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direct structural information, which, when combined with scattering & diffraction; gas-
traditional spectroscopic techniques of comparable temporal phase molecular dynamics;
resolution, paints a holistic movie of the molecular dynamics. structural techniques; XFEL;
This review aims to provide an introduction to the ultrafast ultrafast chemistry

scattering of gas-phase molecules, and to identify the key
results and technological breakthroughs that advance our
acquaintance of ultrafast molecular dynamics, with a parti-
cular focus on the achievements in ultrafast molecular
dynamics since the first generation of PEL facilities. We pre-
sent a brief history of gas-phase ultrafast scattering and the
fundamentals of electron- and x-ray scattering, highlighting
the complementarity, differences, and bottlenecks of the two
experimental scattering methods. We then consider key
upgrades in XRS and UED experiments that facilitated the
unprecedented spatiotemporal resolution that enabled
many of the notable results in the field. Finally, we examine
anticipated facility upgrades that address the demand for
experimental versatility and enable further developments
and exploration.
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1 Scope of the review

This review summarizes developments of ultrafast x-ray and electron scat-
tering in the context of gas-phase molecular reaction dynamics. Recent
advances greatly benefit from the development of large scale facilities,
whose key features are reviewed in Section 5. Section 6 highlights selected
results that take full advantage of'the new tools available, both in terms of
apparatus and data analysis. In the conclusion, we discuss opportunities for
further advances and new directions of ultrafast scattering.

2 Motivation to study molecular dynamics by scattering

Rapid advances in light sources around the world have extended the spatial
and temporal limits in studies of molecular dynamics. While early experi-
ments of femtosecond-scale chemical dynamics were mostly based on
laboratory scale techniques [1], the held has now advanced on the strength
of facility-scale instrumentation. Yet the fundamental questions in ultrafast
molecular dynamics remain the same - capturing transient intermediate
species and events of chemical reactions and to illuminate the overall
structural dynamics in a molecular time scale. While traditionally, spectro-
scopic methods were employed to yield information about the evolution of
electronic and vibrational states during chemical reactions, recent advances
in x-ray free-electron lasers (XFELs) have enabled the direct measurement
of time-dependent molecular structures unaffected by the limitations that
the time-energy uncertainty relationship imposes on ultrafast spectral mea-
surements. [2-5].

X-ray and electron scattering are attractive for the study of ultrafast
molecular dynamics for several reasons. First, scattering experiments pro-
vide direct insight into molecular structures at atomic scales. Additionally,
because scattering fundamentally probes electron density distributions, they
can observe the time-dependent rearrangements of electronic structure
during reactions [6], The structural information obtained from scattering
is complementary to the energy-resolved information offered by spectro-
scopic methods. Combined, scattering and spectroscopy can paint a holistic
picture ofthe molecular dynamics during photochemical reactions. Modern
XFELs deliver the high intensity, high brilliance, and ultrashort pulse dura-
tions required for pump-probe experiments on timescales relevant to chem-
istry. Future developments are expected to yield even brighter and shorter
pulses, advancing us towards the eventual goal of capturing transition states
of chemical reactions on a single-molecule basis.

Scattering experiments have successfully captured the dynamics of elec-
trocyclic reactions [7, 8], photodissociation [9, 10], coherent vibration
motion of excited state molecules [4, 11], and revealed details of transitions
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to electronically excited states using the response of electron densities and
the transition dipole moments upon excitation [2], all with unprecedented
temporal and spatial resolution. These findings were aided and complemen-
ted by advances in scattering theory and ab initio methods (see Section 6.1),
which symbiotically benefited from the experimental result to test the new
theories against. As the field of molecular dynamics expands to larger
molecular system beyond the small polyatomics studied to date, theoretical
methods must improve not only in accuracy but also in computational
efficiency.

3 Brief history: ultrafast gas-phase X-Ray Scattering (XRS) and
megaelectron- volt ultrafast electron diffraction (MeV-UED)

The measurement of molecular structures of free molecules in the gas phase
suffers from low scattering cross-sections, but offers the opportunity to
study isolated molecular behaviour free of surrounding environment effects.
In 1929, gas-phase x-ray diffraction was first conducted on CC14 vapour by
Debye et al. whose scattering equation remains widely used to this day [12].
In 1930, Mark and Wierl showed that electron diffraction can reduce the
exposure time because the scattering cross-section for electrons are much
higher [13]. Throughout the 20th century, many gas phase electron diffrac-
tion experiments used continuous electron beams to measure the static,
ground state structures of most common small molecules [14].

To follow the dynamics of'a molecular reaction including transient events
and intermediary species, scattering experiments had to be extended into
the time domain. The generation ofultrashort electron pulses was pioneered
in the 1980’s [15-17], With 20 keV electron energies and 100 ps pulse
durations, electron diffraction at that time was limited by both the space-
charge effect (see Section 4.2) and the spatial and read-out time resolution of
the detector, and thus only suitable for picosecond-range structural kinetics
studies in solid samples. The next important development was the use of
ultrafast laser sources, often at high repetition rates, to generate much
shorter pulses [18-22],

At relativistic speeds, the space-charge interactions between electrons in a
pulse are minimized, so that it is possible to pack 104 - 105 electrons in a
single pulse while maintaining ultrashort (120-150 fs) pulse duration [23-25],

Laser-based plasma sources offered an early entry to the time-domain for
x-ray diffraction, even though their low brightness limited the samples to
solid materials [26-29], The advent of x ray free electron lasers had a
transformative impact on the field. High-gain free-electron lasers (FELs)
were initially developed in the 1970-80s [30-32], The removal ofthe optical
cavities, which previously posed limitations, allowed access to shorter wave-
length ranges. The construction ofa dedicated x-ray EEL (XFEL) facility was
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first proposed in 1992 at SLAG [33]. Germany’s FLASH became the first
operating XFEL in XUV and soft x-ray regime with a peak-brilliance of
more than 1028 photons/s/mrad2/mm?2/0.1% BW, exceeding the peak-bril-
liance of'the existing synchrotron radiation at the time by several orders of
magnitude [34]. In 2009, LCLS became the first hard XFEL (8.3 keV) with a
comparable high brilliance to come online. Followed by SACLA in Japan
(2011) and FERMI in Italy (2012), these instruments are recognized as first-
generation XFEL sources [35, 36].

