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Abstract

Recent advances in ultrafast electron diffraction offer the possibility to image isolated molecules with sub-Angstrom spatial
resolution in ultrafast time scales. In particular, diffraction from aligned molecules has opened the door to retrieving three-
dimensional structures directly from experimental data. In this manuscript we review the progress in ultrafast gas electron
diffraction and discuss remaining challenges to achieve a temporal resolution of sub-100 fs, which is needed to observe the

nuclear motion in chemical reactions in the gas phase.
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1. Introduction

Imaging changes in molecular structure as they take place is im-
portant for understanding, and ultimately controlling, chemical
reactions. Investigating isolated molecules is of particular in-
terest to understand how light is converted to chemical energy
and heat at the molecular level through structural rearrange-
ment of the nuclei. The advent of femtosecond lasers has en-
abled researchers to investigate photoinduced reactions on the
primary time scale on which they take place [1-4]. Most of the
known information has been obtained through spectroscopic
experiments that provide information on the energy landscape
of the molecule and how it evolves with time [5—11]. Ultrafast
diffraction experiments are sensitive to the molecular structure,
and thus provide spatial information that is complementary to
the spectroscopic measurements. If the wavelength of the radi-
ation used for diffraction (either x-rays or electrons) is shorter
than an Angstrom, it is possible to retrieve molecular structures
with atomic resolution. In comparison with x-rays, electron dif-
fraction has the advantage of higher scattering cross sections
[12]. The promise of ultrafast diffraction experiments in the
gas phase is to map, in three-dimensions (3D), the position of
all nuclei in a molecule as a reaction takes place. Reaching this

goal, however, imposes very challenging conditions on the ex-
periments and data analysis that have so far prevented making
such a molecular movie of the dynamics of isolated molecules.
Significant progress has been made in capturing atomically re-
solved reactions in condensed matter [13, 14].

There are two major challenges that need to be met for ul-
trafast electron diffraction (UED) in the gas phase to capture
molecular dynamics. The first is to reach a sufficient temporal
resolution (100 fs) to capture the motion of atoms in real time
and in some cases as short as 10 fs to follow dissociative chan-
nels. In a time-resolved pump-probe experiment, the sample is
excited (pumped) by a laser pulse, and probed by an electron
pulse. This requires not only the ability to deliver sufficiently
short electron pulses on target, but also to match the group ve-
locity of the electrons to that of the laser pulse that excites the
molecules.

The second challenge is to retrieve the molecular structure
from the diffraction pattern. When diffracting from molecules in
the gas phase, the random orientation of the molecules greatly
reduces the information content of the diffraction patterns. In
this case, the structure is not retrieved directly from the data,
but by comparing the measured patterns to a theoretical model
and optimizing the model to best fit the data [15]. Retrieving
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the structure without the need of a theoretical model would
make the method more powerful, particularly when measur-
ing the structure of transient states. Diffraction patterns from
aligned molecules contain enough information to retrieve the
structure, provided the molecular structure is simple and the
alignment is sufficiently narrow [16—19]. For larger structures,
simulations have shown that sub-nanometer resolution can be
achieved in diffracting from a virus that is aligned by a contin-
uous laser beam [20].

This manuscript will review progress in electron diffraction
from gas-phase molecules aligned with laser pulses. We will
cover the progress from the first experiments that were able to
detect alignment through electron diffraction [21-24], to more
recent results where molecular structures were retrieved directly
from the diffraction data [18, 25]. The method of laser-align-
ment inherently requires ultrafast temporal resolution, in partic-
ular when the molecules are impulsively aligned. In this case,
the alignment is transient with a lifetime of only a few picosec-
onds. The rest of the manuscript is divided as follows: section
2 describes the method of static gas electron diffraction (GED).
Section 3 discusses the temporal resolution and gas-phase UED
experiments with picosecond resolution. Section 4 describes the
method of ultrafast electron diffraction from aligned molecules,
including theory and experimental results. In section 5 we will
describe current limitations and recent advances, and close in
section 6 with an outlook of the progress that we expect over
the next few years.

2. Gas electron diffraction

The first GED experiment was reported in 1930 [26], and since
then GED has become a standard technique for measuring static
structures of isolated molecules [15]. The main advantage of
GED is that it provides sub-Angstrom spatial resolution in very
compact set-ups. A continuous beam of electrons with kinetic
energy typically in the range of 10-100 keV is crossed with a
molecular beam in a vacuum chamber. The scattering pattern is
captured using a two-dimensional (2D) imaging detector such
as a photographic plate or a phosphor screen that is imaged on a
CCD camera. The interference of waves scattered from different
atoms within individual molecules results in circular rings in the
diffraction pattern. Due to the random orientation of the mole-
cules the diffraction patterns contain only one-dimensional (1D)
structural information, i.e. the distances between atom pairs. For
molecules with more than a few atoms, the information is not
sufficient to directly extract the structure from a diffraction pat-
tern because many of the distances will overlap. The data is an-
alyzed by comparing the measurement to a model of the struc-
ture, and refining the structure of the model to find the best fit
to the experimental data. The optimization routine can also in-
clude the results of other experiments and quantum chemical
simulations that provide constraints for the optimization [27—
31]. This method has been successful in determining structures
to high precision by applying strong constraints from theory in
order to determine the structure.

In GED the diffraction pattern is composed of the incoherent
sum of the scattering from individual molecules. The transverse
coherence of the electron beam is smaller than the intermolecu-
lar distance in the gas, but larger than the size of the molecules.
In order to calculate the diffraction from a single molecule, we
assume a molecule at the origin of the coordinate system and
an electron beam propagating along the z-axis. For a molecule
with N atoms, the total scattering intensity as a function of the
polar scattering angle g and the azimuthal angle fis given by

2
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where I0 is a constant, 7, is the position of the nth atom,

r7 =7, — 7, is the vector pointing from the ith to the jth atom,
T=TF- 76 is the wave vector change for diffracted electrons,

D(q) is the distance from the origin to the detector position with
angular coordinate (q), f, (¢) is the scattering amplitude of the
nth atom, k = 27/ is the wavenumber of the electrons, T and
&, are the average wave vectors for the scattered and incident
electron beams, respectively, and / is the de Broglie wavelength.
The waves scattered from each atom interfere at the detector,
which records the intensity of the wave.

