in the dissociative ionization of H2, H2 → Hþ þ Hþ e−, in the region of
the Q1 series of autoionizing states, where nuclear motion plays a prominent role. We find that the
experimental reconstruction of attosecond beating by interference of two-photon transitions results are very
sensitive to bond softening around theQ1 threshold (27.8 eV), even at relatively low infrared (IR) intensity
(I0 ∼ 1.4 × 1011 W=cm2), due to the long duration of the probe pulse that is inherent to this technique.
Streaking, on the other hand, seems to be a better choice to isolate attosecond electron dynamics, since
shorter pulses can be used, thus reducing the role of bond softening. This conclusion is supported by very
good agreement between our streaking measurements and the results of accurate theoretical calculations.
Additionally, the streaking technique offers the necessary energy resolution to accurately retrieve the fast-
oscillating phase of the photoionization matrix elements, an essential requirement for extending this
technique to even more complicated molecular targets.
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In the past 20 years, a wide range of experimental
techniques have been developed to measure attosecond
electron dynamics in real time [1–9]. One in particular has
been extensively used because of its applicability for
current experimental setups: the so called reconstruction
of attosecond beating by interference of two-photon tran-
sitions (RABBITT). RABBITT is an interferometric tech-
nique that encodes time-delay information in the oscillating
spectral phase of interfering photoemitted electron wave
packets, which is sampled discretely over the energy
bandwidth covered by an attosecond pulse train (APT).

While the limitations of this discrete sampling can be
overcome [5,7,9] to provide complete time-delay informa-
tion in simple atomic systems, when molecular targets are
involved, the presence of nuclear degrees of freedom
significantly increases the complexity or even renders
RABBITT analysis impossible. For instance, to implement
RABBITT-like techniques in the near-infrared (NIR), the
probe pulse duration is on the order of 30 fs or longer.
Exposing molecular targets to such long NIR pulses can
trigger nuclear dynamics that contaminate the electron
dynamics of interest.
Another method that has been widely used to obtain

photoionization time delays in atomic systems is attosecond
streaking [4]. In this technique photoelectrons are generated
by exposing the target atom or molecule to a single atto-
second pulse (SAP) of extreme ultraviolet (XUV) light in the
presence of a few-cycle NIR laser pulse. The photoioniza-
tion time delay is encoded in the phase of the dipole
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transitionmatrix element shaping the obtained spectrogram.
There are two notable aspects of attosecond streaking. First,
it provides continuous phase spectra [10,11], leading to
improved energy resolution in the extraction of time-delay
information. Second, andmore importantly for systemswith
fastmoving nuclei likeH2, streaking does not require the use
of long NIR pulses. The electron dynamics can be retrieved
from few-femtosecond-long regions in time just after
photoionization. Despite these advantages experimental
and theoretical work on molecular streaking is scarce as
adequate retrieval algorithms required to extract the desired
photoionization time delay information have only recently
been developed [12–14].
In this Letter, we use a recently developed retrieval

algorithm [15] to demonstrate the advantages of attosecond
streaking for extracting temporal information of electron
dynamics generated by XUV light on H2 in the energy
region where doubly excided states (DESs) decay and
dissociation of the remaining molecular cation is faster. H2

is the ideal benchmark, since very precise theoretical
calculations can be performed taking into account all
relevant electronic and nuclear degrees of freedom and
the coupling between them. For a clear identification of the
different effects, we consider a fixed molecular orientation,
which requires combining the usual streaking and
RABBITT setups with multicoincidence detection of elec-
trons and ionic fragments. To ease the comparison with
theory, we focus on H2 molecules parallel to the polari-
zation direction of the ionizing radiation, which reduces the
optically open ionization channels. We unambiguously
show that delays obtained from RABBITT measurements
are very sensitive to bond softening effects even at
relatively low NIR intensity, while delays resulting from

streaking measurements are rather insensitive to this effect,
leading to phase-delay profiles that are in very good
agreement with the theoretical calculations.
In our experiments, we photoionize a mixture of Ne

(10%) and randomly oriented H2 molecules (90%) with
either the XUV-SAP or APT having photon energy spectra
ranging from 20 to 40 eV (see Supplemental Material [16]).
In this spectral region, H2 presents a multitude of states
which contribute to the photoelectron spectrum resulting
after one-photon absorption as shown in Fig. 1(a) and
summarized in Table I. Different channels are accessible
depending on the molecular orientation with respect to the
light polarization (k and ⊥) and photon energies, leading to
distinct kinetic energy release (KER, in formulas as Ek)
(Hþ þ H). Thus, retrieving the molecular orientation at the
moment of ionization and the KER of the dissociated nuclei
allow one to distinguish photoelectrons associated with a
specific ionization channel [15].
We detect the fragment ions (Neþ, Hþ