4 Foundations of X-Ray Scattering (XRS) and UED

The following sections aim to clarify the complimentarity of x-ray and
electron scattering and put the temporal and spatial resolution in context.
Readers are directed to the original studies cited in the section as well as the
references therein for more detailed explanations.

4.7 Fundamental concepts

While the experimental implementation of x-ray and electron scattering is
very different, the basic information content of the two experiments are
closely related. Ignoring the effects of chemical bonding, the Debye formula
describes the scattering signals of'a molecule with /V atoms as a summation
over all pairwise atomic scattering interferences. For x-ray scattering, the
total scattering intensity at a detector at distance R is given by

JIAM Sy

N
Ttotal — R X Sineljiq) “41)

qR’A; —1
where /0 is the intensity ofthe incoming radiation andfiiq) and S(ineij)(q) are
the elastic and inelastic atomic form factors, respectively, for the ith atom.
The scattering signal scales as the Thomson differential scattering cross
section (m,cd) . The absolute value of the momentum transfer vector is
given by q¢ = \k - k0 = 2k0sin(29), where 26 is the scattering angle. An
additional polarization factor P(29, (p) needs to be applied for both polarized
or unpolarized x-ray beams [37].

The Debye formula is also used for electron scattering, but the momen-
tum transfer is traditionally given the letter s. For non-relativistic electrons,
the Rutherford scattering cross section applies, and according to the
Mott-Bethe formula the atomic form factors are given by (Z, -fi(q)), where
Zj is the nuclear charge of atom i Electron scattering does not have a
polarization factor. Because Rutherford scattering arises from the
Coulomb interaction between the electron in the beam and the charges in
a molecule, it depends on the charge density of both the electrons and the
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Figure 1. Atomic form factors of sulphur, oxygen, nitrogen, carbon, and hydrogen for x-ray
scattering (black vertical axis) and electron scattering (blue vertical axis). Figure from Ref.[38],

nuclei. The Rutherford scattering cross section is much larger than the
Thomson cross section, but it is encumbered by the 1/s4 term that causes
the signal to rapidly decay for scattering vectors of increasing magnitude.

Within the Debye formula and the Mott-Bethe approximation there is
little difference in the information content of x-ray and electron scattering.
This is illustrated by Figure 1, which shows the complementarity ofthe x-ray
and electron scattering form factors of a selection of atoms [38]. The
decrease of the x-ray structure factor with increasing scattering vector is
mirrored by an increase ofthe electron scattering factor, so that a measure-
ment returns similar information, albeit with greater sensitivity to the nuclei
in the case of electron scattering [39].

While the Debye formula is widely used, it is well established that it is not
sufficient for very accurate measurements. Since the atomic scattering
factors are the Fourier transforms ofthe electron density distributions,

/Kq) = !pifryvdr (4.2)

Electronic excitation ofatomic or molecular systems gives rise to effects that
have long been predicted [40,41] and that have more recently been observed
in x-ray pump-probe experiments [4, 42], as well as in MeV-UED experi-
ments [23].
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4.2 Temporal resolution

An important criterion to assess experimental performance is the temporal
resolution. For pump-probe x-ray scattering experiments, it is only limited
by the duration ofthe optical and the x-ray pulses, and by the jitter between
them. Modern XFELs can easily achieve pulses in the sub 10-30 fs regime.
Instead of relying on a very small jitter, advances in timing measurements
allow for shot-by-shot binning of the scattering signals into time bins [43].
For most chemical dynamics experiments, which often use UV pulses to
induce the chemical reaction, the duration of the optical pump pulse is
therefore the factor that limits the temporal resolution. Progress in the
generation of deep UV pulses with durations that match those of'the x-ray
pulses will be most welcome [44, 45].

For electron scattering experiments, the temporal resolution can be
approximated as as [46]

T="Jr2 + rgh + 1704 + TVYM (4.3)

where 7e and rPh are the probe and pump pulse duration, 7704 is the time-
of-arrival jitter, and TvM is the velocity mismatch. In UED experiments with
sub-relativistic electron pulses, space-charge effects often broaden the elec-
tron pulse far beyond the duration ofthe typical optical pulses. The velocity
mismatch between the pump (laser) and probe (electron beam) is also
significant in keV UED experiments. Tilting the optical laser pulse front
was proposed as a solution to push the temporal resolution to several
hundred fs,[47-49] which combined with dc-rfkeV electron gun, was able
to achieve temporal resolution of 240 fs [50].

The development of MeV electron beams along with radio frequency
cavities to compress the electron bunches at the interaction region has
significantly improved the temporal resolution for UED experiments [51-
53]. Since space-charge repulsion scale as 1/(/)2y3) where /i2, is the ratio of

the electron velocity over speed oflight, and y = 1/ V1 — /i2, the effect can

be minimized dramatically in MeV regime while sustaining a high number
of electron per pulse. This results in an improved pulse charge density by a
factor of 103-104 compared to 100 keV systems at comparable repetition
rate. It is noted that table-top, keV source with similar charge density at 100
fs has been demonstrated previously [48]. However, the RE buncher does
not come with- out a cost, since the RE phase jitter can cause 7704 to be
larger than 100 fs [54]. Today, SLAC’s MeV-UED can produce =150 fs pulse
ofup to 100 fC (104—106 electrons). Considerable effort to shorten the pulse
duration to sub-100 fs has been hindered by the timing jitter and the RE
phase correction required for every shot. Since the jitter correction techni-
que is limited by the detector response time, this option is only practical for
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low repetition rate experiments. This may ultimately become a concern
given that gas-phase UED, which suffer from high noise levels, require
many shots (and therefore as many jitter correction) to reveal the chemical
dynamics. It is noted that for both XRS and UED, the increasing repetition
rate is only beneficial when coupled with improvement in real time data
analysis infrastructure [55] that allows timely decision making during the
limited beam time.