Most GED experiments to date have been performed with
randomly oriented molecules. In this case the diffraction pat-
tern can be calculated by averaging over all possible angular
orientations of the molecule [15]. We introduce two angles (o,
p) to represent the orientation of the molecules in the sample,
where a is the polar angle and f is the azimuthal angle with re-
spect to s The magnitude of the wave vector change is s (6)
= 2k sin (0/2), using this relation we change the argument from
6 to s and write for the scattering intensity with randomly ori-
ented molecules:
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The double summation is over all atoms in the molecule. No-

tice that in this case there is no dependence on the azimuthal an-

gle ¢. Figure 1 shows, as an example, the diffraction intensity

of the Diiodotetrafluoroethane molecule (C,F,1,). Figure 1(a)

shows a model of the molecule, and (b) shows the total scatter-
ing Iy ngom> Which decreases rapidly with s.

The total scattering intensity can be split into an atomic and

a molecular contribution. Assuming that the distance R from the

molecules to the detector is much larger than the size of the de-

tector, so that » is approximately constant over the flat surface
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Figure 1. Gas electron diffraction of the C,F,I, molecule. (a) Model for the
molecule. (b) Total scattering intensity Ig,,4om (sOlid blue line) and atomic
scattering intensity I mic (dashed red line). (¢) Modified scattering inten-
sity sM. (d) Radial distribution function g,. The calculations in parts (c) and
(d) assume sy, = 20 A7

of the detector, the total intensity can be expressed as:

IRandom (S) = Iatomic (S) + Ivolecular (S) (321)
I & )
Iatomic (8) = FZIJ(; 6] (3b)
i=1
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where | f; (s)| and #; are the amplitude and phase of the form fac-
tor of the ith atom, respectively [32]. /y;ojccutar CONtains the inter-
ference terms and thus the structural information, while 7,
depends only on the atomic scattering amplitudes and acts as
a background that decreases rapidly with increasing scatter-
ing angle. After the angular averaging due to the random ori-
entation, the structural information is still present but only as a
weak modulation in the overall scattering intensity /., qom- Fig-
ure 1(b) shows both Iy, 40 a0d 15 omic- There is a modulation of
IRandom around the values of /... that decreases in amplitude
for larger scattering angles. The atomic scattering /, ;. does
not depend on the structure and can be calculated from the val-
ues of the form factor available in the literature.

The modified molecular scattering sM is created by rescal-
Ing Iyjo1ecutar t0 bring up the interference fringes. The sM can be
extracted from the measured /g, 4om:

sM = (IRandom — IAtomic)s — s IMolecular
IAtomic IAlomic
ZZf(S)”f (!
Zl . f Ol
sin (ry;s)

x cos [1;(s) — 1;(s)]
AR ; @

As can be seen in figure 1(c), sM contains the interference
pattern due to multiple atoms. Equation (4) shows that each in-
teratomic distance corresponds to a sine function in sM. For di-

atomic molecules, sM will be sinusoidal. The radial distribution

function g, (r), which picks out the interatomic distances r;, is
calculated by taking a sine-transform of sM:
SMax . 2
g (r) = f sM (s) sin (rs)e" ) ds (5)
0

where sy, 1S the maximum measured value of s, and v is a
damping constant that is adjusted to avoid edge effects in the
transform. The function g, has a peak corresponding to the dis-
tance between each atom pair in the molecule. Figure 1(d)
shows g, calculated from the sM in (c). The spatial resolution
0 (the width of each peak) is determined by the wavelength of
the electrons A and by Sy,

0 = 21/Sppax (6)
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For the example in figures 1(c) and (d), 6 = 0.31 A. The in-
teratomic distances are determined by finding the center of the
peaks in g,, and can therefore be determined to an accuracy
significantly better than J as long as there are no overlapping
peaks. However, since GED projects all distances along one di-
mension, there are often multiple overlapping peaks and thus
not enough information to retrieve the structure. Figure 1(d)
shows clearly that there are fewer peaks than interatomic dis-
tances in the molecule.

The spatial resolution determines the smallest distance be-
tween two atoms where they can still be distinguished from
each other, whilst the coherence length determines the largest
object that can be measured. The coherence length is typically
larger than the size of a single molecule, but smaller than the in-
termolecular distance in the gas sample. The transverse coher-
ence of the beam can be modified by changing the size of the
beam, at the cost of reduced density of electrons.

The formulas for the diffraction pattern can be simplified
for the cases when the molecules are perfectly aligned and for
the case where the orientation is random. For the case of par-
tial alignment one must calculate the pattern due to a single
molecule at different orientations with respect to the electron
beam, and then average the patterns weighting their contribu-
tions according to the angular distribution. If the alignment is
high, the patterns may contain enough information to retrieve
the structure in 2D or in 3D, in which case peaks that overlap
in a 1D projection can be separated [16—19]. In the case where
the alignment is weak, the patterns could be used along with
the random orientation patterns to provide additional data in the
optimization routine.

3. UED from molecules in the gas phase

With the development of the femtosecond laser, it became pos-
sible to probe molecular dynamics in real time using spectro-
scopic measurements, which led to the field of femtochemistry
[1-11]. Spectroscopic methods measure changes in the energy
landscape of molecules as they undergo a reaction. Ultrafast
diffraction experiments provide complementary information,
i.e. the structure of the transient intermediate states in a reac-
tion, which cannot be directly measured by other means. Using
laser-triggered electron sources, it is now possible to generate
femtosecond electron pulses. As a result, UED experiments in
condensed matter have been used to observe a range of ultra-
fast processes with femtosecond resolution and are currently
approaching the 100 fs level [13, 14, 33-35]. Performing dif-
fraction experiments with molecules in the gas phase, however,
brings additional challenges that have so far prevented experi-
ments from reaching a comparable resolution.

