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Revealing molecular structure and dynamics through high-order harmonic generation
driven by mid-IR fields
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High-order harmonic generation (HHG) from molecules produces spectra that are modulated by interferences
that encode both the static structure and the electron dynamics initiated by interaction with the laser field. Using
a midinfrared (mid-IR) laser at 1300 nm, we are able to study the region of the harmonic spectrum containing
such interferences in CO, over a wide range of intensities. This allows for isolation and characterization of
interference minima arising due to subcycle electronic dynamics triggered by the laser field, which had previously
been identified but not systematically separated. Our experimental and theoretical results demonstrate important
steps toward combining attosecond temporal and angstrom-scale spatial resolution in molecular HHG imaging.
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High-order harmonic generation (HHG) spectroscopy is
a new tool for measuring molecular structure [1-5] and
dynamics [6-10], including subfemtosecond rearrangements
of nuclei [6,7] and electrons [9,10]. This technique relies
upon measuring the spectrum of coherent radiation emitted
by molecules aligned in space when interacting with intense
laser fields. To fully exploit HHG spectroscopy, one has to be
able to (1) extend the method to a wide range of molecules and
harmonic photon energies and (2) distinguish and characterize
structural and dynamic effects in the measurement. The
dominant features in the HHG spectrum are characteristic
of ionization from the highest occupied molecular orbital
(HOMO). However, involvement of lower lying orbitals in the
HHG process [8—11] gives rise to attosecond multi-electron
dynamics that are also manifested in the spectra [9,10]. We
show that recording a broad range of harmonics for different
laser intensities provides a method for time-resolved measure-
ments of attosecond multielectron dynamics, identifying and
separating contributions of electronic structure and dynamics.

Theory [1,12] and experiments [3,4,13,14] have established
that HHG spectra from spatially aligned molecules encode
the structure and symmetries of molecular orbitals. The key
component of imaging these structures is the control of
the angle between the molecular axes and the polarization
of the driving laser field which determines the motion of
the recolliding electron. This control is achieved through
nonadiabatic molecular alignment with a preceding laser
pulse [15]. The well-defined mapping of the delay between
ionization and recombination onto the energy of the emitted
harmonic allows one to obtain dynamical information on
ultrafast structural rearrangements with ~100-as resolution
[6-10].

In order to record structural features arising from typical
internuclear distances (in the range of 1-2 A), a harmonic
spectrum reaching up to ~70 eV is required. By using
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a Ti:sapphire laser at 800 nm, the laser system generally
employed in HHG, such harmonic spectra demand laser
intensities in excess of 3 x 10'* Wem™2, well above the
ionization saturation intensity of most molecules. This require-
ment limits the capabilities of intensity-dependent studies,
such as [9], because the full structural contribution to the
harmonic spectrum cannot be probed at lower intensities.
The extension of the range of intensities that can be used in
the study of the critical portion of the harmonic spectrum
(from 30to 70 eV in CO,) is the key advantage of using a laser
of longer wavelength. It permits the spectrum to be studied
in the plateau region over a wide range of laser intensities,
(1.0-2.0) x 10" Wcm™2, which allows the efficient reading
of both structural and dynamic interference features.

The observation of a distinct minimum in the harmonic
spectra from aligned samples of CO, was initially interpreted
as evidence of solely structure-related two-center interference
arising from a single-electron response from the HOMO (re-
ferred to as structural minimum in what follows), which would
be intensity independent [3,4,16,17]. Recent experiments and
advances in theory have shown that the physics of strong
field interactions with molecules is more complicated than
initially thought [8—11,16—19]. For example, the minimum in
the harmonic spectrum from aligned CO, has been shown
to depend on the laser intensity, shifting by ~20 eV for laser
intensities (0.5-2.0) x 10'* W cm~2 [9]. In this earlier work, at
800 nm it was not possible to observe the structural interference
as the cutoff position in the spectra was at energies less than
the structural minimum.

