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ABSTRACT

The development of ultrafast gas electron diffraction with nonrelativistic electrons has enabled the determination of molecular structures
with atomic spatial resolution. It has, however, been challenging to break the picosecond temporal resolution barrier and achieve the goal
that has long been envisioned—making space- and-time resolved molecular movies of chemical reaction in the gas-phase. Recently, an ultra-
fast electron diffraction (UED) apparatus using mega-electron-volt (MeV) electrons was developed at the SLAC National Accelerator
Laboratory for imaging ultrafast structural dynamics of molecules in the gas phase. The SLAC gas-phase MeV UED has achieved 65 fs root
mean square temporal resolution, 0.63 A spatial resolution, and 0.22 A~" reciprocal-space resolution. Such high spatial-temporal resolution
has enabled the capturing of real-time molecular movies of fundamental photochemical mechanisms, such as chemical bond breaking, ring
opening, and a nuclear wave packet crossing a conical intersection. In this paper, the design that enables the high spatial-temporal resolution
of the SLAC gas phase MeV UED is presented. The compact design of the differential pump section of the SLAC gas phase MeV UED
realized five orders-of-magnitude vacuum isolation between the electron source and gas sample chamber. The spatial resolution, temporal
resolution, and long-term stability of the apparatus are systematically characterized.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5120864
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I. INTRODUCTION
The study of the photoinduced dynamics of small isolated mole-

temporal resolution. Electron diffraction has been shown to be
well-suited to the study of structural dynamics in the gas phase with

cules is of crucial importance to the understanding of structure-
function relationships in nature." Given adequate temporal and spatial
resolutions, the imaging of structural changes following photoexcitation
can provide a glimpse into the mechanisms governing the conversion
of light into chemical and mechanical energy. Ultrafast diffraction tech-
niques use probes with a short wavelength (<1 A) and short pulse
duration (<100 fs) to access structural information on the relevant spa-
tial and temporal scales. The most powerful probes for ultrafast diffrac-
tion are X-rays and electrons.”* The advent of X-ray free-electron
lasers (XFELs)" " has enabled time-resolved X-ray diffraction of gas-
phase targets with Angstrom-level spatial resolution and sub-100 fs
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sub-A spatial resolution because of the large scattering cross section
and the short de Broglie wavelength of the electrons.'" Since the first
reported gas electron diffraction (GED) experiments, GED has become
a standard technique for determination of the time-averaged structures
of molecules in the gas phase.'”"” By implementing pulsed electron
sources, time-resolved GED was able to structurally resolve the nano-
second dynamics of long-lived photofragments.'”'” The advent of
commercial femtosecond lasers and developments in pulsed photo-
electron sources allowed the pioneering work of Zewail and Weber to
bring GED into the picosecond domain, establishing the field of ultra-
fast gas electron diffraction (UGED). Despite the remarkable scientific
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impact of its contribution on the study of transient structures, " early

UGED experiments were unable to achieve subpicosecond temporal
resolution.'*”* However, a resolution in the order of 100 fs or even less
is needed to capture relevant nuclear motion in many photoinduced
processes. Reaching <100 fs time resolution using electrons at kilo-
electron-volt (keV) energies remains a challenge, even in the modern
UGED apparatus.

The temporal resolution, or instrument response function, of a
UGED experiment, in which a gas sample is excited (pumped) by a
laser pulse and probed by an electron bunch, is given by

=/t + 2+ thyy + hou, )

where 71 is the pump laser pulse duration, 7. is the probe electron bunch
length, Ty is the velocity mismatch between the laser pulse and the elec-
tron bunch,” and troy is the time-of-arrival (TOA) jitter between the
pump laser and the probe electron bunch. In most cases, the temporal
resolution of UGED is not limited by the pump pulse, 71, since sub-50 fs
laser systems are commercially available. The electron bunch length, 7.,
is determined by the initial energy spread in the electron bunch and the
space-charge induced pulse broadening during propagation, which often
results in a temporal resolution of several hundred femtoseconds.
Temporal resolution in the order of hundred femtoseconds has been
demonstrated in keV UED experiments on solid-state samples using
compact direct-current electron guns with the distance between the gun
cathode and the sample in the order of 1 cm and a limited number of
electrons per bunch.””*” However, the use of compact electron guns in
UGED is technically difficult as electron sources require an ultrahigh
vacuum (<107 Torr) to avoid the electrical breakdown, while the pres-
sure at the gas-sample chamber can easily exceed 10> Torr.

An alternative approach to obtain short electron bunches
involves the use of a radio frequency (RF) cavity to temporally com-
press the electron bunch at the sample.”**’ Time-stamping”’ and a
sophisticated laser-rf synchronization’" have been used to minimize
the TOA jitter associated with RF compression. Some keV UGED
apparatus fitted with RF compression have demonstrated ~500 fs
temporal resolution.”” The temporal resolution of UGED experiments
using keV (subrelativistic) electrons is dominated by the velocity mis-
match between the pump laser and the probe electron, 7y, associated
with a typical gas target thickness much larger than a few micrometers.
For example, using a 100-keV electron beam traversing a 200-um gas
jet collinearly to the laser pump beam, the velocity mismatch contribu-
tion to the temporal resolution is found to be 550 fs. To circumvent
this effect, laser pulse-front tilting can be used to compensate for the
pump-probe velocity mismatch with limited sucess.”” **

The use of mega-electron-volt (MeV) high-brightness electron
beams has been shown to significantly improve the temporal resolu-
tion of UGED.”" Space charge forces scale as 1/(f%’), where
f = v/c, v is the velocity of the charged particle, c is the speed of light,
and y = 1/4/1 — % As a result, the space-charge repulsion of an
electron beam with 3.7-MeV kinetic energy is a thousand times
smaller than that of its 100-keV counterpart. In UGED apparatus
using MeV electrons, the sample chamber can be moved away from
the electron gun without severely compromising the electron bunch
length. This added separation between the electron source and the tar-
get allow the implementation of more effective differential pumping
designs, discussed in Sec. 1. Moreover, the relativistic nature of MeV
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electrons almost eliminates the velocity mismatch. For example, in the
case of a 3.7-MeV electron bunch traversing a 200-um gas sample coli-
nearly to a laser beam, 7y, is less than 10 fs.