3.1. Temporal resolution of gas-phase UED experiments
There are four contributions to the temporal resolution in a gas-

phase UED experiment: (i) the duration of the laser pulse used
to excite the sample, (ii) the duration of the electron pulse, (iii)

the group velocity mismatch (GVM) between electron and la-
ser pulses, and (iv) the time-of-arrival jitter between electron
and the laser pulses, when radio-frequency (RF) acceleration or
compression is used. The timing jitter introduced by RF fields
is discussed in section 5.2. The GVM is due to the time it takes
for the electron and laser pulses to traverse the sample, and de-
pends on the speed of the electrons, the beam sizes and the rel-
ative angle between laser and electron beams [36]. The duration
of the laser pulse is typically not a limiting factor, since sub-50
fs laser pulses have become standard. The duration of the elec-
tron pulses on target is determined by the duration of the laser
pulse that triggers the emission, the initial energy spread of the
electron pulse after photoemission, and the spreading during
propagation due to Coulomb forces [37].

A high extraction field on the photocathode and a very
short propagation distance minimizes the effects of the energy
spread and space charge. In condensed matter systems UED has
reached a resolution of less than 100 fs when considering time
stamping and RF pulse compression [38], and similar resolution
with the compact electron gun design [34, 35, 39] by reducing
the distance from the photocathode to the target and limiting
the number of electrons per pulse. The highest time resolu-
tion reported to date for any structural change is 180 fs for the
electronically driven melting of bismuth [39]. The time stamp-
ing and compact guns used for condensed matter experiments,
however, cannot be directly applied to gas-phase experiments.
Gas phase diffraction does not produce diffraction spots to be
streaked, although the transmitted beam could in principle be
streaked. A high extraction field requires a high vacuum, which
is incompatible with a gas source at a short distance from the
photocathode. Furthermore, a short propagation distance does
not solve the problem of GVM. So far, the shortest source to
target distance that has been used in a gas-phase UED exper-
iment has been 10 cm [18], which made it possible to deliver
25 keV pulses containing 2000 electrons with a duration of 500
fs on target. In this case, the resolution was limited by GVM.

The GVM can be understood based on geometrical factors
and differences in velocity between the electron structural probe
pulse and the laser excitation pulse. In laser pump—laser probe
experiments, two collinear laser pulses traverse the sample with
a fixed delay between them. For non-relativistic electrons, the
time delay between the laser pump pulse and the electron probe
pulse changes significantly as they traverse the sample. For ex-
ample, the speed of an electron with a kinetic energy of 30 keV
is 0.33 ¢, where c is the speed of light in vacuum. For a thin gas
sample with a length of 200 pm, it takes 0.67 ps for the laser
to traverse the sample, while it takes 2.0 ps for the electrons to
traverse the same distance. Assuming the two pulses are col-
linear, the blurring of the temporal resolution from the GVM
alone will be more than a picosecond. In the case where the la-
ser and electrons are not collinear, the effect of GVM depends
also on the angle and widths of the beams.

The total resolution of the experiment is given by

At = \/TéVM + i+ 1L+ 73 (7
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where 7, and 7; are the duration of the electron and laser pulses,
respectively. 7gy 1S the GVM, 7;is the time-of-arrival jitter be-
tween electron and laser pulses. In order to maximize the frac-
tion of molecules that are excited and the fraction of electrons
that are scattered it is optimal to match the size of all beams
(W =w,=wy = wy), where w,, w; and wy, are the widths of the
electron, laser and molecular beams respectively. Experimen-
tally it is more practical to have the laser and electron beams
perpendicular to each other (6 = /2). Under these conditions
the broadening due to GVD becomes [36]

Yo+ A

TGVM = \/EC (8)

where 4 = c/v, is the ratio of the laser and electron speeds. For
example, for w =100 pm and 4 = 3, 75y = 670 fs. If 7, = 500
fs 7, = 100 fs and 7; = 0 (no RF fields), then the overall resolu-
tion A7 = 840 fs.

In the case where the electron speed approaches c, the col-
linear geometry (6 = 0) becomes optimal. In this case the effect
of GVM simplifies to:

Tovm = %(A ~ 1)

©)

For the collinear geometry the widths of the laser and elec-
tron beams do not play a role, while the width of the gas jet de-
termines the propagation distance. Clearly, the effect of GVM
vanishes as 4 — 1.

While shorter electron pulses and less GVM can be achieved
by increasing the kinetic energy of the electrons, for instance
by raising the extraction field or increasing the acceleration
length, in practice there is a tradeoff between the extraction
field and the distance to the sample. The shortest distance is
limited by the high vacuum required by the electron gun to
sustain high electric fields without arching. An alternative ap-
proach to reduce the electron pulse duration is to use single-
electron pulses to eliminate Coulomb broadening [40, 41]. Sin-
gle-electron sources, however, are not practical for gas-phase
UED due to the very low beam current. Alternative approaches
to improve resolution are to use RF fields to compress the elec-
tron pulses [42, 43], using tilted laser pulses to compensate the
GVM [44-46], and accelerating electrons to relativistic speeds
[47-53]. These methods will be discussed further in section 5.2.

Figure 2 shows how the temporal resolution of gas-phase
UED experiments has improved over the last 30 years. While
many time-resolved experiments were performed over this time,
the figure contains only a few representative results. In 1983, an
experimental setup with a resolution of 1 us was used to capture
a diffraction pattern of the CF; radical after laser multiphoton
photo-dissociation of the CF;I molecule [54]. A decade later,
the photolysis of 1,3-dichloroethenes with UV laser pulses was
investigated with electron diffraction with a resolution of 15 ns
[55]. Later on, the group of A. Zewail performed a series of ex-
periments where the resolution was improved to the picosec-
ond regime, demonstrating 15 ps resolution first [56], and soon
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Figure 2. Temporal resolution in gas electron diffraction experiments. The
data corresponds to the resolution demonstrated in a few representative
experiments, corresponding to references [18, 23, 54— 57], respectively.

after 5 ps [57] by using femtosecond lasers for photoemission
and improving both the source and detectors in the experiment.