4.3 Spatial resolution

In principle, the spatial resolution ofa static scattering experiment is limited
by the wavelength ofthe probing beam, requiring a sub-A light source with
sufficient brightness. In practice, this is further limited by the accuracy ofthe
measurement of the scattering intensity, /(g). In the 20th century, methods
have been developed for extracting molecular structures from conventional
gas-phase electron diffraction data. With vastly larger electron currents (up
to /rA) than possible in pulsed UED instruments, measurements went to
very large scattering vectors, often >30 A~\ Using rotating sectors to
provide a scattering angle dependent attenuation, photographic plates and
analog readouts of'the gray scales, quantitative measurements were difficult
to attain. Researchers separated ‘atomic scattering’ (the i =7 terms in
Equation 4.4) from ‘molecular scattering’ (the i ~ j terms) by fitting a
background through the points where the latter terms are zero. This results
in a pleasing oscillatory curve, often expressed as,

sM(s) = N1 (4.4
latom\S)

but one notices that the structure that is to be measured needs to be known
or assumed in order to separate the atomic from the molecular scattering.
Nevertheless, given the very large range of scattering vectors accessible to
those traditional instruments, excellent molecular structures were obtained
with accuracies of atom-atom distances in the milli-Angstrom range [14].

Aided by tremendously sensitive detectors with wide dynamic range, but
employing pulsed electron or photon beams that give rise to much weaker
scattered signals, the situation today is dramatically different. Measurements
routinely reach the shot noise limit, making it possible to detect the very
small changes in the signal induced by laser excitation. The experiments
indeed measure the changes in the molecular structures, i.e. the difference
between the time-dependent excited structure and the static ground state
structure. The latter can either be measured in the course ofthe experiment,
or calculated with high level computational methods.
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The objective of a scattering experiment is to determine a molecular
structure, implying that for a iV-atomic molecule, 3N-6 coordinates have
to be measured. A direct inversion ofa one-dimensional scattering pattern
into a three-dimensional structure is, however, impossible without further
assumptions. Even though widely published, pair distribution functions
(obtained by transforming the sM(s) patterns) do not reveal structures for
all but the smallest and most symmetric molecules. It is also a widely held
misconception that the way to improve the determination ofthe molecular
structures inevitably necessitates measuring to larger scattering angles. In
fact, the noise of the measurement is just as important. While electron
scattering experiments often can access a large range of scattering vectors,
this is balanced by the often better noise performance of x-ray scattering
experiments (see Section 4). In both experiments, sample densities are
limited by the absorption ofthe optical laser pulses, so that improvements
must arise either from packing more electrons/x-ray photons into each
pulse, or from increasing the repetition rate of the instruments. The latter
seems to be the most promising route at the present time.

While direct inversion of pump-probe scattering signals are not possible,
methods have been developed to extract highly precise structures of mole-
cules in excited and dynamic states (Figure 3). Standard computational
methods are employed to create a large number of molecular structures
and for each the scattering pattern is calculated. A comparison with the
experimental x-ray scattering data yields, via a plot of the structural para-
meter versus the deviation, complete molecular structures that are

Simulated
Scattering Patterns

Figure 2. Analysis flow of a typical XRS experiment taken from [56]. First, the structure pool that
contains the expansive and dense, energetically viable structures in the vicinity of target
structures are generated. The scattering pattern data is then compared parametrically (inter-
atomic distances, bond angles, torsional angles etc.) with the simulated scattering pattern from
the structure pool to extract the structure.
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inherently self-consistent [6, 56, 57]. Importantly, as the changes in the
scattering signals upon laser excitation are observed, the resulting excited
state structures are referenced to the ground state structures. This makes it
possible to determine excited state structures with a precision approaching
that of conventional electron diffraction. While the method was developed
for x-ray scattering (Figure 2), it should be equally applicable to pump-
probe electron scattering.

4.4 Comparative evaluation

Despite the complementary nature ofx-ray and electron scattering, there are
no experimental reports of their relative performance given current instru-
mentation. However, such measurements are underway and will without
doubt be very informative. Meanwhile, recent comparative simulations
using AT-methyl morpholine (NMM) by Ma et al. and ab initio calculation
based on ethylene molecule by Stefanou et al. provide some insights by
subjecting the scattering signals from x-ray and electron diffraction to
comparable data analysis methods in order to illustrate the different
strengths between the two techniques [38, 39].

Ma et al. investigated 1) observed scattering signal, 2) noise level, and 3)
dynamic structure determination to assess the robustness of electron vs.
x-ray diffraction experiments based on the instrument parameters from
SLAG National Laboratory. The results showed that despite the fundamen-
tally larger (by a factor ofup to 105) cross section ofelectron scattering over
the x-ray scattering, higher probing particle counts per pulse in x-ray beam
(1012 photons/pulse vs. 3.7 x 104 e /pulse in an electron beam) delivers
unparalleled performance with regards to noise level reduction and the
structure determination as seen in Figure 3. Meanwhile, the MeV instru-
ment ofthe same repetition rate suffers from large noise level for s > § A-1
range, inherent to the 1/s4 dependence in Rutherford scattering intensity.

The authors compared the fidelity of structure determination by using the
method described elsewhere [4], This method takes advantage of nearly
noiseless signal from x-ray diffraction, which compensates for the lack of
g-range in the actual experiment (the photon energy in LCLS has since
improved from 9.5 keV to maximum of25 keV, thus expanding the q-range
to around 12.6 A-1). Interestingly, Ma et al. shows that including higher
g-range data points, which are inherently noisier than low g-range signal
[58] does not necessarily aid in the structure determination using the
structure pool method outlined in Ref.[4], but in fact can compromise it
unless more probing photons are captured to reduce noise to the level
comparable to low g-range.

Both the studies by Ma et al. and Stefanou et al. showed higher sensitivity
towards hydrogen atoms for electron diffraction, and in the latter case this is
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Figure 3. (a) Comparing fractional difference in signals (black) of XRS vs. UED under real exper-
iment condition, assuming 100% excitation. The noise level is calculated based on | M photon
count noise (purple), and 30 M photon count noise (pink). XRS is virtually noiseless for the g-
range accessible by the experiment in both photon count simulations, while UED exhibits
strong increase in noise beyond s > 8 A™| (typical experiment accesses up to s = 12 A™]), even
with the 30 M simulation, (b) Structure determination comparison between XRS vs. UED. The
accuracy is depicted such that blue hues indicate higher accuracy. The white dashed lines
indicate the number of probing photons required. This shows that while both XRS and UED
benefit from having more probe particles, inclusion or a larger momentum transfer range is less
critical for XRS than UED.

