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Imaging ultrafast molecular dynamics with
laser-induced electron diffraction
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Establishing the structure of molecules and solids has always had
an essential role in physics, chemistry and biology. The methods of
choice are X-ray and electron diffraction, which are routinely used
to determine atomic positions with sub-angstrom spatial resolu-
tion. Although both methods are currently limited to probing
dynamics on timescales longer than a picosecond, the recent
development of femtosecond sources of X-ray pulses and electron
beams suggests that they might soon be capable of taking ultrafast
snapshots of biological molecules™” and condensed-phase sys-
tems®® undergoing structural changes. The past decade has also
witnessed the emergence of an alternative imaging approach based
on laser-ionized bursts of coherent electron wave packets that self-
interrogate the parent molecular structure”''. Here we show that
this phenomenon can indeed be exploited for laser-induced elec-
tron diffraction'’ (LIED), to image molecular structures with sub-
angstrom precision and exposure times of a few femtoseconds. We
apply the method to oxygen and nitrogen molecules, which on
strong-field ionization at three mid-infrared wavelengths (1.7,
2.0 and 2.3 pm) emit photoelectrons with a momentum distri-
bution from which we extract diffraction patterns. The long wave-
length is essential for achieving atomic-scale spatial resolution, and
the wavelength variation is equivalent to taking snapshots at dif-
ferent times. We show that the method has the sensitivity to mea-
sure a 0.1 A displacement in the oxygen bond length occurring in a
time interval of ~5fs, which establishes LIED as a promising
approach for the imaging of gas-phase molecules with unprecedented
spatio-temporal resolution.

In conventional electron diffraction (CED), an external multi-
kilovolt beam impinges on a molecular gas sample'**, producing a
diffraction pattern by means of elastic scattering. The electron’s high
energy promotes core-penetrating collisions (impact parameters
=0.1A), in which the electron-molecule interaction is dominated
by the strong short-range atomic-like potential while the bonding
valence electrons look transparent. Conceptually, LIED is a time-
resolved equivalent of CED. The field-ionized and accelerated coher-
ent electron wave packet rescattering from its parent molecular core'
(Fig. 1a) mimics the CED electron beam. If the rescattering wave
packet is sufficiently energetic, the well-established bond length
retrieval method of CED is applicable. We ensure that this is the case
by using intense mid-infrared lasers for producing high-energy elec-
tron wave packets'>'® (see Methods). We can then exploit theory that
establishes that large-momentum-transfer backscattered electrons in
LIED are equivalent in spatial resolution to those in CED'’, and use the
LIED momentum angular distributions obtained at different wave-
lengths to observe changes in molecular bond lengths over an interval
of a few femtoseconds.

The principle underpinning our approach is the strong-field rescatter-
ing model'*" (Fig. 1a), in which a molecule is first ionized by an intense
low-frequency field that promotes an electronic wave packet into the
continuum at time t,. Approximately half of the electrons, dubbed

direct (black dashed line in Fig. 1a), drift away from the vicinity of
the molecule and are detected as low-momentum events. At a different
ty, the electron is accelerated by the laser field but follows a trajectory
(magenta dashed line) that returns it to the core, where it can rescatter
at time t,. During the propagation time, At=t, — t;,, the electron
acquires significant kinetic energy from the field before rescattering.
As the deBroglie wavelength of the returning wave packet becomes
comparable to the molecular dimension, the interatomic spacing
can be determined. At ¢, the wave packet can either recombine to emit
a high-energy photon®**' (high harmonic generation) or scatter,
producing a far-field diffraction pattern. Both processes generate
signals that convey structural information about the parent or target
molecule, but only LIED provides a direct conceptual link to the CED
method.