3.2. Transient molecular structures determined with
picosecond resolution

The improvement to picosecond resolution was significant be-
cause it enabled structure determination of transient intermedi-
ate states [23, 24, 56-58]. Figure 3 shows the results of UED
experiments on the photo-dissociation of the C,F,I, molecules
carried out at Caltech in the Zewail group [57]. In this exper-
iment, the molecules were excited by a UV femtosecond la-
ser pulse that started a two-step reaction: C,F,I, — C,F, 1 +1
— C,F, + 21, with time constants of approximately 200 fs and
30 ps, respectively. The time constants were measured previ-
ously with femtosecond laser time-of-flight mass spectrome-
try [59]. While the first step was too fast to capture with UED,
the structure of the C,F,I transient was measured. The exper-
iments were performed with both anti and gauche conform-
ers present, as shown in the top panel of figure 3. Figure 3(b)
shows the changes in the radial distribution function as a func-
tion of time, from which it was determined that, in the interme-
diate state, the iodine atom resides on one side of the molecule
and is not shared by the two CF, moieties.

Further improvements in resolution were made by decreas-
ing the distance from the source to the target and reducing the
size of the gas, electron and laser beams resulting in an im-
provement in resolution to 3 ps [23]. Sub-ps resolution (850
fs) was achieved for the first time by shrinking the interaction
volume of the laser, electron and gas beams to a diameter of
100 um [18]. The improved resolution was crucial for the ex-
periments with aligned molecules described in the following
sections.
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Figure 3. Time-resolved structural changes of C,F,I,

during the elimination of iodine to form tetrafluoroethene. (A) Comparison of theoretical (red) and

experimental (blue) radial distribution functions for the ground state of C,F,1,; the interatomic distances for the anti and gauche structures are indicated
for comparison. (B and C) Experimental curves referenced to -95 ps and to 5 ps, respectively (blue). Corresponding theoretical curves (red). Figure repro-

duced from [57].

4. Diffraction from aligned molecules

Diffraction methods can in principle reveal the full 3D struc-
ture of isolated molecules, but this is often prevented by the
random orientation of molecules in the gas phase. As seen in
figures 1 and 3, diffraction from randomly oriented molecules
provides only 1D information. A Fourier analysis of the diffrac-
tion pattern results in the radial distribution function that con-
tains peaks corresponding to the distances between pairs for at-
oms. Even for small molecules there is a large number of peaks

at the short distance, for instance from 1 to 3A (figures 1(c) and
3(a)). Larger molecules will also have many overlapping peaks
at longer distances. The result is that the retrieved information
is insufficient to uniquely determine the structure. Diffraction
from aligned molecules can alleviate this limitation by project-
ing the structural information onto a two- or three-dimensional
space, provided that the phase of the diffraction pattern can be
retrieved. This requires the use of iterative retrieval algorithms
and a high degree of alignment that increases as the molecules
get larger [20]. For small molecules, it has been shown that
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even with moderate alignment, the structure can be retrieved by
combining multiple diffraction patterns [18, 19], although this
method has not yet been tested on larger molecules. If the struc-
ture is successfully retrieved, peaks that overlap in 1D projec-
tions may be well separated when measured in 2D or 3D space.

4.1. Laser alignment of molecules

Intense laser light can be used to align non-polar molecules
through an induced-dipole interaction. Laser alignment is a very
active field to which many researchers have contributed [60].
Pulsed lasers are needed for alignment experiments in order to
achieve high intensities. The duration of the laser pulses de-
termines whether the alignment process is adiabatic or impul-
sive. When the pulse duration is longer than the rotational pe-
riod of the molecule the alignment is adiabatic. In this case, the
degree of alignment follows the intensity envelope of the laser
pulse in time, i.e. alignment is highest when the laser intensity
is maximal, and the ensemble returns to a random distribution
when the laser intensity goes to zero. If the laser pulse dura-
tion is much shorter than the rotational period the alignment is
impulsive. In the case of impulsive alignment with femtosec-
ond laser pulses, a non-resonant pulse (with wavelength around
800 nm) creates a rotational wavepacket via Raman transitions.
A higher laser intensity results in the excitation of higher ro-
tational states and thus a narrower angular distribution. After
an initial prompt alignment, the different rotational states in
the wavepacket will dephase and the alignment disappears al-
most completely, although a small level of angular anisotropy
remains. There are periodic revivals of the alignment at multi-
ples of half the rotational period of the molecule.

For the purpose of determining molecular structures, it is
preferable to capture a diffraction pattern of molecules in a
field-free environment, free from the high intensity of the laser
pulse that might distort the molecular structure or the diffrac-
tion process. This is particularly relevant for investigating tran-
sient states in photo-excited molecules which are likely to be
affected by the presence of the alignment laser. The main advan-
tage of impulsive alignment is that the molecules can be probed
in this field-free environment, while the disadvantage is that the
alignment is not as narrow as in the case of adiabatic alignment.

For the case of non-resonant impulsive alignment of a rigid
linear molecule, the rotational state is described by two quantum
numbers, |J, M), where J is the total angular momentum and
M is the projection of J along the z-axis. For a linearly polar-
ized laser pulse, under the rigid-rotor approximation, the Ham-
iltonian is given by:

B 1
H==J% — —€2(t) Aa cos? 10
p : (0 X (10)

where B, is the rotational constant of the molecule, £(?) is the
laser electric field, Ao = o~ o is the anisotropy of the polar-
izability, o and o are polarizability along the parallel and per-
pendicular direction with respect to the molecular axis of the
linear molecule, and y is the angle between molecular axis and
laser polarization.
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Figure 4. Simulation of impulsive laser alignment of CS,. In this simulation
the molecules had an initial rotational temperature of 30 K, and the laser
pulse had a duration of 200 fs and fluence of 0.58 J cm™.

The laser excitation can be described using time-dependent
Schrodinger’s equation:

L0
lﬁgw(t) =H®Y (@) (1

For a thermal ensemble, the initial distribution of rotational
states follows the Boltzmann distribution. Using equations (10)
and (11), the laser excitation of impulsive alignment can be sim-
ulated numerically.

Figure 4 shows an example of the rotational dynamics fol-
lowing an impulsive excitation. The alignment of carbon disul-
fide (CS,) was simulated by modeling the molecule as a linear
rigid rotor that interacts with a non-resonant linearly polarized
laser pulse described by the time-dependent Schrodinger equa-
tion [61, 62]. The angular distribution of the molecules is char-
acterized by the parameter (cos” ), where the bracket denotes
an ensemble average over all the molecules, and 0 is the angle
between the alignment axis (the direction of laser polarization)
and the axis of each molecule. Random orientation results in
a value of {cos? §) = 0.33, while a value of {cos?> §) = 1 corre-
sponds to perfect alignment. We have simulated a laser pulse
duration of 200 fs, while the rotational period of the molecule
is 152.8 ps. The alignment first peaks approximately 1 ps after
the laser excitation, followed by periodic revivals at half the ro-
tational period. Field free alignment is available at any of the
alignment peaks.