Decades of intensive research and development efforts have been
devoted to improving the performance of MeV electron sources,” "
which has paved the way to the implementation of MeV ultrafast elec-
tron diffraction (MeV UED) for imaging ultrafast structural dynamics
of molecules in the gas phase.”® In this paper, we report on the experi-
mental demonstration of the SLAC gas-phase MeV UED apparatus
capable of 70 fs root mean square (rms), or 150 fs full-width-at-half-
maximum (FWHM), temporal resolution (instrument response func-
tion), 0.63 A spatial resolution, and 0.22 A~ reciprocal-space resolu-
tion, which has enabled molecular movies, capturing the rotational
dynamics in N»,"* vibrational dynamics in I,,”’ a nuclear wave packet
crossing a conical intersection in CFsI,”" and ring-opening in 1,3-
Cyclohexadiene (CHD).”” The high resolution and sensitivity of the
SLAC gas-phase MeV UED apparatus has also enabled the identifica-
tion and study of ultrafast events with onsets separated by 70 fs.”"”* In
this paper, we present the SLAC gas-phase MeV UED apparatus, its
design layout, resolution, and stability characterization.

Il. EXPERIMENTAL SETUP

The gas-phase MeV UED apparatus, schematically depicted in
Fig. 1, has been developed around the preexisting MeV UED beamline
housed in the Accelerator Structure Test Area (ASTA) at SLAC and
described elsewhere.">"” The apparatus employs an S-band 1.6-cell
photocathode RF gun to produce high-brightness 3.7-MeV electron
beams.” Downstream of the electron gun, a diagnostic cross contain-
ing a beam profile monitor, movable Faraday cup, and motorized colli-
mator made of Tungsten with fixed-size apertures (100, 200, and 500-
um diameter), allows accurate manipulation and measurement of the
beam parameters. Following a series of differential pumping sections
(a sectional view shown in the bottom right panel of Fig. 2), a microfo-
cusing solenoid provides additional control over the electron beam
focusing.”” A third differential pumping section, housing the pump
laser incoupling optics and fitted with a 30L/s turbo pump, ensures
adequate vacuum isolation between the RF gun and the sample cham-
ber. In the case of sudden pressure spikes, two gate-valves with vac-
uum interlocks protect the electron gun from contamination. A
movable capillary (2 mm inner diameter), protruding into the sample
chamber, ensures two orders-of-magnitude pressure difference
between the incoupling mirror and the sample chamber, thus prevent-
ing the contamination of the mirror surface by gas molecules. A sche-
matic representation of the incoupling mirror and differential capillary
assembly is shown in Fig. 3. Inside the sample chamber, a 3-
dimensional translation stage ensures accurate positioning of the gas
nozzle with respect to the pump-probe overlap region, referred to as
the interaction point. Samples can be delivered to the interaction point
using either a heated pulsed nozzle or a continuous flow cell, depend-
ing on the sample properties. Immediately underneath the interaction
point, a cold trap consisting of a series of staggered honeycomb struc-
tures is cryocooled to 70K to condense the exhausted sample, as
shown in Fig. 3. A vertically mounted 10001/s turbo pump maintains
the chamber vacuum below 5 x 10> Torr, while the three differential
pumping stages upstream ensure 5 orders-of-magnitude vacuum isola-
tion, keeping the RF gun vacuum at <4 x 10 '*Torr. The electron
detector system is located 3.2-m downstream of the sample chamber.

6, 054305-2
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A - RF gun module

B — Gun gate-valve E - Differential ion pump

C - Gun ion pump F — Differential cross

D - Diagnostic cross G — Sample gate-valve

The detector module, shown in the top right panel of Fig. 2, is com-
posed of a 4-cm-diameter phosphor screen positioned perpendicular
to the electron beam path and a high-reflectivity mirror oriented 45°
with respect to the phosphor screen. The phosphor screen is imaged
through a vacuum viewport onto an Andor iXon Ultra 888 electron-
multiplying charge-coupled device (EMCCD) camera using the mirror
and an out-of-vacuum 40-mm f/0.85 lens.”* To prevent sensor satura-
tion, a 2.9-mm-diameter hole at the center of the phosphor screen
allows the passage of the undiffracted electron beam with orders-of-
magnitude higher beam charge compared to the diffracted beams.
Correspondingly, a hole at the center of the mirror allows the undif-
fracted electron beam to pass to a downstream beam dump. The shape
of this hole was carefully designed to minimize the background associ-
ated with stray pump laser light. While a uniform hole allows stray
pump laser light going through the phosphor hole to reflect and scatter

| - In-coupling cube

FIG. 1. Schematic of the gas-phase MeV
UED at SLAC.

H - Micro-focusing solenoid

J — Gas nozzle
K — Sample chamber

L — Detector module

within the hole and eventual hit the back of the phosphor, contribut-
ing to the diffraction pattern background; the smooth tapered hole
design here implemented, has been found to eliminate these reflections
and thus significantly reduce the pump-laser-induced background
signal.