It has been shown [9,10,19] that ionization via optical
tunneling can populate several ionic states, creating a mul-
tielectron wave packet visualized as the motion of the hole left
by ionization. This multielectron wave packet evolves on an at-
tosecond time scale during the recollision process. A minimum
in the harmonic spectra can result not only from molecular
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structure but also from the motion of the hole, manifested as a
time-dependent interference between the contributions of the
HHG channels associated with different ionic states [9,10,19].
That is, for specific recollision times, the contributions from
different ionic states will interfere destructively, giving rise to
a reduction in the intensity of the harmonic corresponding to
that recollision time [9]. Following [9,10,19], we refer to this
phenomenon as dynamical interference. For measurements at
800 nm, this interpretation has matched the observed intensity
dependence of the position of the minimum in CO, [9]. The
combination of structural and dynamical information in the
harmonic spectra opens new avenues for imaging but requires
the ability to distinguish the two contributions. We show how a
structure-related minimum in the harmonic spectrum from the
HOMO reveals contributions from other molecular orbitals,
demonstrating the dynamical information within the window
provided by the structural minimum. Thus, the attosecond
temporal resolution encoded in HHG spectra is ideally suited
for following multielectron dynamics.

Harmonics generated with a 1300-nm pulse were found
to offer a good compromise between cutoff energy and
efficiency. For a given laser intensity at this wavelength, the
ponderomotive energy, and hence the width and the maximal
energy of the harmonic spectrum, is increased by a factor
of 2.6 relative to 800 nm. A 1-kHz Ti:sapphire Chirped Pulse
Amplification (CPA) laser system at 800 nm was used to pump
an optical parametric amplifier delivering 1300-nm pulses with
energies up to 1 mJ and 40-fs pulse duration for harmonic
generation. Additional pulses from the 800-nm pump with
field polarized at a variable angle ® with respect to the mid-IR
field were employed for impulsive molecular alignment [15].
The 1300- and 800-nm beams were sent collinearly into the
interaction chamber, where a 30-cm-focal-length lens focused
the two beams onto a continuous flow gas jet. The temperature
of the gas in the interaction region was estimated as ~90 K, and
the degree of molecular alignment was cos? 6 ~ 0.6. The gas
jet was placed after the laser focus in order to select the short
trajectory harmonics [20]. This selection, confirmed by the
on-axis spatial distribution of the harmonic signal, is essential
for the unambiguous mapping of electron excursion times onto
photon energies. The interaction region was only 200 ;«m long,
and the intensities were typically 10'* W cm~? for the 1300-nm
pulses and 5 x 10'> Wcem™2 for the 800-nm pulse. A thin
sample, significantly shorter than the coherence length, was
deliberately employed to minimize the phase matching effects.
Furthermore, both the phase mismatch and the absorption of
harmonics in the medium vary smoothly with the wavelength
[21]. The Gouy phase is approximately constant across the
interaction region, and the change in index of refraction
induced by the aligned sample is negligible. The energy of
the 1300-nm pulses was varied using wedges to incrementally
attenuate the beam without modifying significantly the pulse
duration or beam profile. For larger attenuations, a variable
aperture was used. The energy measurements were correlated
with focal spot measurements to establish the intensity, and
the relative changes of intensity were corroborated by the
measured changes of harmonic cutoff position. The harmonic
emission was analyzed in a flat-field Extreme Ultraviolet
(XUV) spectrometer and detected on a microchannel plate.
Each spectrum typically was averaged over 10* laser shots.
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FIG. 1. (Color online) Comparison of HHG spectra in unaligned
(dashed red) and aligned at ® = 0° (solid black) samples of CO,:
(a) with 800-nm drive field at 3.5 x 10'* Wcm™2 (from Ref. [4]);
(b) with 1300-nm drive field at 1.0 x 10" W cm~2. The arrows mark
the position of the minima.

Harmonic spectra with photon energies reaching beyond
60 eV were detected in CO, for a wide range of laser
intensities (0.7-1.7) x 10'* W cm~2. The effect of molecular
axis alignment was observed as a modulation in the harmonic
signal when the delay between the driving and the aligning
pulses was varied [22]. This delay was subsequently set to
the time of maximum alignment, and the polarization of the
aligning field was varied with a half-wave plate, allowing us
to measure the harmonic signal as a function of the alignment
of the molecular ensemble relative to the polarization of the
driving field.