4.2. Theory of diffraction from aligned molecules and
structure retrieval

In the case of diffraction from aligned molecules, the diffraction
patterns become anisotropic [63—67]. For a tutorial view on how
alignment affects the diffraction patterns see [66]. If the angular
distribution is known, the diffraction pattern can be calculated
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Figure 5. The azimuthally projected structure of CF;Br, holographically re-
constructed from simulated diffraction patterns. (a) Perfect 1D alignment
and (b) laser-induced alignment. Figure reproduced from [17].

based on the diffraction pattern of a single molecule. The dif-
fraction pattern is first calculated for a single molecule, then the
molecule is rotated and a new diffraction pattern is calculated.
Many such patterns are calculated to finely sample all angular
orientations. Finally, the patterns are added incoherently, with
weights given by the angular distribution. A more detailed de-
scription on how to calculate diffraction patterns from aligned
molecules can be found in references [19, 65].

Interestingly, 1D alignment can be sufficient to retrieve 2D
or even 3D information. In 1D alignment, only one axis of the
molecule is fixed. If one molecular axis is fixed and the distri-
bution of the other axes is random, the structure, when viewed
as an average over many molecules, is cylindrically symmet-
ric. It has been shown that in this case the structure can be re-
trieved using an iterative algorithm [16, 20]. In the special case
where one of the atoms has a much higher scattering cross sec-
tion than the others (has a higher atomic number Z), the struc-
ture can be retrieved directly with a holographic approximation
using a Fourier—Hankel transform [17]. Theory shows that the
diffraction pattern contains sufficient information to retrieve the
structure, but the retrieval methods are not completely general
and one needs to pick the one that will work best for a specific
experimental situation. In addition, a very high degree of align-
ment is required for accurately retrieving the structure.

Figure 5 shows the retrieval of the structure of the trifluoro-
bromomethane (CF;Br) molecule using the holographic method
[17]. CF;Br is a symmetric top molecule with threefold symme-
try. The simulated diffraction patterns were calculated up to a
range of s = 7A7!, assuming 1D perfect and partial alignments.
Figure 5(a) shows the retrieved structure of the case of perfect
alignment, in cylindrical coordinates. In this case the structure
of the molecule was retrieved accurately; note the position of

the Br, C and F atoms (the three F atoms overlap in this 2D rep-
resentation in cylindrical coordinates). This retrieval method re-
lies on a Fourier—Hankel transform and therefore provides a 2D
representation of the molecule in cylindrical coordinates » and
z. Figure 5(b) shows the retrieval for the case of partial align-
ment with (cos? @) = 0.87. Even though the alignment was very
high, the structure is almost completely blurred out. The results
show that accurate structures can in principle be retrieved from
1D perfectly aligned molecules, however, for a degree of align-
ment that can be achieved experimentally the structure could
not be retrieved.

4.3. Observation of alignment with UED: adiabatic and
selection through photoexcitation

The main experimental signature of alignment is that the mea-
sured diffraction patterns, unlike the case of random orienta-
tion, are not circularly symmetric. The anisotropy can be used
to characterize the degree of alignment of the sample. The first
measurement of anisotropic electron scattering was performed
using a static electric field to orient methyl iodide (CH;I) mol-
ecules [21]. The first detection of diffraction from laser-aligned
molecules was performed by adiabatic alignment of carbon di-
sulfide (CS,) molecules with nanosecond laser pulses [22]. In
this case the diffraction was measured using nanosecond elec-
tron pulses to capture a diffraction pattern while the molecules
were aligned.

Alignment can also be achieved by selecting molecules ly-
ing along a particular direction. When a molecule is excited by
a linearly polarized laser through a resonant process, the angular
dependence of the excitation creates an anisotropic distribution
of excited molecules. This can be used as a selection rather than
actively imposing a torque on the molecules; the laser prefer-
entially excites molecules with their dipole moment in a given
direction. The first experimental demonstration of diffraction
from selectively aligned molecules was performed using fem-
tosecond UV laser pulses to excite C,F,I, molecules, and pico-
second electron pulses to capture the diffraction patterns [23,
24]. The structural changes triggered by the laser are the same
as those shown in figure 3, but improved temporal resolution
and a higher fraction of excited molecules made it possible to
detect the resulting anisotropy in the diffraction patterns. Fig-
ure 6 shows experimental and theoretical diffraction patterns
captured at different time delays between the excitation pulse
and the electron pulse. A reference pattern taken before the la-
ser excitation (¢ < 0) is subtracted from the diffraction patterns.
For delays of less than 5 ps (figures 6(a) and (b)), there is a clear
anisotropy in the diffraction pattern. The anisotropy vanishes
at later times, and the diffraction patterns recover the circular
symmetry (figure 6(c)). The initial degree of alignment was
(cos? @) = 0.5, and it was found to decay exponentially with a
time constant of 2.6 ps after the laser excitation. The expected
maximum alignment due to the angular dependence of the pho-
toexcitation is (cos> §) = 0.6, but in this case the measurement
was limited by the temporal resolution and thus the measured
alignment was lower.
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Figure 6. 2D time-resolved difference-diffraction patterns. (a) AsM close to zero time delay. The white arrow indicates the direction of laser polarization.
The upper left half of the image displays the experimental data, while the lower right half shows the theoretical prediction. The dark region splitting the
image is the shadow of the beam stop. (b) AsM averaged between t = 3.3 ps and t = 5 ps. () AsM averaged between t = 8.3 ps and t = 28.3 ps. Figure repro-

duced from [23].