The gas-phase MeV UED apparatus is driven by a Ti:Sapphire
laser system, producing 25-mJ, 50-fs laser pulses with a central wave-
length of 800 nm at the repetition rate of 180 Hz. This laser is split into
two parts: a 0.8-m]J branch is frequency tripled to 266 nm for electron
generation at the RF gun photocathode, while the remainder in a sec-
ond branch is reserved for the generation of pump wavelengths of 400
and 266 nm through harmonic generation using -barium borate crys-
tals, as well as tunable wavelengths in the visible and ultraviolet range
using an optical parametric amplifier and frequency mixing. A low-
level RF-laser timing system and a high stability RF power source

FIG. 2. Cross-sectional view of the gas
chamber (top left), the invacuum electron

detector module (top right), and the differ-

A — Electron beam

F — Interaction point

B — Pump laser beam G - Phosphor screen

C - In-coupling cube H — Detector mirror
| - Differential cross

J — Choke

D - Incoupling mirror

E - Capillary assembly

ential pumping section (bottom right).
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FIG. 4. Comparison of the simulated and measured electron beam spot size,
arwhw, and the bunch length, Tewnm. The rectangles mark the positions of different
apparatus components.

with a diameter of 300 um. A motorized delay stage installed in the
pump laser optical path controls the relative time delay between the
pump laser and the probe electron pulses. Diffraction patterns at dif-
ferent pump-probe delays were acquired at the detector with momen-
tum transfer up to 12 A",

Ill. APPARATUS RESOLUTION CHARACTERIZATION
A. Temporal resolution

The temporal resolution of the gas-phase MeV UED apparatus
was characterized using the ultrafast photodissociation dynamics of
CF;L.”" Upon absorption of a 266 nm photon, the C-I bond in CF;I is

A - In-coupling mirror B — Capillary assembly
" . TABLE . Typical machine parameters for the gas-phase MeV UED apparatus.
C - Interaction point D - Cold-trap yp P e PP

- - - - - Parameters Values
FIG. 3. Photographs and computer-aided design (CAD) drawings of the incoupling
mirror, capillary assembly, interaction point, and cold-trap. Repetition rate 180 Hz

Vacuum at the rf gun <4 x 107" Torr

regulate the rms pump-probe timing jitter to <50 fs."° In the RF gun, Vacuum at the sample chamber < 5% 107° Torr
electron pulses with 10 fC bunch charge at 3.7 MeV kinetic energy are Electron beam kinetic energy 3.7 MeV
generated; a circular collimator with 200-um diameter transmits the Electron beam charge from the rf gun 10 fC
core portion of the beam, with a reduced charge of 2 fC; finally, the Collimator (z = 0.6 m) diameter 200 pm

microfocusing solenoid focuses the electron beam to a 270-um

} At the gas target (z= 1.4 m
FWHM spot size at the detector, which corresponds to 0.22 A~ 5 get ( :

reciprocal-space resolution with the underlying diffraction geometry. Collimated electron beam charge 2fC
At the interaction point, the FWHM electron bunch length is esti- Electron bunch ?ength (FWHM) <150 fs
mated to be 150 fs (upper limit), and the FHWM beam size is mea- Electron beam SIZ? (FWHM) 200 pm
sured as 200 um. These results, which will be described in Sec. III, are Pump laser spot size (FWHM) 300 pm
in good agreement with beam dynamics simulations carried out using Gas sample size (FWHM) 300 um
General Particle Tracer,”” as shown in Fig. 4. Typical machine parame- Electron beam transverse pointing jitter (rms) <14 pm
ters are summarized in Table I. Laser-electron time-zero fluctuation (rms) 21.5fs
The experimental conditions and interaction point geometry of a At the electron detector (z = 4.6 m)

typical gas-phase MeV UED experiment are exemplified by the study Electron beam size (FWHM) 270 pm
of the photodissociation dynamics of trifluoroiodomethane (CE;D)” Reciprocal space resolution 022 A!
illustrated in Fig. 5, where 266-nm pump laser pulses and 3.7-MeV Spatial resolution 0.63 A
electron probe bunches copropagate with <2° angle through a gas jet

Struct. Dyn. 6, 054305 (2019); doi: 10.1063/1.5120864 6, 0543054
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(a)

266 nm laser
CFsl gas target

| ' o P
| % © » Q
| o ol
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oo ©°
Q

& oo Diffraction pattern

¢ o

FIG. 5. (a) Schematic of the interaction region in the gas-phase MeV UED sample
chamber. Gas-phase CF3l molecules from the gas nozzle form pulsed gas jet sam-
ples (green). An ultrafast 266 nm pump laser (purple) excites the CF3l molecules,
while a 3.7 MeV electron pulse (blue) probes the ultrafast structural dynamics from
the excited CF3l molecules. Diffraction patterns as a function of the time delay
between the pump laser and the probe electron pulses are captured on the electron
detector 3.2 m downstream of the interaction point. (b) A cartoon of the CF3l photo-
dissociation process.

3.7 MeV electrons

broken within 50 fs, resulting in the energetic ejection of a CF;" frag-
ment. This ultrafast structural change was captured in a series of dif-
fraction patterns acquired as a function of the pump-probe delay time.
Following background subtraction, 2-dimensional diffraction patterns
were reduced to 1-dimensional modified scattering intensity curves,
through azimuthal averaging and normalization.”® Figure 6(a) shows
these modified scattering intensity curves as a function of pump-probe

(a) -1 -0.5 0 0.5 1

R (b) 2r
6 - * Raw data

TFWHM

=
T

o
0
T

Al (%)

o
-

L 3
(]

15F Fit to error function;
— =143+36 fs

delay time t and momentum transfer s = (%) sin(?), where / is the de
Broglie wavelength of the electron and 0 is the scattering angle. The
onset and bleaching of features are clearly observed at time delays after
time-zero, ie., the delay step in which the pump and probe beam
intersect the sample simultaneously. The temporal evolution in inten-
sities integrated over the s-range delimited by the two dash lines Fig.
6(a), is shown as red squares in Fig. 6(b). Without devolution of the
actual instrumental response and the molecular dynamics involved,
fitting this trace to a simple error function gives a FWHM of 143 = 36
fs, indicating the upper limit of apparatus temporal resolution.

