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Strong-field ionization of molecules releases electrons which can be accelerated and driven back
to recombine with their parent ion, emitting high-order harmonics. This ionization also initiates
attosecond electronic and vibrational dynamics in the ion, evolving during the electron travel in the
continuum. Revealing this subcycle dynamics from the emitted radiation usually requires advanced
theoretical modeling. We show that this can be avoided by resolving the emission from two fam-
ilies of electronic quantum paths in the generation process. The corresponding electrons have the
same kinetic energy, and thus the same structural sensitivity, but differ by the travel time between
ionization and recombination — the pump-probe delay in this attosecond self-probing scheme. We
measure the harmonic amplitude and phase in aligned CO2 and N2 molecules and observe a strong
influence of laser-induced dynamics on two characteristic spectroscopic features: a shape resonance
and multichannel interference. This quantum-path resolved spectroscopy thus opens wide prospects
for the investigation of ultrafast ionic dynamics, such as charge migration.

Tracking charge migration in molecules is one of the
main objectives of attosecond spectroscopy [1, 2]. To
reach this goal, two directions are being pursued. In the
ex-situ scheme, attosecond extreme ultraviolet (XUV)
pulses are produced by high-order harmonic generation
in a rare gas [3], and used to trigger or probe ultrafast
dynamics in the medium of interest [4, 5]. The in-situ ap-
proach, also known as high-order harmonic spectroscopy
(HHS), consists in using the high-order harmonic gen-
eration (HHG) process to probe the emitting medium,
through a three step mechanism [6-9]. First, the strong
laser field lowers the potential barrier of the target, en-
abling electrons to tunnel out from the highest occupied
orbitals. Second, the freed electronic wavepacket is accel-
erated by the laser field and driven back to the parent ion.
Last, the electrons radiatively recombine to the ground
state, emitting a burst of XUV radiation. The recombi-
nation can be seen as an interference process between the
bound and accelerated parts of the wavefunction [10, 11].
It is thus sensitive to the bound wavefunction’s struc-
ture, encoding information into the spectrum [11, 12],
the phase [13, 14] and the polarization state [15, 16] of
the emitted XUV radiation.

In this simple picture of HHS, the molecular ion is
frozen between ionization and recombination. However,
strong field ionization generally triggers ultrafast dy-
namics, leading to an attosecond evolution of the ionic
core. The three-step mechanism then becomes a pump-
probe scheme, in which the dynamics is initiated by
tunnel-ionization and probed by the recolliding electronic
wavepacket [17]. This configuration was first imple-

mented to reveal the vibrational dynamics occurring in
molecular ions [18, 19], before being used to track the
free evolution of the hole resulting from the ionization of
multiple orbitals [20, 21], and to reveal the existence of
laser-induced hole dynamics in Ny [22], iodoacetylene [23]
or chiral molecules [24]. Several theoretical works have
recently investigated the importance of sub-cycle multi-
electron dynamics in HHS, including correlation during
tunneling [25] and just before recombination [26] as well
as dynamical exchange [27].

In this scheme, the pump-probe delay corresponds to
the time spent by the electron in the continuum. The
first technique developed to map the dynamical processes
relies on the natural spread of the electron trajectories
in the continuum [19] — the electron travel time varies
quasi linearly with the harmonic order for the short quan-
tum paths detected in the experiments [28]. In this
approach, the de Broglie wavelength of the recolliding
electron varies together with the pump-probe delay, such
that different spectral components of the recombination
dipole moment are probed at different times. It can thus
be difficult to differentiate between structural [29] and
dynamical effects [20], both being sensitive to the de
Broglie wavelength but only the latter to the recombi-
nation timing. Two strategies have been used to circum-
vent this issue: varying the laser intensity [20, 30] or the
laser wavelength [23]. Both operations enable changing
the electron travel time in the continuum, and thus the
pump-probe delay, at a fixed de Broglie wavelength.