consistent with the known dynamics of ethylene molecules, where the
longer time point dynamics are dominated by hydrogen motion. In theory,
electron diffraction is a more suitable technique for observing hydrogen
motion assuming that low noise data is available in the high s-range. The
same trend was found to be true for methyl group rotation motion. It must
be emphasised that there are other structure retrieval methods and thus,
strictly speaking, the comparative evaluation performed here is based on the
Wigner-distributed structural pool generation [11, 50, 59, 60]. The limita-
tions from noise to the structure determination should still be applicable
regardless of'the specific method used. It is evident that x-ray and electron
diffraction can provide complementary information while each may be
more sensitive to different aspects of the experiment: the temporal resolu-
tion and overall SNR are advantageous in x-ray experiments, while electron
diffraction has fundamentally higher scattering cross section that might
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LCLS-1I-HE

LCLS-II

Up to 20 keV
LCLS-II
DLSR

limit LCLS-II
LCLS-1I-HE

LCLS
(120 Hz)

Photon Energy (eV) Photon Energy (¢V)

(@) (b)

Figure 4. (a) X-ray photons per pulse, calculated for high rep-rate operation from LCLS-Il soft
x-ray (SXU) and hard x-ray (HXU) at 4 GeV compared with planned upgrade, LCLS-II-HE. (b)
Averaged spectral brightness of LCLS, LCLS-II (current) and LCLS-II-HE (planned upgrade).
Figures from [61].

enable a more sensitive measurement of smaller atoms. Advances in PEL
technology towards brighter pulses and higher repetition rate are undoubt-
edly going to benefit both techniques.

5 State-of-the-art apparatus and techniques

The recent advances in gas-phase ultrafast scattering at SLAG were enabled
by major upgrades in new and existing facilities as shown in Figure 4. The
fourth generation light sources are advancing towards superconducting
accelerators (except European XFEL and FLASH that already have this
technology), kHz repetition rate, and higher peak brilliance as summarized
in Table | along with planned timeline and specifications. This section
surveys some notable new technology that contributes in this quest, as the
light sources around the world undertake large-scale upgrades. For the
advances of FEE physics that would impact both the UED and XRS, readers
are directed to other sources and the references therein for further informa-
tion [62-66],

The most remarkable upgrade in UED experiment was the implementa-
tion ofradio frequency (rf) photoinjectors. A typical accelerating field in an
rf gun exceeds 100 MV/m, which is significantly greater than 10-25 MV/m
in DC sources. This enables the electrons to reach relativistic speed within a
few millimeters, at which point the space-charge effect is minimized while
the brightness of electrons are preserved. Additionally, rf electron beams
have minimal velocity spread, which also solves the velocity mismatch
problem between the optical laser pump and the electron beam probe [46].

Since the first sub-picoseconds MeV UED demonstration by Hastings
et al. in 2006 [51], further efforts towards improving bunch compression,
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Table 1. Key parameters of the various XFEL (updated from [67]) facilities around the world.
Photon energy X-Ray pulse X-Ray pulse Repetition rate Start

Country Facility Name range (keV) energy (a) (mJ) length (b) (fs) (Hz) date
Germany FLASH | 0.02-0.03 0.01-0.5 30-200 (1-800) x 10(c) 2005
FLASH 2 0.01-0.03 0.01-1 10-200 (1-800) x 10 2016

Italy FERMI-FEL-1 0.01-0.06 0.08-0.2 40-90 10(50) 2010
FERMI-FEL-2 0.06-0.3 0.01-0.1 20-50 10(50) 2012

Japan SACLA BE 2,3 4-20 0.1-1 2-10 60 2011
SACLA BE | 0.04-0.15 0.1 60 60 2015

Korea PAL-XFEL 2.5-15 0.8-1.5 5-50 60 2016
0.25-1.2 0.2 5-50 60 2016

Switerzland SwissFEL 1.8-12.4 | 10 - 70 100 2017
0.2-2 | 10-70 100 2021

Europe XFEL-SASE 1,2 3-25 2 10- 100 2700x10 (d) 2017
XFEL-SASE 3 0.2-3 2 10-100 2700X10 2017

United LCLS 0.3-12 2-4 2-500 120 2009
States LCLS-I 1 -25 2-4 10-100 120 2021
0.2-5 0.02-1 10-200 10* 2023

LCLS-II-HE 0.2-13 0.02-1 10-200 10* 2026

(©
(a) : Estimated pulse energy, particularly for projects that are currently under construction at the time of this
review.
(b) : Estimated FWHM of X-ray pulse length based on electron bunch length measurement or designed range.
(c) : Burst mode operation at 10 Hz, with each macropulse providing up to 800 bunches at | MHz.
(d) : Pulsed mode operation at 10 Hz, with each macropulse providing up to 2700 bunches at 5 MHz.
(e) :Projected completion date for LCLS-II-HE.

10~

Electron beam direction

0.75 m 0.4 m 32 m

A - RF gun 8 - Beam diagnostics & differential pumping stages C - LUED sample chamber
D - Cryo-cooler E - Detector differential pumping stage F - Detector G - Phosphor screen
H - Scattered electron beam | = Unscattered electron beam J - High reflectivity mirror

K - Reflected photons from phosphor screen

Figure 5. Gas-phase MeV-UED instrument at SLAG. Figure from [68].

timing systems, machine stability, and spatial resolution have culminated in
today’s robust MeV instrument at SLAG as depicted in Figure 5 [69-71],
Availability of 2-4 MeV electrons at 120 Hz repetition rate and packing
1-100 fC charge per pulse, MeV-UED is complimentary to the XRS experi-
ments. In theory, MeV-UED is a great tool for gas-phase scattering experi-
ment as well, even though the inherent SNR issue along with requirement
for sub-100 fs pulses limit the systems of interest. At the moment of this
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Table 2. Key parameters of the various MeV-UED facilities around the world.

Electron beam

energy range Charge per Electrons per Bunch Repetition ~ Start
Country Facility Name (MeV) pulse (fC) pulse length (fs) rate (Hz)  date
Germany  DESY - REGAE 2-5 <100- 1000 104- 106 7-30 50 2011
China Tsinghua 2-4 104- 105 108 - 109 1000-3000 5-10 2013
Thomson
scattering
X-ray source
(TTX*)
SHINE** 0.75 1000-104 108 - 109 1000 106 2025
United SLAC MeV-UED 2-4 1-100 104- 106 <150™ 1-360 2014
States  SLAC MeV-UED 2-3 1-100 104- 106 <150™ 1000 2023

*https://indico.cern.ch/event/577,810/contributions/2,479,863/attachments/1,424,734/2,185,126/2017-CLIC_WS-
Thomson_Scattering_X-ray_Source_at_Tsinghua_University.pdf

““http://linac2018.vrws.de/talks/mo2a01_talk.pdf

**#*Beam charge dependent

review, the opportunities for condensed matter MeV-UED appear very
promising. Current capabilities and planned future upgrades for various
MeV-UED facilities across the globe can be seen in Table 2.