2 , and Hþ) in
coincidence with the photoelectron generated in the same
photoionization event by using a cold target recoil ion
momentum spectroscopy (COLTRIMS) detector, in order
to separate photoelectrons belonging to different gas
species (Ne and H2) and access the angular resolved
photoionization dynamics [17,18]. In particular, for the
dissociative ionization channel, we can access the molecu-
lar orientation β of the molecule at the moment of
ionization [see inset in Fig. 1(a)], assuming the validity
of the axial recoil approximation [19–21], see
Supplemental Material [16]. We further extract the spectral
phase accumulated by the photoemitted electrons, exploit-
ing the attosecond streaking and the RABBITT techniques,
as shown in Figs. 1(b) and 1(c), respectively.
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FIG. 1. (a) Potential energy surfaces involved in the ionization of H2. Direct photoionization pathways into the dissociative state are
indicated by the black curves. Indirect pathways bring the molecule to the dissociation via autoionizing DESs of the first seriesQ1 (blue
curves) and of the second series Q2 (red curves). The Franck-Condon (FC) region is indicated by the gray area around the equilibrium
distance of H2 of Req ¼ 1.4 a:u: The inset sketches the passage from laboratory (LF) to molecular frame (MF) and involved angles
considered in this Letter (α and β). (b) and (c) represent examples of attosecond streaking and RABBIT experimental traces when
selecting on the Hþ fragments for β ¼ 0� 20° and α ¼ 0� 30° with respect to the XUV polarization axis.
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For the attosecond streaking we used a SAP with a center
energy of 35 eV and a bandwidth spanning from 25 to
41 eV, see Supplemental Material [16]. The resulting
photoionized electron wave packet (EWP), as shown in
Fig. 1(b), will present a broad energy distribution, allowing
us to access the dipole phase information in a continuous
manner over the entire SAP energy spectrum. The atto-
second streaking is expected to be a more sensitive
technique than RABBITT when a dense series of states
are populated. This is often the case with molecular targets,
or when sharp variations of the dipole phase are expected,
for example due to the presence of autoionizing states.
By using this coincident detection, it is possible to

disentangle the streaking spectrograms generated by elec-
trons photoemitted from Neþ (see Supplemental Material
Fig. S2.1(b) [16]), from Hþ

2 (see Supplemental Material
Fig. S2.1) and Hþ [Fig. 1(b)]. The Neþ spectrogram always
plays the role of a reference. Ne has been chosen as
reference gas for two reasons: it does not present atomic
resonances in the chosen energy region 20–40 eV and the
Ne spectral phase contribution can be extracted from the
argument of the complex dipole transition matrix element
(DTME) available in literature [22].
In the streaking measurements, the EWP phase is not

immediately accessible and a retrieval algorithm is
required. Recently, Pedrelli et al. developed a new algo-
rithm called ACDC that can extract the EWP phase
information with no approximations beyond the strong
field approximation [17]. The retrieval process has two
steps. First we consider the reference streaking spectrogram
target, Ne in our case, assuming a well-known DTME [22],
to access to the XUV-SAP and NIR pulses used in the
experiment [23]. Second, based on the retrieved XUV and
NIR pulses, the ACDC retrieves the target spectrograms, in
our case Hþ

2 and Hþ, to access their unknown absolute
DTMEs and corresponding spectral phase.
Multiple time windows (∼4 fs) of the pump-probe delay

of the reference and target spectrogram have been consid-
ered ensuring a more accurate characterization of the
XUV-SAP and IR pulse, due to possible pulse modifica-
tions over the course of the measurement. A weighted

average of the ACDC reconstructions (considering the
reconstruction error and the number of reconstructed
phases) provides the mean and the standard deviation of
the phase of the DTME term [24], see Supplemental
Material [16].
RABBITT, on the other hand, is an attosecond inter-

ferometric technique that directly encodes the spectral
phase, hence the time-delay information, in the so-called
sideband (SB) signal [see Fig. 1(b), white rectangle]. In
each SB, two different two-photon absorption processes
can contribute, and therefore, interfere, capturing the
relative phase between these quantum paths. Since the
APT can be expressed, in the spectral domain, as a comb of
high-order harmonics (HHs) spaced by twice the IR driving
field frequency 2ωIR, absorption of one HH2qþ1 and the
stimulated emission of one NIR photon. Such a S2q signal
oscillates as a function of the pump-probe delay τ due to the
quantum-path interference:

S2qðτÞ ∝ cosð2ωIRτ − φÞ: ð1Þ

The extracted phase shift φ contains contributions from
the scattering phase acquired by the photoelectron as it
recedes in the molecular potential, and two measurement-
induced terms: the XUV-chirp and the continuum-
continuum phases. The well-known Wigner time delay
τW is given by the energy derivative of the scattering
phase [25].
While the absolute ionization time, and thus absolute

phase term, is not known, we can reference two groups of
photoelectrons from two different targets to each other to
determine the relative phase difference Δφ. The relative
phase difference Δφ is not sensitive to measurement-
induced artifacts under the assumption that both groups
of photoelectrons are equally influenced by (i) the con-
tinuum-continuum transition induced by the probing NIR
field and (ii) the phase variation which inherently comes
from the HHs generation (XUV chirp) [26]. In our experi-
ments, we therefore performed a synchronous RABBITT
measurement on Ne as the reference and H2 as the target
gas, comparing SBs generated by the same couple of
harmonics. In this way, we can cancel out the XUV-chirp
term.
If we consider φ

S2q
ðNeÞcalc as known a priori, we can write

ΔφS2q
Hþ ¼ φ

S2q
ðHþþNeþÞexp − φ

S2q
ðNeþÞcalc: ð2Þ

Figure 2(a) reports the extracted absolute EWP phases
for the dissociative ionization of H2 from the attosecond
streaking and the RABBITT measurements as a function of
the photon energy. As stated, we select the Hþ fragments
corresponding to the parallel configuration, in which the
only optically allowed symmetries for the final states are Σu
(populated upon XUV one-photon absorption from the
ground state) and Σg (populated by the combination of an

TABLE I. Photoionization channels in H2 after absorption of
photon energies in the range 20–40 eV. Specifically, the final
state, the required XUV energy to populate each state, and the
dominant H2 molecular orientation are listed.

Photoionization channel EXUV (eV) Orientation

Direct 1s σg Ionization >15.44
Dissociative >18.1

k and ⊥
Indirect Q1 → 1s σg 25–36 k
Direct 2p σu ≥30 k and ⊥
Indirect Q2 → 1s σg ≥31 ⊥
Indirect Q2 → 2p σu ≥31 ⊥
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XUV and an NIR photon). A vertical transition from the
ground state reaches the lowest Q1 DES of Σu symmetry in
an energy range between 25 and 33 eV, with a maximum in
the Franck-Condon region at around 28 eV, as indicated
with a dashed line in Fig. 2(a). Above 31 eV, the secondQ2

series of DESs is also energetically open.
The ACDC reconstruction of the experimental streaking

spectrograms and its standard deviation are represented by
the blue line and the blue shaded area. The RABBITT data
points, on the other hand, are denoted by red circles with
related error bars. Details about standard deviation and
error bar definitions can be found in the Supplemental
Material [16].
A very good agreement between the streaking curve and

the RABBITT data points is observed only above 30 eV.
On the contrary, for the data points between 25 and 30 eV,
located around the Q1 threshold, a deviation is clearly
visible.
To explain such a behavior, we supported our exper-

imental results with theoretical ab initio calculations
reproducing both experimental conditions for the
RABBITT and attosecond streaking measurements. The
phases have been retrieved from the calculated photo-
electron spectra using the same numerical procedure as for
the experimental one. We first compare the experimental
results with ab initio calculations for the streaking case.
The calculations have been performed by solving the time-
dependent Schrödinger equation with an NIR pulse of peak

intensity 3 × 1011 W=cm2 and a duration of 6 fs, and an
XUV pulse with peak intensity of 109 W=cm2, a duration
of 1 fs and a center energy of 28 eV. The choice of these
parameters allows for a fine energy scan around 28 eV
where the lowest Q1 resonance is populated. Details about
the ab initio calculations can be found in [11]. From the
reconstruction of the calculated streaking spectrogram
using the ACDC algorithm we obtained the orange curve
shown in Fig. 2(a), where a remarkably good agreement is
observed with the experimental streaking result. In par-
ticular, both the experimental and theoretical results high-
light a dip in the dipole phase at the photon energy of
∼28 eV where the lowest Q1 doubly excited states of H2