While they are suitable to reveal field-free dynamics
[20, 21], these approaches are problematic when the dy-



namics is driven by the strong laser field: changing the
laser wavelength or intensity modifies the ionic dynam-
ics. In practice, the evolution of the system is thus re-
trieved by comparing the experimental signal to theoret-
ical calculations [22, 23, 31]. The complete characteriza-
tion of the harmonic radiation — amplitude and phase,
resolved as a function of energy and molecular alignment
angle [32], as well as along the different polarization com-
ponents of the emission [33-35] — provides a wealth of
comparison points between experiment and theory, but
does not permit the direct observation of the dynam-
ics. This would require changing the pump-probe delay
in the experiment, while keeping fixed the laser inten-
sity and wavelength, as well as the de Broglie wavelength
of the electron. In this letter, we show that this can
be achieved by making use of a well known property of
HHG: each harmonic is emitted by two electron quan-
tum paths (QPs) labeled short and long, that have spent
very different travel times in the continuum [9, 36] and
thus probe the target with the same de Broglie wave-
length, at the same driving laser intensity, but at differ-
ent delays [37]. The contribution from these two QPs
can be distinguished in spatially resolved harmonic spec-
tra [38, 39]. We perform HHG in strongly aligned No
and CO2 molecules using a 800 nm field, and resolve the
amplitude and phase of the short and long QPs as a func-
tion of molecular alignment. HHG from these molecules
are known to present distinctive features —a shape reso-
nance in Ny [40, 41] and destructive interference between
multiple channels in COy [20]. We find that both ef-
fects are reflected very differently in short and long QPs,
unambiguously and directly demonstrating the strong in-
fluence of the underlying attosecond dynamics on HHG.

The experiment was carried out using two laser beams
generated by a phase mask [42], which, at the focus of
a lens (f=50 cm focal length), produces two phase-locked
high-harmonic sources in a pulsed Even-Lavie supersonic
gas jet [43]. A pump laser pulse pre-aligns the molecules
in one of the two sources, inducing a change of the har-
monic intensity and phase reflected in the far-field in-
terference pattern. The spatially-resolved spectrum pre-
sented in Fig. 1 (a) shows harmonics from H13 to H29
produced in No. Each of them exhibits a well-collimated,
spectrally narrow component, surrounded by a more di-
vergent and spectrally broader ring. The spatial profile
of both components is modulated by a well-contrasted
interference pattern.

The two spatio-spectral components of each harmonic
originate from short and long electron QPs in the HHG
process.  Their ionization and recombination times,
calculated within the strong-field approximation (SFA)
[9, 44], are shown in Fig. 1(b). For H13, the travel time
of the electron in the continuum is 900 as for short QPs
and 2450 as for long QPs. The short and long QPs can
be separated in the spectro-spatial domain, as observed
in Fig. 1(a) [38, 45, 46]. The short QPs are spatially
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FIG. 1. (a) Spatially-resolved harmonic spectrum produced
by two sources in Ng at ~ 1.5 X 10" W.cm™2. One XUV
source is generated in unaligned N2 while the other is pro-
duced from N3 molecules aligned at 54° from the probe po-
larization. The gray and red lines mark out the short and
long QP contributions. (b) Calculated ionization (solid) and
recombination (dashed) times for short (gray, circles) and
long (red) QPs within the strong field approximation. The
schematic drawing illustrates the resolution of attosecond dy-
namics by different QPs. An electron tunnels out from an
orbital, triggering ultrafast hole dynamics in the ion. The
ion has not evolved much during the short travel time of the
short QP and the electron recombines to the same orbital.
For the long QP, the ionic state has changed and the electron
recombines to a different orbital.

and spectrally narrow, while the long QPs show broader
divergence and spectral widths.

To extract the amplitude and phase evolution of each
component of the HHG signal, we filter the contribution
of short and long QPs by using the masks depicted in Fig.
1(a), and perform a Fourier analysis of the spectrally-
integrated spatial fringe pattern. Figure 2(a-d) shows the
resulting evolution of the harmonic intensity and phase
as a function of molecular alignment angle, for the short
and long QPs. The intensities are normalized to their
value at 90° and the phases are set to zero at this align-
ment angle. The data are symmetrized relative to the
parallel alignment (0°). Note that measuring the com-
plete phase evolution as a function of harmonic order and
alignment angle would require the use of photoelectron
spectroscopy [32], which prevents the resolution of short
and long trajectories. Alternatively, more complex inter-
ferometric schemes with an atomic reference could enable
resolving the complete phase evolution of the harmonic
emission [47].