B. Spatial resolution

The spatial resolution in UGED is defined as the finest feature
resolved from diffraction data, which can be expressed as § = 27/5ax
where s, is the maximum momentum transfer resolved in the dif-
fraction pattern. Since the gas electron diffraction cross section
decreases rapidly with momentum transfer s, the spatial resolution is
limited by the signal-to-noise ratio (SNR) of the experimental data. The
experimental and simulated modified scattering intensity curves,
SM(s), of the ground state CFsI (prior laser excitation) are shown in
Fig. 7(b), as the solid blue and dotted red curves, respectively.
Agreement between experimental and simulated sM(s) up to
s=10 A" demonstrated a spatial resolution of 0.63 A. The experimen-
tal and simulated sM(s) curves can be Fourier-transformed into a pair
distribution function (PDF) g(r) = [;" sM(s)sin(sr)exp(—ks*)ds,
where 7 is the radial distance in real space. The PDF shows peaks cen-
tered at the interatomic distances (or bond lengths) of the molecule, as
shown in Fig. 7(c). The spatial resolution ¢ determines the minimum
width of each peaks retrieved in the PDF. However, the interatomic

FIG. 6. Temporal resolution characteriza-
tion by the time-resolved ultrafast CFl
photodissociation dynamics. (a) The modi-
L fied scattering intensity as a function of
momentum transfer s and pump-probe
time delay t. (b) The red squares show
the integrated intensities in the region
between the two dashed lines (between
s=15A""and s=2.2A"") in panel (a),
while the black solid curve shows a best
fit of error function to the red squares. The
FWHM of 143 =36 fs gives the upper

1 | 1 1 I

1
-200-100 O
Time delay (fs)

(b) *°

_+-Simulation

(a) 12

0.6 %

0.4} }

-0.4

-0.6

-0.8
0

Struct. Dyn. 6, 054305 (2019); doi: 10.1063/1.5120864
© Author(s) 2019

1 L 1 L 0. 1
100 200 300 400 500 -200 -100 O 100
Time delay (fs)

(C) o rgi?\'t:lijlation N 0
0.1

200 300 400 500 600 limit of the temporal resolution.

FIG. 7. Spatial resolution characterization.
(@) Experimental diffraction pattern of
CF3I without laser excitation. (b) Modified
scattering intensity (blue) extracted from
(a) and from simulation (red). (c) The cor-
responding pair distribution functions from
experiment (blue) and simulation (red).
The inset shows a cartoon of the molecu-
lar structure for CF3I without laser excita-

0.02 tion. The peaks corresponding to different

bond lengths are labeled.
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distance (or bond length) can be determined by the peak center in the
PDF with an accuracy significantly higher than the spatial resolution,
provided that the distances do not overlap within the spatial resolution.
The blue solid curve in shows the PDF extracted from

, which agrees well with simulation result shown by the red dotted
curve in . The position of the peak corresponding to the C-F
bond length is determined as 1.344 *+ 0.007 A,”" which agrees with pre-
vious measurements from the literature.

C. Reciprocal-space resolution

Reciprocal-space resolution quantifies the extent to which fine
features can be unambiguously resolved within a given diffraction pat-
tern. Both the sample property and the electron beam quality contrib-
ute to the reciprocal-space resolution. The diffraction pattern of a
high-quality single crystal gold sample (shown in ) was examined
to quantify the upper limit of the instrument reciprocal-space resolu-
tion. Using a Gaussian fit to a single (200) Bragg reflection, it was
determined to be 0.22 A",

IV. APPARATUS STABILITY CHARACTERIZATION
A. Electron beam position pointing stability

The electron beam position pointing jitter of the gas-phase MeV
UED apparatus in the interaction region can be estimated from the jit-
ter of the diffraction pattern centroid position at the electron detector.
The variation in the horizontal (red) and vertical (blue) centroid posi-
tion jitter of CF;I diffraction patterns acquired over a typical 6-h-long
experiment is shown in . The rms centroid jitters in both direc-
tions by 0.42 pixel, which corresponds to 14 um at the detector. This
measurement can also be used as an upper limit of the rms electron
beam pointing jitter at the interaction point, which is 3.2 m upstream
of the detector. Given the micrometer-level pump laser position point-
ing jitter, ~ the pump-probe spatial overlap was well maintained within
the experiment.

B. Pump-probe time-zero stability

Long-term time-zero stability is a key to the success gas phase dif-
fraction experiments, given the diffuse nature of the signal and, there-
fore, long integration times. The pump-probe time-zero of a UGED
experiment can be determined using the plasma lensing method.

(a) 12

8

12

Struct. Dyn. 6, 054305 (2019); doi: 10.1063/1.5120864
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To implement this technique, the intensity of the pump laser is
increased to 1.3 x 10'* W/cm® by focusing the laser spot size to 50 yum
FWHM. The gas molecules are ionized by the pump laser and produce
a plasma. In this plasma, electrons with excess kinetic energy diffuse
rapidly, while the ions, which are much heavier than the electrons,
remain stationary on a picosecond time scale. This results in a net
charge redistribution within the plasma and generation of an intense
electric field along the direction of the laser polarization. When an
electron beam traverses the plasma, a fraction of its charge is deflected
by the electric field, causing the streak-like features shown in the beam
profiles in the bottom of . The plasma lensing effect can be
quantified by measuring the intensity of deflected electrons in the elec-
tron beam profile as a function of pump-probe time delay, shown in

. Without devolution of the underlying plasma dynamics
and the instrumental response, time-zero can be estimated by fitting
this trace to an error function. Given its short acquisition time (1 min),
the plasma lensing technique was used to monitor the long-term time-
zero stability. As shown in , the time-zero stability was dem-
onstrated as 21.5 fs rms over one hour.

V. CONCLUSION AND OUTLOOK

A gas-phase MeV UED apparatus has been experimentally dem-
onstrated with excellent performance for the study of photoinduced
structural dynamics in gas-phase reactions. The gas-phase MeV UED
apparatus delivers electron beams at the kinetic energy of 3.7 MeV
with 2 fC charge per pulse at a repetition rate of 180 Hz. The successful
UED study of the ultrafast dissociation dynamics of CF;I demonstrates
the machine’s unprecedented stability and performance, capturing C-I
bond cleavage with 65 fs rms (150 fs FWHM) temporal resolution and
022A7" and 0.63A reciprocal-spatial and spatial resolutions,
respectively.