A harmonic spectrum from CO, previously obtained at
800 nm by Vozzi et al. [4] with intensity 3.5 x 10'* Wcm™2
had the cutoff at around 80 eV [Fig. 1(a)]. With the 1300-nm
field, we obtained a spectrum extending beyond 70 eV using
an intensity of only 1.0 x 10'* W cm™2, less than one-third of
that employed in the 800-nm case [Fig. 1(b)]. Comparing the
spectrum from an unaligned sample (red curves) with a sample
aligned at ® = 0° (black curves), we see that the aligned sam-
ple shows a deep minimum. The HOMO in these molecules
has a characteristic two-center structure. Contributions to the
recombination amplitude from the two centers can interfere
constructively or destructively [1] if the returning electrons
have a de Broglie wavelength that satisfies the condition
5AdeB = Rcos 6, where n is an integer, R is the internuclear
distance, and 6 is the angle between the internuclear axis
and the laser polarization vector. For the antibonding 7,
HOMO of CO,, the first destructive interference, or structural
minimum, is expected for n = 2. In CO,, with a separation
between the oxygen atoms of 2.2 A, the observed dip in
the harmonic spectrum for ® = (0° is centered at 55 eV.
Given that at ® = 0° the most probable angle between the
field and the molecular axis for typical alignment conditions
is 6 ~ 30° [23], our data are compatible with destructive
structural interference, expected around 52 eV if one neglects
acceleration of the electron by the core. In an accurate calcula-
tion, using the strong-field eikonal-Volkov approximation [24],
including electron-exchange corrections and the dominance of
ionization around ~45°, the interference minimum is found at
60 eV [19].

The minimum could also result from attosecond hole
dynamics in the ion [9], manifested via destructive interference
of different harmonic-generation pathways via different ionic
states, here X >TT, and B2} (referred to as X and B channels
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FIG. 2. (Color online) (a)—(d) HHG ratios between aligned and
unaligned CO, as a function of photon energy and aligning angle for
driving intensities: (0.8, 1.0, 1.2, and 1.6) x 10'* W cm~? respectively.
(e) Cutof figures (a)—(d) along ® = 0°. (f) Position of the interference
minimum as a function of laser intensity.

later. One might expect this dynamical minimum to appear
at the same time delay between ionization and recombination
and hence at different photon energies for the two wavelengths
(800 nm and 1300 nm). However, this simple picture is not
always correct [10]. We observe that the minimum occurs
at energies around 55 eV for both wavelengths. This result
highlights the importance of the structural minimum in the
recombination cross section, further emphasized through the
results of our calculation.

Scans of the harmonic signal as a function of the angle ®
between the polarizations of the harmonic-generating (driving)
field and the aligning field were taken in aligned samples of
CO, at different intensities of the driving field [Figs. 2(a)-
2(d)]. The signal recorded from the aligned ensemble is
normalized against the unaligned case [25]. This normalization
partially cancels other possible contributions to the structure
of the HHG spectrum.

Systematic measurements of the intensity dependence of
the minimum in CO; reveal a surprising result [Figs. 2(e)
and 2(f)]. The minimum appears around 50 eV for the
lowest intensities used (0.8 x 10'* Wcem™2) and increases
to 65 eV at 1.2 x 10'* Wem™2 before returning to 55 eV
upon further increase of intensity to 1.6 x 10'* W cm=2. Such
nonmonotonic intensity dependence of the minimum suggests
interplay of structural and dynamical features in the harmonic
spectrum.
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The contribution of electronically excited states of the ion
(i.e., from ionization of lower orbitals than the HOMO in
the Hartree-Fock picture) to HHG is generally weaker than
that of the HOMO. In CO,, population of the ground state
of the ion X 2I1 ¢ (X channel) can be thought of as ionization
from the HOMO. Similarly, population of the first excited
state of CO,™, AZH,,, corresponds to ionization from the
HOMO-1 (A channel). The HOMO-1 has a nodal plane along
the molecular axis, and the contribution of the A channel at
small alignment angles is negligible. The HOMO-2 orbital,
in contrast, has o, symmetry and ionization from this orbital,
leading to the B 22; state of CO,™ (B channel), is enhanced
at small alignment angles. When the X channel is suppressed
by two-center interference, the X and B channels become
comparable in amplitude. Therefore, the structural minimum
in channel X provides a natural “window” into lower molecular
orbitals, enabling efficient interference of their contributions
with that of HOMO. This interference records the ultrafast
dynamics in the ion [9]. The use of a long driving wavelength
is particularly convenient as it provides sufficient dynamic
range in the harmonic spectrum to fully observe this interplay.