are significantly populated.
The theoretical RABBITT results are shown in Fig. 2

(black squares). They have been obtained with an NIR
pulse with peak intensity of 3 × 1011 W=cm2 and a
duration of only 7.8 fs (as in Ref. [11]), which is much
shorter than in the RABBIT experiments (Q1), thus leading
to a substantial reduction of computer time. As can be
observed, the theoretical RABBITT data points are in better
agreement with the experimental streaking curves than they
are with the experimental RABBITT results. This obser-
vation can be explained by the bond softening [27–29]
induced by the relatively long (∼25–30 fs) NIR pulse used
in the RABBITT measurements, which is not described by
the theoretical model with an NIR pulse of only 7.8 fs.
Bond softening effects associated to the dissociation of H2
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FIG. 2. (a) The blue curve and the blue shaded area show the experimental dipole phase and its standard deviation of the dissociative
reaction of the H2 and β parallel reconstructed using the ACDC algorithm. The red, magenta, and green symbols are the experimental
RABBIT results for the KER integrated, Ek < 1 eV and Ek > 1 eV cases, respectively. The black dashed line indicates the threshold of
27.8 eV above which the Q1 DESs are populated. The parallel configuration corresponds to an angular selection of the photoemitted
electrons of α ¼ 0� 30° and β ¼ 0° − 0° and 150° – 180° for the streaking case, and α ¼ 0� 30°; 180� 30° and β ¼ 0° – 20° and 160°
– 180°, for the RABBIT case. The black squares and the orange curve are the theoretical contributions for the RABBIT and streaking
case, respectively. (b) and (c) Experimental KER as a function of the streaking pump-probe delay for the parallel orientation. The black
dash-dotted line represents the Ek ¼ 1 eV while the red line shows the reconstructed IR streaking field from the Ne spectrogram. In
detail (b) shows the integrated signal for Ek ≤ 1 eV where a significant increase is observed after the ∼7 fs pump-probe delay.
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start to appear for NIR pulses longer than 10 fs [15]. Such
time is required for the NWP to reach larger internuclear
distances where the coupling between the two involved
ionic states, 1s σg and 2p σu, is strong enough. This
explains the good agreement between the calculated
RABBITT data points and the result from the
reconstruction of the experimental streaking spectrogram
(∼7.8 fs). Even at moderate NIR intensities of
I0 ¼ 1.4 × 1011 W=cm2, as in our RABBITT experiment
(see Supplemental Material [16]), the NIR field plays an
active role in the evolution of the molecule toward the
dissociation limit [30].
In particular, the NIR field can dress the potential energy

surfaces allowing for alternative fragmentation channels for
certain vibrational states. This results in ionic fragments
with slightly higher energy around 1 eV (see Supplemental
Material [16]). By selecting ionic products withEk > 1 eV,
we can reduce the contribution of the bond softening effect
and approach the “ideal” perturbative regime in which the
RABBITT technique is supposed to work [1,2,31]. As can
be seen in Fig. 2(a) (green data points), the experimental
RABBITT delays obtained from ions with Ek > 1 eV are
in better agreement with the experimental and theoretical
streaking delays. On the other hand, the deviation becomes
more pronounced if only ionic products with Ek < 1 eV
are considered (magenta data points), since this is the
region where bond softening mainly manifests.
The results above 30 eV in photon energy are not

affected by the KER selection since for increasing photon
energies, the KER also increases, reducing the relative
importance of bond softening. Nevertheless, bond soften-
ing, though having a minor effect on the measured
streaking patterns, cannot be completely ruled out.
Figures 2(b) and 2(c) illustrate this point by showing the
evolution of the KER in the region 0–3.5 eVas a function of
the pump-probe delay. The increase of the (Hþ þ H) yield
for Ek < 1 eV occurring at pump-probe delays ≥7 fs is the
signature of the bond softening effect, although its relative
contribution is not significant enough to distort the actual
ionization delays. Similar effects have been reported from
calculation on Hþ [10,15] and from experiment on Dþ [15].
Note in contrast with the above findings, for the per-
pendicular molecular orientation, ionization delays obtai-
ned from our RABBITTand streaking measurements are in
very good agreement with each other (see Supplemental
Material [16]), since, as is well known [23], the coupling
between the 1s σg and 2p σu states of the residual molecular
cation induced by the NIR field at long pump-probe delays
is negligible, thus preventing the appearance of bond
softening.
In summary, we have retrieved ionization time delays in

the hydrogen molecule from RABBITT and streaking
measurements by using the ACDC algorithm. In combi-
nation with a COLTRIMS apparatus, we have disentangled
the different ionization processes by selecting only specific

ion products, molecular orientation and KER. For mole-
cules parallel to the polarization direction of the XUV and
IR pulses, RABBITT and streaking results strongly dis-
agree for photon energies below 30 eV. We have demon-
strated that, even at relatively low intensity of the IR probe
pulse, the RABBITTexperimental data are very sensitive to
bond softening while streaking results are relatively unaf-
fected due to the shorter IR pulse durations used in these
kinds of measurements. The reconstruction of the streaking
measurements using the ACDC algorithm shows a very
good agreement with the ab initio calculations. As the use
of long IR pulses is a necessary condition for the RABBITT
technique to work, bond softening effects are likely to
affect the retrieved phase delays in many molecules
containing fast-moving nuclei. On the other hand, streaking
methods, when properly analyzed, seem to be more
appropriate to determine electron ionization delays in these
targets due to the use of much shorter streaking waveforms
and the ability to retrieve continuous phase and time-delay
profiles in a single measurement.
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