Research and development efforts continue to be devoted to fur-
ther improving the gas-phase MeV UED performance. For example, a
THz-driven electron pulse compression technique has demonstrated a
factor of 3 compression in electron bunch length.” The magnitude of
compression achieved through this technique could be directly
improved by increasing the input THz pulse energy, paving the way
toward the delivery of sub-10 fs electron bunches to gas-phase MeV
UED experiments. THz streaking has been demonstrated as a direct
characterization tool for the time-of-arrival jitter between the electron

ASX,FWHM = 0 22 A_l
AS}’,FWHM S 0 22 A_1

FIG. 8. Reciprocal-space resolution char-
acterization. (a) A typical electron diffrac-
tion pattern from a single crystal gold
sample. (b) A zoom-in view of the (200)
Bragg reflection with Gaussian fitted
FWHM of 0.22A~" as the upper limit of
the reciprocal-space resolution.
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FIG. 9. Diffraction pattern centroid jitter in a
typical UGED experimental run over 6 h. (a)
Time trace of the horizontal (red) and verti-
cal (blue) centroid jitter. (b) Corresponding
histograms for the horizontal (red) and verti-

T cal (blue) centroid jitter. An rms position

I
|:|Ayrms = 0.41 pixel 4 pointing jitter of 0.42 pixel corresponding to

14 um is demonstrated in both directions.
2 The pointing jitter at the interaction points is
1 expected to be better than 14 um, as it is
- located 3.2 m upstream of the detector.
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FIG. 10. Characterization of pump-probe time-zero stability by the plasma lensing effect. (a) Top graph shows the electron beam profile on the electron detector before time-
zero, while the bottom graph shows that at pump-probe time delay t =600 fs. (b) Intensities of electrons diffracted by the plasma field (red circles) as a function of the pump-
probe time delay. An error function (black curve) is fitted to the raw data to determine the onset of the process as a measurement of time-zero. (c) A trace of time-zero change-
over one hour monitored by the plasma lensing technique. The error bars reflect the fitting uncertainty in the estimated time zero change.

and laser beams for gas-phase MeV UED experiments.”’ A project to

upgrade the laser and RF system for 1 kHz operation is being carried
out, aiming to significantly improve the data acquisition efficiency to
achieve higher SNR. Furthermore, a direct electron detector is being
developed to enable shot-by-shot readout for implementation of time-
stamping and data resorting tools to enhance the SNR of the gas dif-
fraction data.”’

Struct. Dyn. 6, 054305 (2019); doi: 10.1063/1.5120864
© Author(s) 2019

ACKNOWLEDGMENTS

The authors are grateful to their SLAC colleagues for the strong
management and technical support. This work was supported in part
by the U.S. Department of Energy (DOE) Basic Energy Sciences (BES)
Scientific User Facilities Division Accelerator & Detector R&D
program under Contract No. DE-AC02-76SF00515 and the SLAC

6, 054305-7


https://scitation.org/journal/sdy

UED/UEM Initiative Program Development Fund. T.J.AW. was
supported by the US. DOE Office of Science, BES. J.P.EN.
acknowledges the support of the Royal Society of Chemistry
Researcher Mobility Grant. B.M., ].P.E.N., and M.C. were supported by
U.S. DOE Office of Science, BES, Chemical Sciences, Geosciences, and
Biosciences Division under Award No. DE-SC0014170. M.N. and
M.G. acknowledge the Volkswagen Foundation for funding via a
Lichtenberg Professorship.

REFERENCES

.C. Polanyi and A. H. Zewail, Acc. Chem. Res. 28, 119-132 (1995).

2A. A. Ischenko, P. M. Weber, and R. J. D. Miller, Chem. Rev. 117, 11066
(2017).

3M. Chergui and A. H. Zewail, Chem. Phys. Chem. 10, 28 (2009).

4R, J. D. Miller, Science 343, 1108 (2014).

5C. Bostedt, S. Boutet, D. M. Fritz, Z. Huang, H. J. Lee, H. T. Lemke, A. Robert,
W. F. Schlotter, J. J. Turner, and G. J. Williams, Rev. Mod. Phys. 88, 015007
(2016).

®T. Ishikawa, H. Aoyagi, T. Asaka, Y. Asano, N. Azumi, T. Bizen, H. Ego, K.
Fukami, T. Fukui, Y. Furukawa, S. Goto, H. Hanaki, T. Hara, T. Hasegawa, T.
Hatsui, A. Higashiya, T. Hirono, N. Hosoda, M. Ishii, T. Inagaki, Y. Inubushi,
T. Ttoga, Y. Joti, M. Kago, T. Kameshima, H. Kimura, Y. Kirihara, A.
Kiyomichi, T. Kobayashi, C. Kondo, T. Kudo, H. Maesaka, X. M. Maréchal, T.
Masuda, S. Matsubara, T. Matsumoto, T. Matsushita, S. Matsui, M. Nagasono,
N. Nariyama, H. Ohashi, T. Ohata, T. Ohshima, S. Ono, Y. Otake, C. Saji, T.
Sakurai, T. Sato, K. Sawada, T. Seike, K. Shirasawa, T. Sugimoto, S. Suzuki, S.
Takahashi, H. Takebe, K. Takeshita, K. Tamasaku, H. Tanaka, R. Tanaka, T.
Tanaka, T. Togashi, K. Togawa, A. Tokuhisa, H. Tomizawa, K. Tono, S. Wu,
M. Yabashi, M. Yamaga, A. Yamashita, K. Yanagida, C. Zhang, T. Shintake, H.
Kitamura, and N. Kumagai, Nat. Photonics 6, 540 (2012).