In contrast with CED’s field-free scattering, LIED is a strong-field
process; the laser’s influence therefore needs to be removed to allow the
extraction of field-free electron-ion differential cross-sections (DCS)
from the measured LIED momentum distribution. The required
deconvolution procedure is based on the quantitative rescattering
theory'"**?, previously validated for various atoms and molecules™ .
It states that in the strong-field approximation, the detected momentum
p, shown in Fig. 1a for an unaligned N, distribution, is the vector sum of
the momentum after recollision, p,, and the field’s vector potential, A,,
at the moment of rescattering, .. Electrons detected at various angles
along the circumference defined at constant |p,| (magenta dashed circle
in Fig. 1a) thus constitute field-free DCS, equivalent to the DCS from
CED. The DCS extracted according to this prescription from the experi-
mentally determined momentum distribution for |p,]=2.71a.u.
(atomic unit of linear momentum = 1.99 X 10~ kgm s or
100-eV recollision energy is shown in Fig. 1b, and is found to agree
well (within normalization constants) with the CED measurement®®
and our theoretical result. Consistent agreement is achieved for analysis
at different laser wavelengths and intensities, and also for O,. (Sup-
plementary Information provides a detailed description of the DCS
extraction procedure and a presentation of the factors that influence
the interpretation of the LIED momentum distribution, for example the
role of short and long trajectories, multiple returns, inelastic scattering
and molecular excitations.)

When bond lengths are being extracted from CED measurements,
molecules are treated as sets of independent atoms with fixed interatomic
distances; chemical properties, such as molecular bonding, are neglected.
The validity of this so-called independent atom model'? (IAM) approach
depends on the dominance of core-penetrating collisions facilitated by
multi-keV electron beams. Within IAM and restricting our discussion to
homonuclear diatomic molecules, the DCS for electrons colliding with
unaligned molecules can be expressed as o) = 204 + 204sin(gR)/gR.
The first term on the right is the contribution to the DCS from the
incoherent sum of two atoms and conveys no structural information.
The second is a molecular interference term depending explicitly on
the internuclear distance R and the elastic momentum transfer
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Figure 1 | The principle of laser-induced electron diffraction. a, Strong-field
rescattering. An electron is released at time #, in the electric field (solid blue line)
of an intense mid-infrared laser. For certain initial times #,, ‘direct’ electrons
drift away from the core (solid blue), detected with momenta inside the dashed
black circle. At other birth times, the electron returns roughly an optical cycle
later back to the core (magenta trajectory). After elastic backscattering the
electron gains additional momentum from the field, resulting in a larger
detected momentum and separability from the direct ones (magenta dashed
circle). A quasi-classical analysis allows one to deconstruct the detected
momentum p into the momentum during rescattering p,, using the vector
relationship p = p, — A, (atomic units), where A, = (A)(t,) is the field’s vector
potential at #.. The inset defines the incident momentum p, the scattered
momentum p,, the rescattering angle 0 and the momentum transfer q. b, The

q = 2p,sin(0/2), where 0 is the scattering angle shown in Fig. 1a. Good
spatial resolutions require large momentum transfers producing small
interference terms. In CED it is convenient to define a molecular
contrast factor (MCF) as the ratio of the second term to the first term.
For typical g values of about 5-10 A™", the MCF is £0.15. With N, as
an example, the method’s spatial precision is emphasized by the
extreme sensitivity of the MCF term to small changes in bond length
as shown in Fig. 1c by the clear shift in fringe maximum from 6 A

8 A" for 0.1-A changes in R. This is a well-known benefit in prec1510n
of any interferometric measurement, such as the Young double-slit
experiment. Therefore, for large momentum transfers, bond lengths
can be extracted with the use of LIED by using similar principles to
CED (see Supplementary Information). In our experiment, sufficiently
energetic collisions are generated by exploiting the A* scaling of the
rescattering process at long wavelengths'>'¢. For instance, a 2.3-um
pulse results in an eightfold increase in rescattering energies over that
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DCS (blue solid squares) extracted from the N, distribution in

a (260 TW cm ™2, 50 fs, 2.0 um pulses) by sweeping the rescattering angle 0
along the circumference of a circle of radius |p,| = 2.71 a.u. The error bars
indicate the Poissonian uncertainty associated with the number of electrons
detected at a given angle. The open green circles are data from CED
measurements from ref. 28. The solid red line is calculated by using the
independent atom model (IAM) for the CED data. At small scattering angles
the LIED data are ‘contaminated’ by the direct electrons and are therefore not
part of the analysis. ¢, Calculated MCFs plotted as a function of momentum
transfer for three different N, bond distances: 0.99 A (blue curve), 1.10 A (red
curve) and 1.21 A (green curve). The plot shows that as the 1nternuclear
separation R is changed, the fringes shift from ~6 A~" to 8 A™",

achieved with a traditional 0.8-um Ti:sapphire laser, yielding rescattering
energies in excess of 200 eV. In addition, our LIED analysis is restricted
to large-angle scattering, thus producing large momentum transfers,
comparable in value to those of CED.