A classical calculation of the relation between harmonic
photon energy and the time spent by the electron in the
continuum helps to illustrate the effect [Fig. 3(a)]. As the
position of the dynamical interference is locked to the time
spent by the electron in the continuum, an increase in
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FIG. 3. (Color online) (a) Electron excursion time vs photon
energy (short trajectories) calculated classically for CO,. Black and
white solid lines correspond to the conditions of the present work
and those of Ref. [9] respectively. Increasing thickness represents
increasing intensity (0.8-1.6) x 10" Wcm™2 (black) and (0.6—
2.0) x 10" Wcem™2 (white). The dashed line corresponds to the
experiment of Ref. [4], at 3.5 x 10'* Wcm™2. The background
shading represents the dynamical interference between X and B
channels: constructive (light) or destructive (dark). The vertical
lines in (a) and (b) show the position of the structural minimum.
(b) Calculated harmonic amplitudes in CO, with 1300-nm drive
field and an intensity of 1.3 x 10'* Wem™2 for the X (circles) and
B (triangles) channels as well as the total amplitude (squares). (c)
Calculated total harmonic yield at three intensities spanning the range
used in this work.
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the laser intensity causes a shift in the dynamical minima
toward higher photon energies, while the structural mini-
mum stays at fixed energy. Thus, a nonmonotonic intensity
dependence arises naturally. With increasing intensity, the
position of the dynamical minimum in energy passes the
window of efficient interference provided by the structural
minimum, shifting the overall minimum first below and then
above the structural minimum. Once the window of efficient
interference is passed, the overall minimum shifts back to the
beginning of the window as the next dynamical minimum
moves in. Outside the structural window, the contribution of
lower orbitals is too weak to produce strong interference.
This interpretation is supported by our calculations for
CO; aligned with ® = 0°. The calculation proceeds along
the lines of that presented in [9], where the single molecule
response is averaged over an alignment distribution of the
form cos*@ whose modal value of 6 is 30°. The dominant
channel at these intensities is the X channel (HOMO). The
B channel, although generally of a much smaller amplitude,
plays a significant role in the spectral region near the structural
minimum when the molecule is parallel to the driving field.
The amplitudes from channels X and B interfere, with relative
phase going through multiple points of constructive and
destructive interference. The time-dependent relative phase
¢ is primarily determined by the energy difference AFE
between the ionic states, evolving as ¢ ~ [(AE)/h]t, where
t is the electron excursion time in the continuum [9,10,26].
The dynamic interference is expected to be destructive if the
relative phase ¢ is an odd multiple of . However, destructive
interference flips to a constructive interference above the
structural minimum in the channel X (and vice versa for
the constructive interference before the minimum) due to the
7 phase shift of the recombination matrix element for the
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channel X. Maxima and minima in the dynamic interference
shift to higher harmonic numbers with increasing laser
intensity [9,10] [Fig. 3(a)], leading to cycling of the dynamical
features through the structural window. This cycling results
in the shape and position of the overall minimum in the
HHG spectrum to be sensitive to intensity, causing it to jump
back rather suddenly with increasing intensity [Fig. 3(c)], in
qualitative agreement with our measurements.

The extension of electron recollision energies and hence
the harmonic spectra, made possible by using a mid-IR driving
field, has allowed us to identify the interplay between structural
and dynamical interferences in HHG from CO,. This interplay
explains a surprising variation in the position of the minimum
observed in the harmonic spectrum of CO, at different laser
intensities.

Recording broad harmonic spectra across the full region of
the structure-related minimum for a range of laser intensities
provides a window into recording attosecond multielectron
dynamics in many molecules. This opens up a new class
of ultrafast experiments where, in a pump-probe scheme,
with the pump pulse exciting molecular vibrations [8] (or
dissociation), one could use the structural window to record
changes in multielectron dynamics caused by the time-
dependent coupling between electronic and nuclear degrees of
freedom.
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