For short QPs, the modulation of the harmonic emis-
sion with molecular alignment shows a very high con-
trast around H19-23. For instance, the signal from H21
is 14 times stronger when the molecules are parallel to
the driving laser polarization than when they are per-



Theory, X channel
(e)

=
=)

n

Norm. intensity
N

Norm. intensity
EN

=
(S
4

’l©

<
[T
=

Phase (rad)
Phase (rad)

'
'
0o

n

60 30 0 30 60 60 -30 0 30 60
Alignment angle (°)

60 30 0 30 60
Alignment angle (°)

FIG. 2. Intensity (a,b) and phase (c,d) of the short (a,c)
and long (b,d) QP contributions to high-harmonic generation
in aligned Nj. (e) Calculated modulus square and (f) phase
of the molecular-frame scattering-wave recombination dipole
matrix element to the X channel.

pendicular. As the harmonic order further increases, the
modulation contrast decreases, and the harmonic emis-
sion shows local minima around 60° and a local maxi-
mum around 0°; except for H27 which presents a local
minimum at 0°. The phase measurement reveals an in-
teresting evolution as well. The curvature of the phase
variation around 0° reverses when the harmonic order in-
creases, from positive for H13-17 to negative above H19.
A phase jump around 60° also gradually appears, maxi-
mizing to around 1.5 radians in the cutoff (H23-27).

Turning to the long QPs, we observe a dramatically
different behavior. All harmonics show a very similar
intensity modulation contrast, around 3. The highest
harmonics present a local minimum at 60°. The phase of
H13 shows an evolution opposite to all other harmonics
(as well as short QPs), with a large 1.5 rad excursion.
This strong difference between short and long QPs for
this harmonic is consistent with the recent measurements
of [48], who observed a  shift in the relative phase of
short and long QPs between 0° and 90° for the integrated
harmonic emission between H11 and H15. For H15, we
find that the phase evolution is remarkably similar to the
one of the short QP, and for H17 the phase modulation
is more contrasted in the long QP. Harmonics 19-23 only
show weak variations. The contributions from short and
long QPs merge above H25 due to the proximity of the
harmonic cutoff (see Fig. 1). We thus only present H27
on the short QPs plot.

The harmonic emission from the short and long QPs
show drastically different amplitude and phase evolutions
as a function of molecular alignment angle. The strong
intensity modulation of the short QPs around H19-23
(29.5-35.7 €V) is the signature of a shape resonance in
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FIG. 3. Quantum-path-resolved high-harmonic spectroscopy
in CO2. Amplitude for short (a) and long (b) QPs and phase
evolution for short (¢) and long (d) QPs.

the photorecombination cross section of the X channel
(associated with the highest occupied molecular orbital
HOMO) [41], as shown in the theoretical molecular-
frame scattering-wave recombination dipole matrix el-
ement (Fig. 2(e)) [49, 50]. The calculated phase of
the photorecombination dipole moment in the X chan-
nel (Fig. 2(f)) shows a remarkable qualitative agreement
with the measured phase evolution of the short QPs,
with a reversal of curvature at 0° around H19 and sud-
den phase jumps around 60° for high orders. Theoret-
ical studies have shown that if the ion remains steady
between ionization and recombination, shape resonances
affect short and long QPs in a similar manner [32, 51].
Our results show the opposite and thus demonstrate the
existence of a sub-cycle dynamics in the ion. The shape
resonance appears when electrons are trapped by the po-
tential barrier in the X channel before recombining. If
the laser excites the ion between ionization and recom-
bination, the electrons can recombine to deeper orbitals,
e.g. to the HOMO-1 (associated with the A channel)
[22]. These cross-channels are not sensitive to the shape
resonance, which is a single-electron effect with no inter-
channel couplings [52]. Long QPs, probing the system
at longer times than short QPs, reveal the higher pro-
portion of excited ionic states characterized by intensity
and phase variations that are very different from that
dictated by the shape resonance in the X channel.