The dynamics of the rescattering process implies that, at constant
|p|, the time At between birth and rescattering of the electron wave
packet is proportional to the laser optical cycle and hence the wave-
length. Consequently, after ionization at fy, the bond length begins
adjusting to the new electronic configuration and thus at t, the return-
ing wave packet captures the diffraction image corresponding to a
non-equilibrium internuclear distance. Thus, a series of images cap-
tured at different wavelengths equates to mapping the nuclear motion.
If the electron removal is rapid, the Frank-Condon principle can be
applied to evaluate the subsequent motion of the vibrational wave packet.
We emphasize that Frank-Condon estimates are only approximate,
because the impulsive nature of tunnel ionization is speculative. In this
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study, the three mid-infrared wavelengths were, in principle, probing
the internuclear separation 4-6 fs after tunnelling ionization.

The baseline for our LIED investigation was ionization of the highest
occupied molecular orbital (HOMO) of N, the bonding &, orbital.
Removal of the o, electron results in a small change in the equilibrium
N-N distance from 1.10 A (neutral) to 1.12 A (ion)?. The experimental
DCS (for example Fig. 1b) is matched to an IAM calculation by fitting
the normalization constant and the internuclear separation so as to
minimize the variance between experiment and theory (see Sup-
plementary Information). Figure 2a shows the best-fit MCF (red line)
retrieved from the 2-pim experiment (symbols), obtained with a N-N
distance of 1.14 A. Comparing CED data at the same collision energy
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Figure 2 | LIED for unaligned N, and O, molecules. a-d, MCF extracted
from the experimental data (scattered symbols) in comparison with theoretical
predictions. The best-fit bond lengths are obtained by fitting the DCS extracted
directly from the measurement (see Supplementary Information). The solid red
line is the MCF calculated using the best-fit bond length. The dotted grey line is
the MCF calculated using the equilibrium N, bond length. The dashed magenta
and dash-dotted orange lines in a and b are the calculated MCFs using bond
lengths that deviate by —5 and +5 pm, respectively, around the best fit. The
error bars obey a Poisson statistical distribution. a, N, data taken with

260 TWcm ™2, 2.0 um pulses (p, = 2.97 a.u.). ¢, N, data taken with

290 TW cm ™2, 2.3 um pulses (pr=4.11a.u.). b, O, data taken with
133TWem™ 2, 2.0 im pulses (p, = 2.91a.u.). d, O, data taken with

150 TWcem™ 2, 2.3 pm pulses (p, = 2.97 a.u.). e, £, Illustration of bond change
for N, (e) and O, (f) after ionization. The bond lengths extracted from the LIED
measurements at each wavelength (squares, 2.3 pm; circles, 2 pm; diamonds,
1.7 pm) are shown. The associated error bars represent the IAM standard
deviation resulting from experimental uncertainties. The time and wavelength
correspondence is based on a classical analysis (see Supplementary
Information). The red curves depict the evolution of the nuclear wave packet’s
centre (solid) and its associated full width at half-maximum (dotted), computed
in the Frank-Condon approximation. The equilibrium bond lengths are
indicated by the solid (neutral species) and dashed grey (ion) lines. For O,, the
vertical arrows indicate that the measured bond lengths for all three
wavelengths are consistently shorter (~0.1 A) than the equilibrium length for
the neutral species and are statistically meaningful. The classical behaviour
suggests that this is a consequence of the 4-6-fs bond evolution after ionization.
The bond length reported in ref. 10 (purple cross) was extracted from a 0.8-pm
laser experiment on aligned O, molecules. The short wavelength produced
smaller return energies (<50 eV), thus complicating the interpretation and
analysis of the momentum distribution, ultimately producing larger
uncertainty in bond length.
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(120 eV), we estimate a 0.05-A error on the retrieved bond length. For
comparison, we also plot in Fig. 2a the theoretical MCF calculated for
N-N distances deviating from the fitted value by +5 pm (dashed lines)
and equal to that of neutral N, (dotted line). Figure 2c¢ shows the
analysis performed for a collision momentum of 4.11a.u. (230eV
energy) using 2.3-um pulses at 290 TW cm 2 The retrieved N-N
distance is 1.12A. In addition, LIED measurements performed at
1.7 um resultin a retrieved bond length of 1.15 A. These three retrieved
bond lengths are plotted in Fig. 2e as a function of time, using the
classical correspondence with wavelength discussed above. The three
retrieved bond lengths agree, within a 0.05-A uncertainty, with the
accepted N, equilibrium value. However, the experiment cannot
resolve the small N-N bond motion (~0.02 A) during the 4-6-fs time
interval after tunnel ionization.