5.7 SASE to seeded

The self-amplified spontaneous emission (SASE) mode has been the stan-
dard mode of operation ofx-ray FEL[72, 73]. For SASE operation, the x-ray
generation starts with the initial shot noise (random electron bunching
intrinsic to the electron beam current). Maximum coherence is achieved
when the slippage length-velocity mismatch between the electrons and the
radiation, is comparable to the electron bunch length (Figure 6). However,
the initiating shot noise causes poor longitudinal coherence in SASE pulses
[74, 75]. Methods such as low-charge operation (reduces electron bunch
length), emittance spoiler [76], and tilted wavefront (both disperses the
energetically chirped beam) have improved the longitudinal coherence
with some success [77].

While seeded FEE is not immediately beneficial to the gas-phase experi-
ments, it warrants a mention as a trend for the next upgrade of the FEE
facilities. A variety of alternative seeding mechanisms has been developed
and adopted to the latest XFELs in order to overcome the poor temporal
coherence at saturation as well as shot-to-shot stability ofthe SASE pulses.
Many of the seeding mechanism below are in the process of, or will be
incorporated in the new generation of FEE facilities. Self-seeding schemes
for both hard [78] and soft [80] x-rays have been successfully demonstrated,
thus expanding applications ranging from biology [81-83] to materials
under extreme condition [84-86],
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..... Seeded 240 pJ
..... SASE 300 nJ

-10 -5 0 5 10
Relative photon energy (V)

N S N 5 N S
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Figure 6. (a) Difference between SASE pulse and seeded pulse for single-shot (top) and
averaged over 20,000 shots (bottom), figure from [78]. (b) SASE pulse generation in XFEL,
figure from [79].
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Figure 7. Comparison between HLSS FEE (blue) and SASE EEL (black), (a) Spectral density of the
radiation energy with four undulator modules at 33 nm followed by six modules tuned to
11 nm for HLSS EEL, and ten undulator modules for SASE EEL. (b) Pulse energy vs. undulator
length. Because HLSS reaches saturation more quickly, the post-saturation tapering is more
effective for HLSS (18 juJ to 31 wJ) than SASE (15 juJ to 20 julJ. Figure from [88].

The self-seeded scheme is a two-step mechanism where the x-rays from
the first part of the undulator series is filtered and then used to seed the later
part of the undulator after temporally overlapping with the electron bunch
(also from the first half of undulators) to generate narrow bandwidth pulse
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[67,87]. The harmonic lasing self-seeding (HLSS) scheme is an example that
is already being adopted at FLASH [88]. The main advantage of HLSS
scheme is the shorter distance required to reach saturation than SASE
operation (Figure 7(b)), while also improving the brightness by a factor of
up to 6 [89]. HLSS can be integrated in the CW operation with appropriate
undulator design to accommodate this technique. Combined with post-
saturation tapering, HLSS can improve the EEL peak power into TW
range [87, 90-92], The relative ease of implementation makes HLSS a
promising candidate as the standard operation mode for the next generation
of FEE facilities, although the issues stemming from low seed beam power
and power fluctuation must be addressed [93].

External seeding is another approach to improve the temporal coherence
of SASE pulses. High-gain harmonic generation (HGHG), the most exten-
sively studied external seeding mechanism, was first installed at FERMI with
FEE wavelengths ranging from 4-110 nm depending on the single- or
double-cascade mode [94, 95]. Instead of initiating the FEE amplification
process with shot noise as in the SASE mode, the properties ofthe external
seed beam can be imparted upon the beam, resulting in fully coherent XFEL
pulse at a wavelength that is a harmonic of the seed beam. Along with the
improved longitudinal coherence, HGHG allows for more stable output
spectra, narrower bandwidth, and improved wavelength stability.
However, the HGHG design is limited by the power requirement and the
repetition rate of the seed beam and the low frequency up-conversion
starting from a UV seed [96, 97]. Some variations of the HGHG scheme
[96, 98] are being explored to address the issue and to make HGHG
compatible with harder x-rays and higher repetition rates. Experimental
and theoretical comparisons of' seeded vs. unseeded FEE have been reported
previously in [99, 100] and the references therein.

A - Electron beam F - Interaction point

H - Micro-focusing solenoid g _ pyynys jaserbeam G - Phosphor screen
A-RF g dul [ - In-coupling cube . .
gun module upiing cu C - In-coupling cube H - Detector mirror
B - Gun gate-valve E - Differential ion pump J - Gas nozzle T
. D - Incoupling mirror I - Differential cross
C-Gun ion pump F - Differential cross K- Sample chamber

D - Diagnostic cross G - Sample gate-valve L - Detector module E - Capillary assembly  J - Choke

(a) (b)

Figure 8. MeV-UED instrument at SLAC. Figure from [53].
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5.2 Sample delivery methods

The success of gas-phase UED and XRS hinges not only on the pumping-
and probing beams but also the sample delivery. The technical details of for
MeV-UED cell [53] and XRS cell [37] used at SLAG National Laboratory are
found in respective reports and the references therein.

The MeV-UED sample chamber as shown in Figure 8(b) houses a 3D
translation stage to optimize the position ofthe sample nozzle, and the users
have the choice to deliver the sample with continuous flow cell or a heated
pulsed nozzle. The excess sample is immediately condensed onto the cryo-
cooled cold trap underneath the interaction region. The scattered electron is
detected on a phosphorus screen, 3.2 m downstream of the interaction
region. A tapered hole at the center of this screen and the subsequent
detector mirror is carefully designed to minimize stray laser light while
also allowing the undiffracted beam to pass without saturating the detector.
This has reduced the background diffration pattern casued by the laser
significantly.