4.4. Imaging of molecules by electron diffraction from
impulsively aligned molecules

Diffraction from aligned molecules has the potential for retriev-
ing molecular structures directly from experimental data with-
out the use of a theoretical model of the molecule. This po-
tential, however, was not realized until recently. In order to
demonstrate the full potential of diffraction from aligned mole-
cules, two challenges had to be overcome: (i) experimentally, it
was necessary to improve the degree of alignment and the sig-
nal to noise ratio in the diffraction pattern. (ii) Theoretically, a
retrieval method that could be applied to partially aligned mol-
ecules was needed. Previous theoretical work had shown that
structures could be retrieved for perfectly or very highly aligned
molecules [16, 17, 20], while experimentally the alignment that
can be achieved is limited.

Impulsive alignment can be improved by decreasing the ini-
tial rotational temperature of the molecules and by increasing
the intensity of the alignment laser. The laser intensity is lim-
ited by multiphoton excitation and ionization events that can
distort the molecular structure [25]. For small molecules in
the gas phase, multiphoton ionization typically becomes sig-
nificant at laser intensities around 103 W ¢m~ [68]. The ini-
tial temperature of the molecules can be reduced but only at
the expense of reducing the density of the sample. In order to
have sufficient scattering, experiments need to reach a compro-
mise between the sample density and initial temperature. Laser
alignment experiments that reach a high degree of alignment
({cos? 8) > 0.8 ), require an initial rotational temperature on the
order of 1 K, which limits the density to approximately 10% mol-
ecules cm [69]. Time-resolved diffraction experiments usually
operate at densities on the order of 10'°~10'° molecules cm3
to achieve adequate signal to noise ratio on the diffraction pat-
tern at sufficiently large scattering angles to reach sub-angstrom

resolution. This has so far limited the initial rotational temper-
ature to greater than 20 K. The experimental constraints on the
temperature of the molecules and the intensity of the align-
ment laser pulse has limited the degree of alignment that can be
achieved in diffraction experiments to less than (cos? 0) = 0.6.
This alignment is sufficient when dealing with small molecules,
but may not be sufficient for larger molecules. The lower den-
sity of highly aligned molecules could in principle be partially
compensated with the use of high brightness and high repeti-
tion rate electrons guns [43, 70], and by the increased contrast
in the diffraction pattern of highly aligned molecules [66]. For
large molecules such as proteins, adiabatic alignment may pro-
vide sufficient alignment for structure retrieval [20, 71].

The first experiments on electron diffraction from impul-
sively aligned molecules were performed with symmetric top
molecules [18]. Trifluoroiodomethane (CF;I) molecules were
aligned by femtosecond laser pulses with a wavelength of 800
nm, and the diffraction patterns were captured with femtosec-
ond electron pulses. The lifetime of the alignment was approx-
imately a picosecond, thus it was critical to reach a resolution
below a picosecond. In order to achieve sub-picosecond reso-
lution, the source-to-sample distance was only 10 cm and the
charge was kept to 2000 electrons/pulse to reduce space charge
broadening. The size of the gas, electron and laser beams was
reduced to 100 pm to minimize GVM. This, combined with a
high repetition rate (10 kHz) resulted in high quality diffrac-
tion patterns with a temporal resolution of 850 fs that was lim-
ited mostly by GVD. The use of a supersonic gas jet of mole-
cules seeded in Helium resulted in laser aligned molecules with
{cos?8)=0.5.

Even though diffraction patterns with good signal-to-noise
ratio (SNR) were captured with this method, the challenge to re-
trieve the structures remained due to the relatively weak align-
ment. One key for success was to recognize that while there
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may not be sufficient information in a single diffraction pattern,
multiple diffraction patterns corresponding to different projec-
tions could be recorded by rotating the alignment axis with re-
spect to the electron beam direction. This can be achieved sim-
ply by rotating the direction of the laser polarization, in the
experimental geometry where laser and electron beams are per-
pendicular. The next step is to combine the information from
the different diffraction patterns to retrieve the ideal diffrac-
tion pattern (corresponding to perfectly aligned molecules), on
which existing algorithms can be used to retrieve the structure.
The main idea here is to first undo the convolution that results
from partial alignment and recover the ideal diffraction pat-
tern, and then apply a phase retrieval algorithm on the recov-
ered ideal pattern to retrieve the structure. The first step in this
process (the deconvolution) relies on the fact that if the ideal
diffraction pattern is known, the diffraction pattern correspond-
ing to any angular distribution can be calculated by a combi-
nation of rotation and averaging. Of course, the ideal pattern is
not known, but one can use a genetic algorithm to iteratively
guess the ideal pattern that, when averaged according to the ex-
perimental angular distributions, would produce the measured
diffraction patterns. This deconvolution produces only the in-
tensity of the ideal diffraction pattern (not the phase), and re-
quires knowledge of the angular distribution of the molecules,
but not the structure.

A genetic algorithm was used to reconstruct the ideal pat-
tern by using three diffraction patterns that corresponded to the
alignment axis at 90° to the electron beam, a 60° projection and
the pattern with random orientation. The algorithm starts with
a random guess for the ideal pattern. From this initial guess,
the three patterns are calculated. The calculated patterns are
then compared with the measured ones, and an error is defined
from the root-mean-square difference between calculated and
measured data. A random change is made in the guessed ideal
pattern, and the error calculated again. If the error decreases
the change is kept, and if the error increases the change is dis-
carded. Whereas the angular distribution can be measured in-
dependently [72-76], in this case multiple angular distributions
were calculated and the algorithm was used to optimize also
for the angular distribution. The algorithm was run with differ-
ent angular distributions for the aligned patterns, and the one
that resulted in the smallest error ({cos®> ) = 0.5) was kept. Af-
ter approximately 10 iterations, the error no longer decreases,
and the algorithm produces a guess for the ideal pattern. Fig-
ure 7(a) shows the ideal pattern from theory and (b) shows the
pattern retrieved from the experimental data using the genetic
algorithm. The main features of the theoretical pattern are re-
produced in the experimental pattern, although there are some
minor differences. The true test of the method is to retrieve the
structure. Once this ideal pattern was generated, the holographic
retrieval method [17] was used to retrieve the structure in cy-
lindrical coordinates. The holographic method requires that the
molecule contain one heavy atom that scatters more strongly
than the rest, in this case the iodine atom. Figures 7(c) and (d)
show the structures retrieved from the ideal theoretical and ex-
perimental patterns, respectively.