As a second illustration of the interest of QP-resolved
HHS, we analyze the results of measurements in COg
at 0.8 x 10 W.cm ™2, in which characteristic destruc-
tive interference between contributions from the HOMO
(X channel) and HOMO-2 (B channel) is known to oc-
cur when molecules are aligned around 0°[20]. Figure
3 (a,b) shows the harmonic intensity as a function of the



alignment angle, for short and long QPs. For short QPs,
the destructive interference appears as a local minimum
of the intensity around 25° at H19, and shifts to higher
angles as the harmonic order increases (Fig. 3 (a)). It is
associated with a jump of the harmonic phase as a func-
tion of molecular alignment, reaching 2.3 rad around 30°
for H23 (Fig. 3 (¢)). The signal from long QPs is quite
different, showing no such sign of interference minimum
and phase jump.

If the ionic populations do not evolve between ioniza-
tion and recombination, then the relative phase between
interfering channels is ApX P ~ ApX B + (Ip? — IpX)r+
ApXB where Api P is the initial relative phase between
the ionic states populated by tunnel ionization, 7 is the
electron travel time in the continuum, Ip’ is the ioniza-
tion potential of channel j and AgXP the phase differ-
ence between the recombination dipole moments of the
two channels, which is ~0.57 around H21-27 [20]. The
dynamical interference minimum in HHG from COs oc-
curs when ApX®? = (2n+1)7 with n € Z. Previous work
on short QP established that Ap{? = 0 [20]. The condi-
tion for destructive interference is then fulfilled for elec-
tron travel times 7 & 1.2 fs. This is consistent with our
measurement of a minimum at H19 and a phase jump on
the short QPs. Destructive interference is also expected
when 7 ~ 2.15 fs, which is the travel time of long QPs
around H19-21. Thus, in the absence of additional ionic
dynamics, the destructive interference between channels
X and B is expected to occur at the same harmonic order
for short and long QPs. This is clearly not the case in our
measurements — the long QPs show no destructive inter-
ference minimum, and no large phase jump (Fig. 3 (b,d)).
This demonstrates the influence of the dynamical evolu-
tion of the ion in the time window between 1 and 2 fs
after ionization. This is consistent with the recent calcu-
lations of Shu et al., who demonstrated the importance
of a laser-induced coupling between the B and C states
of CO5 molecules aligned parallel to a 800 nm laser field
[54]. This coupling enables electrons tunneling from the
HOMO-2 to recombine to the HOMO-3, opening a new
cross channel in the process. Interestingly, Shu et al.
found that for short QPs, these dynamics hardly affect
the interference minimum between X and B channels.
This explains why they had remained unaccounted for
until now. In contrast, in the case of long QPs the system
has enough time to evolve between ionization and recom-
bination. These QPs thus carry information relative to
the HOMO-2/HOMO-3 cross channel. This stresses the
importance of QP-resolved high-harmonic spectroscopy
to track such attosecond dynamics.

In conclusion, using two prototypical cases, we have
demonstrated the ability of quantum-path-resolved high-
harmonic spectroscopy to reveal the attosecond dynam-
ics between ionization and recombination. In COq, the
destructive interference and phase jump between X and
B channels observed in the short QPs disappears at long

electron excursion times , reflecting the coupling between
B and C channels [54]. In Ng, the influence of the shape
resonance in the X channel, which strongly affects the
short QPs response, disappears at long excursion times,
suggesting a recombination to a deeper, non-resonant
channel. Both features illustrate the important role of
laser-induced couplings in high-harmonic spectroscopy.
These couplings, predicted by theory [22, 54], are often
neglected because they are difficult to disentangle from
structural effects in conventional high-harmonic spec-
troscopy experiments, but clearly appear in QP-resolved
measurements. Such investigations could also be ex-
tended to condensed matter, where short and long QPs
have recently been identified [53], to unravel attosecond
hole dynamics in semi-conductors.
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