In the gas-phase XRS experiment, the optimization of the distance
between the scattering cell and the detector is a critical step to maximize
the spatial resolution and the overall signal level. The sample cell (Figure 9)

Figure 9. Cross section of the x-ray scattering cell as described in [37].
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was designed with consideration to minimize scattering ofthe primary x-ray
beam by apparatus components, while ensuring sufficient sample flow and
beam path clearance. The x-ray enters from windowless entrance and exits
through a hole in a 100 pm-thin berylium window after the 2.4 mm inter-
action region. The short pathlength minimizes the Beer-Lambert attenua-
tion of the UV pump pulse, while also avoiding unwanted multiphoton
interaction. Additionally, the short interaction region enables good resolu-
tion of the scattering angle. With every detector upgrade and the sample
delivery requirement (e.g. pulsed molecular beam), a careful re-design ofgas
cell is essential.

6 Select recent results

The first successful recording of a gas-phase molecular reaction by Minitti
et al. (Figure 10) in 2015 inspired studies of molecular dynamics across
many different molecular systems as well as technical improvements in both
x-ray and electron diffraction experiments [7, 101-104], The prototypical
electrocyclic reaction of cyclohexadiene-moiety is at the core of photo-
induced synthetic chemistry, molecular switch technology, as well as biolo-
gically important molecules such as vitamin D. The ring-opening reaction of
1,3-cyclohexadiene to 1,3,5-hexatriene upon excitation with 267 nm was
captured with an unprecedented 25 fs time resolution. Trajectory calcula-
tions using abinitio electronic structure methods proved essential in under-
standing the the overall dynamics and were in excellent agreement with the
experimental results. This experiment demonstrated the robustness of XRS
as a tool to obtain direct structural information on chemically relevant
timescales.

While significant advances have also been made in condensed matter
systems [68, 105-109], the following section discusses select recent studies
that point toward future directions of gas-phase scattering experiments.

6.7 Recent advances in gas-phase XRS

Capturing excited state structures directly from experiments has been a long
standing goal for ultrafast chemistry. Stankus et al. were the first to observe
the coherence and dephasing ofvibrational motion ofpolyatomic molecules
in real time using gas-phase x-ray scattering [4], AT-methylmorpholine
(NMM) was known spectroscopically to have a coherent vibrational motion
that survives a nonradiative transition [110], and this motion was captured
using ultrafast XRS (Figure 11). All structural parameters, including the
amplitude of planarization of amine group as well as changes in every
torsional angle of the molecule, were identified with 50 fs time increments.
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Figure 10. (a) Experimental setup of [7] conducted at LCLS. (b) Experimental scattering signal at
specific time delays (black) overlayed with calculated trajectories (colored).

A distinct advantage of pump-probe XRS experiment over spectroscopic
methods is the unambiguous assignment of the initial excited states.
Traditional spectroscopic tools may leave assignments ambiguous for rea-
sons such as broadening of transitions due to experimental parameters or
the inherent linewidths. In XRS, it is possible to isolate the anisotropic
contribution to the scattering signal in order to gain more information
about the nature of the interaction. This is particularly useful when the
reaction involves multiphoton absorption, resulting in a mixture of various
excited states, as Natan et al. showed for molecular iodine [10]. In 2018,
Yong et al. used the anisotropy to determine the orientation ofthe transition
dipole moment (TDM) of NMM excited to Rydberg states. Different
Rydberg state excitations lead to markedly different XRS patterns, and
they found that only the transition to the 3pz Rydberg state is consistent
with the observed scattering signals [2],

In a further study, Yong et al. investigated the intramolecular charge
transfer in AT-AT'-dimethyl-piparazine and were able to experimentally sepa-
rate two excited state scattering structures (Figure 12) which were deter-
mined using the method described in Stankus et al. [37, 42]. The charge
delocalization is associated with an increase ofthe C-C bond distance and a
reorientation of the methyl group. From the anisotropic component of the
scattering signal it was also possible to determine the vector alignment ofthe
transition dipole moment as described in [42]. Finally, it was possible to
determine the time constant ofthe charge redistribution reaction as 3.0 ps,
which is in excellent agreement to previous spectroscopic experi-
ments [111].
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Figure 11. (a) Calculated percent difference scattering signal spectra assuming 100% excitation
of the sample, (b) Time dependence of select structural parameters of NMM after Rydberg
excitation. Figure from [4],

Figure 12. (a) Experimental (bottom left) and theoretical anisotropic contribution to pump-
probe signal. The top left pattern depicts the computed transitional dipole moment as shown in
solid red arrow, and the top right depicts the scattering signal pattern perpendicular to the
transition dipole moment as shown in dotted red arrow, (b) Experimental (marker) and
theoretical (solid line) percent difference scattering from isotropic contribution. Two distinct
excited state structures were identified; one from charge-localized (black) and charge-deloca-
lized (blue). Figures from [42].
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Figure 13. (a) X-ray scattering signal (isotropic component) of molecular iodine pumped at
520 nm (b) Power spectrum of (a) after Fourier transform. The two white lines indicate the two
dissociation channels. Figure from [9],

Another method to isolate the specific pathway from multiple simulta-
neous events was demonstrated by Ware et al. in molecular iodine pumped
at 520 nm. They used frequency resolved x-ray scattering (FRXS) and
performed a temporal Fourier transform of the time-dependent scattering
signal, which was then converted to a power spectrum [9, 11]. From this, the
authors were able to identify dissociation from two different states based on
the two discrete dissociation velocities as well as the bound B state ofiodine,
(see in Figure 13). Furthermore, the frequency resolution is compared
to the real space spatial resolution ofthe scattering which is -—"  FRXS is

an alternative analysis method that is not limited by the g-range, and thus
the FEL radiation available. The analysis takes particular advantage of
excellent temporal resolution and data accumulation, so that the data
from a large time delay range can be collected to improve the frequency
resolution.

Introducing elliptically polarized, linearly chirped laser pulses made
aligning of gaseous molecular ensemble possible, thus circumventing the
need for rotational averaging. By obtaining the 2D diffraction pattern from
3D aligned planar 2,5-diiodothiophene, Kierspel et al. successfully retrieved
the distance between the two iodine atoms in the molecule, which agreed
with theoretical calculation within 5%. In principle, the data from an aligned
molecule experiment contains 3D structural information of the molecule
instead of reducing the information to pair distribution functions or a 2D
scattering image [112]. While this study was reported on an I-I distance in a
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static molecular frame, with enough improvement in SNR, the setup could
be used for time-dependent studies. The upcoming higher repetition rate
upgrade of the light sources as well as CW operation would make this
experiment significantly more efficient and compatible for time-resolved
studies.