Figure 7(d) is the first demonstration of the retrieval of atom-
ically resolved images of isolated molecules directly from ex-
perimental data. The white dots show the theoretical positions
of the atoms. The structures are resolved in two cylindrical co-
ordinates (» and z). In this reconstruction the three /" atoms
overlap at the same position. The cylindrical reconstruction is
due to the simplified structure retrieval method used for this
demonstration, and not a limitation due to 1D alignment. The
method clearly reaches atomic resolution, and the atomic posi-
tion and the main molecular angle are retrieved with an accu-
racy better than 10%. Further theoretical analysis revealed that
the limiting factors to the accuracy of the retrieval were the de-
gree of alignment and the range of scattering angles that were
captured. Both of these limitations can be improved by using
brighter electrons sources that will result in more scattering and
allow for working with lower density (colder) samples and thus
higher alignment.

5. Recent advances and limitations of molecular imaging
with electron pulses

5.1. Structure retrieval and improved alignment

Recent theoretical work has shown that structures can also be
retrieved in 3D, beyond the cylindrical projections demon-
strated experimentally, and for more complex molecules [19].
Figure 8 shows the structure of the trifluorotoluene (C;H5sCF5)
molecules retrieved from simulated diffraction patterns. The
green regions in the figure indicate the retrieved positions of
the nuclei, in good agreement with the known structure. In
this work a two-step retrieval method was used. First, a ge-
netic algorithm was used to calculate the ideal diffraction pat-
tern (corresponding to {cos? §) = 1) starting from two patterns:
one with partial alignment ({cos® #) = 0.56) and one with ran-
domly oriented molecules. The structure was retrieved from
the ideal pattern using an iterative algorithm that splits the dif-
fraction pattern into cylindrical harmonics [16, 20]. Each har-
monic is Fourier transformed between the diffraction and the
object plane. Constraints are applied at the object plane itera-
tively, and in the diffraction plane the retrieved phase is com-
bined with the measured amplitude. The algorithm used an at-
omicity constraint that forces the structure to be composed of
individual atoms (as opposed to a continuous structure). This
constraint is important in achieving a correct structure, and can
only be applied if the method has sub-Angstrom resolution. The
patterns were simulated to sy, = 19 A~!, about 2.5 times larger
coverage than previous experiments, which would require about
20 times more scattered electrons to be detected.

The accuracy of the retrieval method increases with the de-
gree of alignment. Impulsive alignment can be improved by us-
ing a sequence of laser pulses [77], but is ultimately limited by
the initial rotational temperature of the molecules and the max-
imum intensity that can be applied. Recent UED experiments
have shown that impulsive alignment reaches a saturation value
for intensities well below the ionization threshold, and that at
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Figure 7. Molecular structure retrieved from diffraction patterns for the CF;l molecule. (a), (c) Theoretical diffraction pattern (sM/s) for perfectly aligned
molecules and the corresponding molecular image. (b), (d) Experimentally retrieved pattern for perfectly aligned molecules and the corresponding molec-
ular image. The white dots in panels (c) and (d) indicate the expected position of each atom. Figure reproduced from [18].

high intensities the structure can be distorted by multiphoton
excitation [25]. Another option to improve the alignment is a
mixed alignment with shaped laser pulses to do adiabatic turn-
on and impulsive turn-off of the alignment field [78, 79]. In this
method, the laser pulse has a long leading edge of nanosecond
duration and a very fast (femtosecond) drop off after the peak
intensity. The molecules are aligned adiabatically and since the
laser intensity turns off in a time much shorter than the rota-
tional time, they remain aligned for a short time in a field free
environment. This method, however, is challenging to imple-
ment because it requires a laser pulse with a large spectral band-
width to support the femtosecond turn off and also high pulse
energy to reach a high intensity during the turn on. Such laser
parameters are not available in most laboratories, and can typ-
ically only be achieved at low repetition rates that are not suit-
able for UED experiments where high count rates are needed.

Improved field-free alignment could be achieved by com-
bining impulsive alignment (or mixed) and selection. In this
method, the molecules would first be aligned impulsively by a
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Figure 8. 3D structure retrieved from simulated diffraction patterns. Isosur-
face rendering of the reconstructed 3D molecular structure of trifluorotolu-
ene. The overlapped blue sticks show the frame of the molecules with non-
hydrogen atoms in both ends of each stick. The ball and stick model of the
molecules is shown in the inset. This form should not be understood as al-
ternating single and double bonds in the ring but as one continuous bond.
Figure reproduced from [19].
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non-resonant laser pulse. The delay between excitation and
the peak alignment is a few picoseconds, depending on the
laser parameters and the moment of inertia of the molecule.
When the distribution is near the peak alignment, a second
resonant excitation pulse is used to trigger a photochemical
reaction. The total anisotropy will be higher than with each
method on its own. The timescale for atomic motion is typi-
cally hundreds of femtoseconds, while impulsive alignment in
small molecules survives for one or a few picoseconds. If the
temporal resolution of the probing electron diffraction is suf-
ficiently fast, the structures of the transient states can in prin-
ciple be determined in 3D, provided the dynamics are signifi-
cantly faster than the lifetime of the alignment. For dynamics
on longer time scales, the structure retrieval will be compli-
cated by a changing angular distribution and will require de-
convolution.

5.2. Temporal resolution

The two main limitations for improving the temporal resolu-
tion in gas phase UED are delivering short electron pulses on
the target and minimizing GVM between electrons and laser
as they traverse the sample. Two approaches are currently be-
ing pursued to improve resolution. The first is to use an RF
cavity to compress electron pulses at the target [42, 43] and
to use a laser pulse with a tilted wavefront to match the ve-
locity of the electrons [46]. The RF cavity has a time-depen-
dent longitudinal electric field that accelerates the back of the
electron pulse and slows down the leading edge, such that the
pulse will self-compress and reach a minimum pulse duration
at the position of the sample. A pulse duration of about 200 fs
FWHM has been demonstrated, but temporal jitter has limited
the achievable resolution to between 300 and 400 fs [13, 80,
81]. An important advantage of using an RF cavity (compared
to a compact gun with only DC fields) is that the sample can
be placed at a larger distance from the source, while increas-
ing the number of electron per pulse and keeping the same
pulse duration. With a gas phase sample it would be techni-
cally challenging to have a gas jet very close to the photocath-
ode, because in order to deliver short electron pulses, the ex-
traction electric field on the photocathode must be very large,
which requires a high vacuum. The higher current of the elec-
tron beam will correspondingly increase the number of scat-
tered electrons, and thus improve the spatial resolution as well
by improving the SNR, in particular for the larger scattering
angles. The main limitation of the RF guns is the timing jit-
ter, but this can in principle be corrected using time-stamp-
ing [38]. However, the use of RF compression can result in
reduced coherence.