7H.-S. Kang, C.-K. Min, H. Heo, C. Kim, H. Yang, G. Kim, I. Nam, S. Y. Baek,
H.-J. Choi, G. Mun, B. R. Park, Y. J. Suh, D. C. Shin, J. Hu, J. Hong, S. Jung,
S.-H. Kim, K. Kim, D. Na, S. S. Park, Y. J. Park, J.-H. Han, Y. G. Jung, S. H.
Jeong, H. G. Lee, S. Lee, S. Lee, W.-W. Lee, B. Oh, H. S. Suh, Y. W. Parc, S.-J.
Park, M. H. Kim, N.-S. Jung, Y.-C. Kim, M.-S. Lee, B.-H. Lee, C.-W. Sung, L.-S.
Mok, J.-M. Yang, C.-S. Lee, H. Shin, J. H. Kim, Y. Kim, J. H. Lee, S.-Y. Park, J.
Kim, J. Park, I. Eom, S. Rah, S. Kim, K. H. Nam, J. Park, J. Park, S. Kim, S.
Kwon, S. H. Park, K. S. Kim, H. Hyun, S. N. Kim, S. Kim, S. Hwang, M. J. Kim,
C. Lim, C.-J. Yu, B.-S. Kim, T.-H. Kang, K.-W. Kim, S.-H. Kim, H.-S. Lee,
H.-S. Lee, K.-H. Park, T.-Y. Koo, D.-E. Kim, and 1. S. Ko, Nat. Photonics 11,
708 (2017).

8], Kiipper, S. Stern, L. Holmegaard, F. Filsinger, A. Rouzée, A. Rudenko, P.
Johnsson, A. V. Martin, M. Adolph, A. Aquila, S. Bajt, A. Barty, C. Bostedt, J.
Bozek, C. Caleman, R. Coffee, N. Coppola, T. Delmas, S. Epp, B. Erk, L.
Foucar, T. Gorkhover, L. Gumprecht, A. Hartmann, R. Hartmann, G. Hauser,
P. Holl, A. Homke, N. Kimmel, F. Krasniqi, K.-U. Kiihnel, J. Maurer, M.
Messerschmidt, R. Moshammer, C. Reich, B. Rudek, R. Santra, I. Schlichting,
C. Schmidt, S. Schorb, J. Schulz, H. Soltau, J. C. H. Spence, D. Starodub, L.
Striider, J. Thogersen, M. J. J. Vrakking, G. Weidenspointner, T. A. White, C.
Wunderer, G. Meijer, J. Ullrich, H. Stapelfeldt, D. Rolles, and H. N. Chapman,
Phys. Rev. Lett. 112, 083002 (2014).

2M. P. Minitti, J. M. Budarz, A. Kirrander, J. S. Robinson, D. Ratner, T. J. Lane,
D. Zhu, J. M. Glownia, M. Kozina, H. T. Lemke, M. Sikorski, Y. Feng, S.
Nelson, K. Saita, B. Stankus, T. Northey, J. B. Hastings, and P. M. Weber, Phys.
Rev. Lett. 114, 255501 (2015).

19, M. Glownia, A. Natan, J. P. Cryan, R. Hartsock, M. Kozina, M. P. Minitti, S.
Nelson, J. Robinson, T. Sato, T. van Driel, G. Welch, C. Weninger, D. Zhu, and
P. H. Bucksbaum, Phys. Rev. Lett. 117, 153003 (2016).

TR, Henderson, Q. Rev. Biophys. 28, 171 (1995).

121, Mark and R. Wierl, Naturwissenschaften 18, 205 (1930).

3H. Oberhammer, Ber. Bunsenges. Phys. Chem. 93, 1151 (1989).

A, A. Ischenko, V. V. Golubkov, V. P. Spiridonov, A. V. Zgurskii, A. S.
Akhmanov, M. G. Vabischevich, and V. N. Bagratashvili, Appl. Phys. B 32, 161
(1983).

Struct. Dyn. 6, 054305 (2019); doi: 10.1063/1.5120864
© Author(s) 2019

15v. A. Lobastov, J. D. Ewbank, L. Schifer, and A. A. Ischenko, Rev. Sci. Instrum.
69, 2633 (1998).

18], C. Williamson and A. H. Zewail, Proc. Natl. Acad. Sci. 88, 5021 (1991).

7], D. Geiser and P. M. Weber, in SPIE’s 1995 International Symposium on
Optical Science, Engineering, and Instrumentation, International Society for
Optics and Photonics (1995), pp. 136-144.

18]. C. Williamson, J. Cao, H. Thee, H. Frey, and A. H. Zewail, Nature 386, 159
(1997).

19]. Cao, H. Thee, and A. H. Zewail, Chem. Phys. Lett. 290, 1 (1998).

204, Thee, V. A. Lobastov, U. M. Gomez, B. M. Goodson, R. Srinivasan, C.-Y.
Ruan, and A. H. Zewail, Science 291, 458 (2001).

2IR. Srinivasan, J. S. Feenstra, S. T. Park, S. Xu, and A. H. Zewail, Science 307,
558 (2005).

22¢, J. Hensley, J. Yang, and M. Centurion, Phys. Rev. Lett. 109, 133202 (2012).

235, Yang, J. Beck, C. J. Uiterwaal, and M. Centurion, Nat. Commun. 6, 8172
(2015).

247, Charles Williamson and A. H. Zewail, Chem. Phys. Lett. 209, 10 (1993).

25G. Sciaini, M. Harb, S. G. Kruglik, T. Payer, C. T. Hebeisen, F.-]. Meyer zu
Heringdorf, M. Yamaguchi, M. Horn-von Hoegen, R. Ernstorfer, and R. J. D.
Miller, Nature 458, 56 (2009).

261, Waldecker, R. Bertoni, and R. Ernstorfer, J. Appl. Phys. 117, 44903 (2015).

27C. Gerbig, A. Senftleben, S. Morgenstern, C. Sarpe, and T. Baumert, New J.
Phys. 17, 43050 (2015).

28T van Oudheusden, P. L. E. M. Pasmans, S. B. van der Geer, M. J. de Loos, M.
J. van der Wiel, and O. J. Luiten, Phys. Rev. Lett. 105, 264801 (2010).