Encouraged by the success with prototypical molecules in gas-phase
scattering experiments, the natural next step would be to explore chemically
complex, larger molecules with subtle structural dynamics. Larger molecu-
lar systems benefit from an overall increase in molecular cross sections, but
introduce added complexity in understanding of the scattering signal.
Theoretical tools are essential in order to anticipate and optimize the
experimental parameters accordingly, as well as for understanding the
data, which will only become larger in volume and richer in complexity as
we head towards higher repetition rate operation [113, 114]. It is common
practice to use the independent atom model (IAM) [58], despite its assump-
tion and limitations, as it provides a robust and relatively inexpensive
calculation that agrees acceptably with the experiments [3, 56, 115]. An
advantage of the IAM is its scalability to larger molecular systems, where
higher level calculations become computationally expensive. The accuracy
of the IAM should be reviewed with an eye toward replacing it with
scattering patterns directly from ab initio wavefunctions [116-123],

Figure 14. Top row: Experimental percent difference (PD) signal scaled to 9% excitation (a).
Simulated PD signal; IAM (b), ab initio electron diffraction (AIED) simulation including both
elastic and inelastic component (c), AIED simulation, elastic component-only, and AIED inelastic
component-only (d). Lineout of significant features seen in simulations are shown in (F-H).
Figures from [23].
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6.2 Recent advances in gas-phase UED

The availability of MeV electron pulses overcame previous experimental
limits including long pulse duration caused by space-charge effects and
velocity mismatch between the electron and the laser pulses as discussed
in Section 5. In the experiment by Yang et al., a simultaneous observation of
nuclear and electronic dynamics of pyridine after 265 nm pump was
achieved with 3.7 MeV electron probe pulses containing ~104 electrons
per pulse [23]. The experiment achieved 150 fs FWHM temporal resolution
and 0.63 A-1 spatial resolution. From prior studies, the small scattering
angle signals (0.3 < s < | A-1) arise largely from inelastic scattering and
therefore probes the excited state population ofthe molecules. As shown in
Figure 14, the dynamics in the small scattering angle region is not captured
by the IAM, which ignores chemical bonding, thus concluding that these
signals arise from either electron density redistribution (i.e. bond forma-
tion) or inelastic effects. This experiment suggests that simultaneous obser-
vation and extraction of nuclear and electronic dynamics might possible
with UED, and that the method proposed might be adaptable to other
molecular systems. If nothing else, the inelastic scattering signal could
provide a useful instrument function that helps in deconvoluting the ultra-
fast dynamics. A study of 1,3-cyclohexadiene by Wolfet al. revealed addi-
tional details of'this extensively studied electrocyclic reaction [8], The final
product upon 267 nm excitation is 1,3,5-hexatriene (HT) which can be
found in three structural isomers separated by 0.2 eV energy barriers on
the ground electronic state. This study was the first report of this ground-
state isomerization after the initial ring-opening reaction with sub-picose-
cond resolution. While the experiment was limited to a temporal resolution
of 160 fs and thus unable to time-resolve the C-C bond breaking, the
sensitivity to the nuclear motions enabled capturing the rotation of the
terminal ethylene group in the HT. The experiment also demonstrated the
applicability of gas-phase UED to study femtosecond scale molecular
dynamics, providing complementary insights to XRS.

The sensitivity to structural evolution was further investigated with
the a-phellandrene system, which is a molecule with methyl- and iso-
propyl-group substituted around ffve-membered CHD-like ring. There
are two possible conformers of the isopropyl group with respect to the
methyl group - axial and equatorial - which exist in equilibrium in the
ground state. Champenois et al. observed conformer-specihc reaction
pathways where each conformeric isomer goes through different conical
intersections upon excitation, leading to distinct opened-ring products
predicted by Woodward-Hoffman rules [25]. They also reported the
quantitative agreement with ab initio multiple spawning (AIMS) simu-
lations, which revealed that a significant fraction (52% in axial and 40%
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Figure 15. (a) Woodward-Hoffman predicted photoproduct depending on the conformeric
isomers, (b) Schematic of the overall reaction based on ab initio multiple spawning simulations.
The excited molecules undergo conformer-specific conical intersections leading to the respec-
tive final product. Figure from [25].

in equatorial) of the ground state molecules do not follow the ring-
opening pathways, thus aiding a conformer-specific understanding of
multiple relaxation processes (Figure 15). The study revealed the con-
siderable effect of the orientation of isopropyl substituents on the
quantum yield of the ring-opening reaction, as well as highlighted the
sensitivity of MeVUED as an experimental tool that can untangle the
chemical reactions with multiple competing pathways.

The temporal resolution has been one ofthe drawbacks ofthe MeV-UED
technique when compared to XRS, where 30 fs pulses can be delivered to the
interaction region. However, ongoing efforts to shorten the pulse duration
of MeV-UED instruments are worth noting. There are a number of
approaches to reduce the space-charge effects, such as reducing propagation
distance, increasing electron energy, and re-compression of electron
bunches, although these strategies may require reducing bunch density.



24 @ A. ODATE ET AL.

Figure 16. Characterization of DBA compression, (a) Beam temporal profile of 100 consecutive
shots wit THz deflector off (first 10 shots) and on. (b) Arrival time statistics, (c) Electron beam
pulse duration profile, (d) Stability test of bunch length and arrival time over 1000 shots.
Figure from [124].

One such example is demonstrated by Qi et. ah, using a double bend
achromat (DBA), where an energetically chirped beam undergoes phase
space rotation twice such that the bunch tail catches up with the bunch head,
resulting in longitudinally compressed pulses [124]. With this method, they
were able to achieve 29 fs bunch length with a 20 fC electron beam
(Figure 16).

Notably, this is the area where UED will benefit significantly from higher
repetition rates, so that low-charge operation with shorter pulse can be
achieved, while the loss of scattering signal due to low electron density
can be compensated. Recent studies showed that replacing the rf buncher
with a laser-driven THz buncher can be used to compress MeV beams,
reducing the timing jitter after compression to 70 fs FWHM [125, 126].
Great progress has already been made to increase the time resolution of
MeV-UED setups, in particular the one described by Qi et al. Recent gas-
phase measurements of aligned and isolated C0O2 molecules demonstrated
an experimental temporal resolution ofapproximately 80 fs (FWHM) [127].
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Table 3. Future (~ 5 year) capability requirements for MeV-UED experiments.