In contrast to N,, the O, HOMO is an anti-bonding m, orbital, and
ionization leads to a large change in the O-O equilibrium distance
from 1.21 A (neutral) to 1.10 A (ion)*. By following the same procedure
as outlined above, the extracted O-O distances for 1.7, 2.0 and 2.3-um
LIED measurements are 1.10,1.11 and 1.02 A, respectively. Figure 2b, d
shows the MCF analysis at the last two wavelengths, again by com-
paring experimentally determined MCF values against the theoretical
best fit, and against theoretical fits obtained for a bond length that
differs from the best fit by £5pm or is equal to that of neutral O,.
In contrast to the N, experiments, the MCF curve calculated by using
the neutral equilibrium distance does not fit the experiment at either
wavelength. The O-O distances derived from the best fits deviate by
2-4 standard deviations from the equilibrium value, providing a high
degree of confidence (>>99.9%) that the bond has shortened in the 4-6-fs
interval after ionization. The Frank-Condon curves in Fig. 2f show the
free time evolution of the centre of the nuclear wave packet (O-O
distance, solid red line), whereas dotted red lines indicate its width (full
width at half-maximum). The three experimental data points in Fig. 2f
show a statistically significant decrease (0.1 A) in the O-O bond length
from its initial, neutral equilibrium distance of 1.21 A, as indicated by the
vertical arrows. However, the spatial resolution of the experiment is
insufficient to track the much smaller change in bond length (~0.05 A
resolution) occurring within the 4-6-fs time window spanned by the
three measurement points. Regarding temporal resolution, we estimate
an uncertainty of 2-3 fs in assigning a return time for each wavelength
(see Supplementary Information).

Our findings illustrate that LIED can image sub-angstrém structural
changes in gas-phase molecules with femtosecond time resolution. We
expect that the use of few-cycle pulses, bichromatic fields, additional
wavelengths and improved counting rates will enhance the temporal
resolution, and that the method can be used in pump-probe setups to
interrogate molecules undergoing conformational transformations. A
next step would be to apply LIED to more complex molecules, to
aligned or oriented molecules, and to vibrationally or electronically
excited molecules. Compared with a CED experiment, LIED’s ability
to control the returning electron wave packet coherently by means of
bichromatic laser fields and/or ellipticity could open new paths in
electron diffraction.

METHODS SUMMARY

Details of the laser system used in the experiment have been described previ-
ously'®. In brief, an optical parametric amplifier (Topas-HE; LightConversion)
pumped by a near-infrared Ti:sapphire front-end subsystem (0.8 pm, 4.4 m],
50fs, 1kHz) generates continuously tunable ultra-short (0.5m]J, 50fs) linearly
polarized pulses from 1.2 to 2.3 pm. Angle-resolved (collection angle 1.6°) photo-
electron energy distributions were recorded by focusing the laser in a ~22-cm
field-free time-of-flight electron spectrometer. At each wavelength, the laser-
driven diffraction image was obtained by rotating the laser polarization with
respect to the spectrometer axis in steps of 2°, using zero-order half-wave plates.
The sequence of collection angles was randomized to minimize systematic errors.
For each angle, data were collected for about 10° laser shots, thus ensuring the
necessary dynamic range while the count rate was kept below three hits per shot to
minimize space-charge effects.
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The energy calibration of the spectrometer was performed by recording the
well-known above-threshold ionization (ATI) spectra of various noble gases with
long (230-ps) pulses. The relative energy resolution AE/E of the apparatus was
determined to be better than 1.4%, inferred from the long-lived Rydberg series
present in the ATT spectrum of argon taken with 50-fs, 0.8-pum pulses. Finally, for
each wavelength the peak intensities were estimated by analysing the 2U, and
10U, classical cutoffs present in the photoelectron energy distribution (see
Supplementary Information for details). The cutoff values agree very well with
numerical results based on single-active electron quantum calculations'®, and we
estimate the accuracy of our technique to be within an error of 15%. These
uncertainties were found to lead to 1-2-pm changes in the extracted bond lengths
for all data sets.
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