29y R. Morrison, R. P. Chatelain, K. L. Tiwari, A. Hendaoui, A. Bruhdcs, M.
Chaker, and B. J. Siwick, Science 346, 445 (2014).

3OM. Gao, Y. Jiang, G. H. Kassier, and R. J. Dwayne Miller, Appl. Phys. Lett. 103,
033503 (2013).

3IM. R. Otto, L. P. Renée de Cotret, M. J. Stern, and B. J. Siwick, Struct. Dyn. 4,
051101 (2017).

320, Zandi, K. J. Wilkin, Y. Xiong, and M. Centurion, Struct. Dyn. 4, 044022
(2017).

33p, Baum and A. H. Zewail, Proc. Natl. Acad. Sci. 103, 16105 (2006).

3%p, Zhang, J. Yang, and M. Centurion, New J. Phys. 16, 83008 (2014).

35X. J. Wang, Z. Wu, and H. Thee, in Proceedings of 2003 Particle Accelerator
Conference (IEEE, Portland, OR, 2003), p. 420.

36X. J. Wang, D. Xiang, T. K. Kim, and H. Thee, J. Korean Phys. Soc. 48, 390
(2006).

377, B. Hastings, F. M. Rudakov, D. H. Dowell, J. F. Schmerge, J. D. Cardoza, J.
M. Castro, S. M. Gierman, H. Loos, and P. M. Weber, Appl. Phys. Lett. 89,
184109 (2006).

38p. Musumeci, J. T. Moody, and C. M. Scoby, Ultramicroscopy 108, 1450
(2008).

39R. Li, C. Tang, Y. Du, W. Huang, Q. Du, J. Shi, L. Yan, and X. Wang, Rev. Sci.
Instrum. 80, 83303 (2009).

“OR. Li, W. Huang, Y. Du, L. Yan, Q. Du, J. Shi, J. Hua, H. Chen, T. Du, H. Xu,
and C. Tang, Rev. Sci. Instrum. 81, 36110 (2010).

“p. Musumeci, J. T. Moody, C. M. Scoby, M. S. Gutierrez, M. Westfall, and R. K.
Li, J. Appl. Phys. 108, 114513 (2010).

42y Murooka, N. Naruse, S. Sakakihara, M. Ishimaru, J. Yang, and K. Tanimura,
Appl. Phys. Lett. 98, 251903 (2011).

“3F, Fu, S. Liu, P. Zhu, D. Xiang, J. Zhang, and J. Cao, Rev. Sci. Instrum. 85,
083701 (2014).

44p. Zhu, Y. Zhu, Y. Hidaka, L. Wu, J. Cao, H. Berger, J. Geck, R. Kraus, S.
Pjerov, Y. Shen, R. L. Tobey, J. P. Hill, and X. J. Wang, New J. Phys. 17, 63004
(2015).

455, Manz, A. Casandruc, D. Zhang, Y. Zhong, R. A. Loch, A. Marx, T.
Hasegawa, L. C. Liu, S. Bayesteh, H. Delsim-Hashemi, M. Hoffmann, M.
Felber, M. Hachmann, F. Mayet, J. Hirscht, S. Keskin, M. Hada, S. W. Epp, K.
Flottmann, and R. J. D. Miller, Faraday Discuss. 177, 467 (2015).

465 p, Weathersby, G. Brown, M. Centurion, T. F. Chase, R. Coffee, J. Corbett, J.
P. Eichner, J. C. Frisch, A. R. Fry, M. Giihr, N. Hartmann, C. Hast, R. Hettel,
R. K. Jobe, E. N. Jongewaard, J. R. Lewandowski, R. K. Li, A. M. Lindenberg, L.
Makasyuk, J. E. May, D. McCormick, M. N. Nguyen, A. H. Reid, X. Shen, K.
Sokolowski-Tinten, T. Vecchione, S. L. Vetter, J. Wu, J. Yang, H. A. Diirr, and
X.J. Wang, Rev. Sci. Instrum. 86, 073702 (2015).

6, 054305-8


https://doi.org/10.1021/ar00051a005
https://doi.org/10.1021/acs.chemrev.6b00770
https://doi.org/10.1002/cphc.200800667
https://doi.org/10.1126/science.1248488
https://doi.org/10.1103/RevModPhys.88.015007
https://doi.org/10.1038/nphoton.2012.141
https://doi.org/10.1038/s41566-017-0029-8
https://doi.org/10.1103/PhysRevLett.112.083002
https://doi.org/10.1103/PhysRevLett.114.255501
https://doi.org/10.1103/PhysRevLett.114.255501
https://doi.org/10.1103/PhysRevLett.117.153003
https://doi.org/10.1017/S003358350000305X
https://doi.org/10.1007/BF01494849
https://doi.org/10.1002/bbpc.19890931027
https://doi.org/10.1007/BF00688823
https://doi.org/10.1063/1.1148991
https://doi.org/10.1073/pnas.88.11.5021
https://doi.org/10.1038/386159a0
https://doi.org/10.1016/S0009-2614(98)00520-X
https://doi.org/10.1126/science.291.5503.458
https://doi.org/10.1126/science.1107291
https://doi.org/10.1103/PhysRevLett.109.133202
https://doi.org/10.1038/ncomms9172
https://doi.org/10.1016/0009-2614(93)87193-7
https://doi.org/10.1038/nature07788
https://doi.org/10.1063/1.4906786
https://doi.org/10.1088/1367-2630/17/4/043050
https://doi.org/10.1088/1367-2630/17/4/043050
https://doi.org/10.1103/PhysRevLett.105.264801
https://doi.org/10.1126/science.1253779
https://doi.org/10.1063/1.4813313
https://doi.org/10.1063/1.4989960
https://doi.org/10.1063/1.4983225
https://doi.org/10.1073/pnas.0607451103
https://doi.org/10.1088/1367-2630/16/8/083008
https://doi.org/10.1063/1.2372697
https://doi.org/10.1016/j.ultramic.2008.03.011
https://doi.org/10.1063/1.3194047
https://doi.org/10.1063/1.3194047
https://doi.org/10.1063/1.3361196
https://doi.org/10.1063/1.3520283
https://doi.org/10.1063/1.3602314
https://doi.org/10.1063/1.4892135
https://doi.org/10.1088/1367-2630/17/6/063004
https://doi.org/10.1039/C4FD00204K
https://doi.org/10.1063/1.4926994
https://scitation.org/journal/sdy

Structural Dynamics

47X Shen, R. K. Li, U. Lundstrém, T. J. Lane, A. H. Reid, S. P. Weathersby, and
X. J. Wang, Ultramicroscopy 184, 172 (2018).