Key Anticipated Fig/ Stoch/  Environ.

ScienceEnablers CurrentCapability FutureNeed (5 yr)  SolidState GasChem WDM UED

Momentum 1.7 nirTl <0.2 nm-1 X X X
Resolution

Temperature 30-800 K 4-800 K X X X
Control

Time Resolution <150 fs <50 fs X X

Probe Size 100 urn | urn X X

Electron Flux 1-10 fC@ 360 Hz 30-100 fC @ | kHz X X X X

Pump laser UV(>240 nm), VIS, NIR,  Extensions to VUV X X
Wavelength MIR, LWIR, FIR (>160 nm)

High Power Laser 10 mJ 100 mJ X

7 Outlook

7.7 Improving gas-phase measurements: What the future holds for MeV and
FEL facilities

The field ofultrafast gas phase x-ray scattering and electron diffraction has
seen tremendous progress in the past decade, and beyond the scope of'this
review, applications extend to condensed-phase targets that are ofinterest to
the structural biology and material science communities [128-133], Gas
phase scattering will will remain an important sub-field that pushes signifi-
cant technological advances, as it benefits the most from brighter electron/
light sources, higher repetition rate, greater momentum resolution, and of
course overall temporal resolution.

Light sources around the globe are currently undertaking major upgrades
to respond to the growing demand for high brilliance, high energy light
sources with capabilities for improved spatial and temporal resolution (see
Table 3). The European XFEL (Germany) was the first facility to operate
with a superconducting accelerator, delivering < 100 fs pulse at 27,000 Hz at
17.5 GeV. The facility is currently undertaking several upgrades including
two-color x-ray pump-probe capabilities, frequency mixing, and self-seed-
ing FEL [134].

The European XFEL is not the only light source exploring different
seeding mechanism for their FEL. Despite the fact that external seeding is
generally only applicable for soft x-rays and thus does not affect the hard
x-rays required for gas phase scattering experiments, it is worth noting the
extensive ongoing work to optimize FEL pulses. The FLASH 2020+ project
at DESY has reported significant improvements in stability and adaptation
to high repetition rate through an external seeding mechanism [95, 135].

At SLAG National Accelerator Laboratory, the upgrade of the LCLS
comes in two-parts: LCLS-II and LCLS-II-HE. Parts of the former have
been available to users since 2020, with nominal pulse durations of30 fs for
hard x-rays up to 25 keV photon energy thanks to all-new variable gap un-
dulators operating at 120 Hz. Starting in early 2023, LCLS-II is anticipated
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to come online as the first CW-superconducting XFEL in the world and will
feature an unprecedented | MHz repetition rate with tunable gap undula-
tors to accommodate soft to hard x-ray energies between 0.25 to 5 keV. This
high rep-rate upgrade can potentially enable experiments that previously
suffered from low SNR or slow data accumulation, and broaden the applica-
tion of FELs [136-139], Further upgrades by way ofthe LCLS-II-HE project,
anticipated in 2026, will extend the hard x-ray reach to well over 10 keV.
These facility upgrades are inspiring new scientific endeavors such as single-
particle imaging, which has already succeeded in 3D imaging of virus
particles with ~10 nm resolution [140-142], Lastly, with the recent devel-
opment ofiintense, isolated attosecond x-ray pulses [143], it is noteworthy to
mention that their application to XRS measurements have only just begun
to be explored.

X-ray and electron scattering remain very much complementary techni-
ques that provide the bedrock of structural molecular dynamics. It is
anticipated that the combination of the two, or the combination of either
with other spectroscopic techniques, will become the standard method for
achieving full understanding of dynamic processes in molecular systems.
The current trend among light sources for higher repetition rates is in
alignment with scientific inquiries that are not limited to gas phase scatter-
ing [60, 67, 130, 144]. This will certainly benefit both XRS and UED, but
particularly so for the latter, which requires greater data accumulation in
order to improve the SNR. While the focus of this review has been on gas
phase molecular dynamics, it is worth noting that planned upgrades at
MeV-UED facilities, like the one at SLAG, will provide key enabling cap-
abilities for an array of'scientific areas within the next 5 years (see Table 3).

The required order of magnitude improvements in reciprocal space Ir-
resolution) and beam size require a reduction in transverse beam emittance
(and hence increased beam brightness). Potential approaches to address
these issues include electron gun optimization tailored to a UED-specific
parameter space (ultra-low charge, high-rep rate), use ofalternative cathode
materials with lower mean transverse energy (MTE), and operation of
normal-conducting cavities at cryogenic temperatures for substantially
increased gradients and brightness [145], Bunch compression techniques
using conventional radio frequency structures have succeeded in producing
ultralow emittance few-fs beams and represent a significant step towards
achieving the high brightness beams needed. However, rf-based acceleration
and manipulation suffer from appreciable amplitude and phase jitter
depending on the stability ofthe drive source, causing time-of-arrival jitter
between the electron beam. The use of a double-bend achromat has been
demonstrated as a method to compress the electron beam output from a
photocathode rfgun, while at the same time reducing its jitter with respect
to the pump laser [146], Unfortunately, the improvement oftime resolution
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sacrifices the electron beam transverse brightness since the energy chirp
required by this scheme comes from strong space charge effects. Use of
THz-driven beam manipulation has been recognized as a promising candi-
date in the pursuit of few-fs beams with sub-fs arrival time precision,
because the inherent timing synchronization of all-optical control enables
both bunch compression and reduction of beam timing jitter [125, 147].

With increasing repetition rate, other instrument specific details such as
gas sample cell/delivery design, single-shot time stamping, detector technol-
ogy, and efficient real-time data processing infrastructure must also be
upgraded. It should also be noted that as major upgrades of facilities herald
a new generation of electron and light sources, it is important to diversify
these sources in order to best respond to the range of scientific questions
available, to increase accessibility to a wider scientific community that may
be unfamiliar with MeV electron and FEL facilities, and to train a future
generation of scientists who will continue to utilize and develop the cap-
abilities of these truly world leading facilities.

As the next generation MeV-UED and FEL facilities take shape in the
very near future, the field of gas-phase chemistry and molecular dynamics
will truly be brighter, faster, and stronger than ever before.
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