There is a trade-off between number of electrons, coherence,
pulse duration and beam size. Ultimately the performance can
be improved by having a source with higher brightness, and
sacrificing charge to improve other parameters. The GVM can
be compensated by bringing the laser pulse at an angle with re-
spect to the electron pulse, and tilting the laser pulse-front such
that it is parallel to the pulse front of the electron beam. In this

way the velocity component of the laser in the direction paral-
lel to the electrons can be matched to the electron velocity as
the pulses traverse the sample. The dispersion used for pulse
tilting means that the laser pulse can only be fully compressed
in time at one plane and will be broadened before and after that
plane. It has been recently demonstrated that the velocity of a
100 keV electron pulse can be matched over a length of 1 mm
while keeping the laser pulse duration below 100 fs [46]. This
length is sufficient for a gas target. Combining RF compres-
sion with pulse tilting, it is expected that the temporal resolu-
tion of gas-phase UED experiments will be limited by the jit-
ter between laser and electron pulses. It has been demonstrated
that the RF timing error can be suppressed to below 100 fs [53],
which could potentially lead to a ~100 fs time-of-arrival jitter
between laser and electron beam. In addition, the jitter could
potentially be solved using time-stamping techniques, similar
to those developed for x-ray free electron lasers [82, 83] or for
condensed matter UED [38].

The second approach is to use relativistic electron pulses,
with energies in the range of 1-5 MeV, which can be generated
using an RF photoelectron gun [47-53]. A laser pulse is used
to trigger the photoemission while an accelerating RF field is
present. The high electron kinetic energy can make GVM neg-
ligible. For example, the group velocity for an electron pulse
of 3.7 MeV kinetic energy is v = 0.993c¢. This results in a 20 fs
delay with respect to an optical pulse per millimeter of interac-
tion length, while gas beams can be made significantly smaller
than a millimeter. Another advantage of MeV electrons is that
the effect of space charge is greatly diminished for relativistic
electrons, so that pulse broadening is less severe. The main lim-
itation in the resolution for pump-probe experiments will be the
temporal drifts and jitter between the electrons and laser. Re-
cent progress in MeV electron experiments and synchroniza-
tion shows that sub-200 fs resolution is within reach [53, 84].
The main disadvantage of MeV electron guns is that they are
more costly than the more compact keV electron guns, and re-
quire significant radiation shielding.

There has also been recent progress on alternative methods
to determine the structure of gas phase molecules with femto-
second resolution. One method to improve the temporal reso-
lution is laser-induced electron diffraction, where a high inten-
sity femtosecond laser pulse ionizes the molecule (removing
an electron) and then accelerates the electron back towards the
ionized molecule [85-87]. The advantage of this method it that
it can in principle reach a resolution of a few femtoseconds,
while the disadvantage is that the molecules are immersed in
a strong laser field while they are being probed, which might
alter the path of a reaction. This method has so far only been
applied to linear molecules, but research is ongoing to apply it
to more complex molecules [88]. In a different approach that
was recently demonstrated, the velocity mismatch and tempo-
ral resolution problems in gas phase diffraction were solved
by using femtosecond x-ray pulses from a free-electron la-
ser, but the experiment could not reach atomic resolution in
space due to the much weaker scattering of x-rays compared
to electrons. [89].
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6. Outlook

The ultimate goal of gas-phase UED, to capture the position of
all nuclei during a molecular reaction, requires further improve-
ments in the average current of electron sources and the tempo-
ral resolution. A significant improvement would be to use MeV
RF guns at higher repetition rates, which can in principle op-
erate at MHz repetition rates [70]. This would require ultrafast
lasers with high average power to perform pump-probe experi-
ments at high repetition rates. An RF cavity can also be used to
compress MeV electrons, resulting in shorter pulses and more
charge per pulse [90], improving both the beam current and
temporal resolution. While RF compression for keV electron
pulses has not yet been used for gas-phase UED, compression
cavities can currently operate at rates of tens of kilohertz and
significantly reduce the pulse duration and increase the charge
of the bunches. All of these compression methods come at the
expense of a timing jitter between laser and electrons. The ul-
timate solution could be to tag the time of arrival of each elec-
tron pulse with respect to the laser, using a streak camera [38,
91], an RF cavity with a transverse field [92] or an ultrafast pro-
cess with a known temporal evolution that is measured simul-
taneously with the diffraction pattern.

With these improvements, UED is well positioned to inves-
tigate ultrafast reactions in small molecules. Further develop-
ments, in particular brighter electron sources, will be needed
to target large molecules where a large transverse coherence
and high beam charge will be needed. Capturing the 3D struc-
ture of larger molecules will require aligning them, which has
not yet been extensively investigated, and delivering the sam-
ple molecules in a beam. Several methods have been developed
to deliver large molecules for x-ray diffraction experiments at
free-electron lasers [93], which could also be applied for elec-
tron diffraction. Additional improvements are also needed in the
structure retrieval methods. Whereas there are several methods
to retrieve structure from perfectly aligned molecules, and a
two-step method was found to be successful in retrieving struc-
tures from partially aligned molecules, these methods still need
to be tried on a case-by-case basis for different molecules. A
more general method that could be used for any molecular ge-
ometry would be extremely valuable, in the same way that it
was important for the GED community to develop standard
tools for structure retrieval.

In summary, gas-phase UED has already proven a success-
ful method to investigate transient molecular structures with
picosecond resolution. Diffraction from aligned molecules has
added the capability to determine 3D molecular structures di-
rectly from the data without the need of a theoretical model. Ul-
timately, a resolution below 100 fs and increased beam current
will be needed to observe the fastest processes in more com-
plex molecules. Judging by recent and ongoing progress, this
goal seems feasible within the next few years.
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