"SI, Yang, M. Guehr, T. Vecchione, M. S. Robinson, R. Li, N. Hartmann, X. Shen,
R. Coffee, J. Corbett, A. Fry, K. Gaffney, T. Gorkhover, C. Hast, K. Jobe, L.
Makasyuk, A. Reid, J. Robinson, S. Vetter, F. Wang, S. Weathersby, C. Yoneda,
X. Wang, and M. Centurion, Faraday Discuss. 194, 563 (2016).

"QI, Yang, M. Guehr, T. Vecchione, M. S. Robinson, R. Li, N. Hartmann, X. Shen,
R. Coffee, J. Corbett, A. Fry, K. Gaffney, T. Gorkhover, C. Hast, K. Jobe, L.
Makasyuk, A. Reid, J. Robinson, S. Vetter, F. Wang, S. Weathersby, C. Yoneda,
M. Centurion, and X. Wang, Nat. Commun. 7, 11232 (2016).

59]. Yang, M. Guehr, X. Shen, R. Li, T. Vecchione, R. Coffee, J. Corbett, A. Fry,
N. Hartmann, C. Hast, K. Hegazy, K. Jobe, I. Makasyuk, J. Robinson, M. S.
Robinson, S. Vetter, S. Weathersby, C. Yoneda, X. Wang, and M. Centurion,
Phys. Rev. Lett. 117, 153002 (2016).

5. Yang, X. Zhu, T. J. A. Wolf, Z. Li, J. P. F. Nunes, R. Coffee, J. P. Cryan, M.
Giihr, K. Hegazy, T. F. Heinz, K. Jobe, R. Li, X. Shen, T. Veccione, S.
Weathersby, K. J. Wilkin, C. Yoneda, Q. Zheng, T. J. Martinez, M. Centurion,
and X. Wang, Science 361, 64 (2018).

52T, J. A. Wolf, D. M. Sanchez, J. Yang, R. M. Parrish, J. P. F. Nunes, M.
Centurion, R. Coffee, J. P. Cryan, M. Giihr, K. Hegazy, A. Kirrander, R. K. Li, J.
Ruddock, X. Shen, T. Vecchione, S. P. Weathersby, P. M. Weber, K. Wilkin, H.

ARTICLE scitation.org/journal/sdy

Yong, Q. Zheng, X. J. Wang, M. P. Minitti, and T. J. Martinez, Nat. Chem. 11,
504 (2019).

S3R. Akre, D. Dowell, P. Emma, J. Frisch, S. Gilevich, G. Hays, P. Hering, R.
Iverson, C. Limborg-Deprey, H. Loos, A. Miahnahri, J. Schmerge, J. Turner, J.
Welch, W. White, and J. Wu, Phys. Rev. ST Accel. Beams 11, 30703 (2008).

S4See http://www.andor.com/ for Andor iXon Ultra 888 EMCCD.

55Gee http://www.pulsar.nl/gpt/ for General Particle Tracer.

56y, Typke, M. Dakkouri, and H. Onerhammer, J. Mol. Struct. 44, 85 (1978).

57M. Dantus, S. B. Kim, J. C. Williamson, and A. H. Zewail, J. Phys. Chem. 98,
2782 (1994).

58X. Shen, “Plasma lensing metrology for mega-electron-volt ultrafast electron
diffraction” (unpublished).

S9E. C. Snively, M. A. K. Othman, M. Kozina, B. K. Ofori-Okai, S. P.
Weathersby, S. Park, X. Shen, X. J. Wang, M. C. Hoffmann, R. K. Li, and E. A.
Nanni, e-print arXiv:1906.03358.

®OR. K. Li, M. C. Hoffmann, E. A. Nanni, S. H. Glenzer, M. E. Kozina, A. M.
Lindenberg, B. K. Ofori-Okai, A. H. Reid, X. Shen, S. P. Weathersby, J. Yang,
M. Zajac, and X. J. Wang, Phys. Rev. Accel. Beams 22, 012803 (2019).

81T, Vecchione, P. Denes, R. K. Jobe, I J. Johnson, J. M. Joseph, R. K. Li, A.
Perazzo, X. Shen, X. ]. Wang, S. P. Weathersby, J. Yang, and D. Zhang, Rev. Sci.
Instrum. 88, 033702 (2017).

Struct. Dyn. 6, 054305 (2019); doi: 10.1063/1.5120864
© Author(s) 2019

6, 054305-9


https://doi.org/10.1016/j.ultramic.2017.08.019
https://doi.org/10.1039/C6FD00071A
https://doi.org/10.1038/ncomms11232
https://doi.org/10.1103/PhysRevLett.117.153002
https://doi.org/10.1126/science.aat0049
https://doi.org/10.1038/s41557-019-0252-7
https://doi.org/10.1103/PhysRevSTAB.11.030703
http://www.andor.com/
http://www.pulsar.nl/gpt/
https://doi.org/10.1016/0022-2860(78)85008-X
https://doi.org/10.1021/j100062a011
http://arxiv.org/abs/1906.03358
https://doi.org/10.1103/PhysRevAccelBeams.22.012803
https://doi.org/10.1063/1.4977923
https://doi.org/10.1063/1.4977923
https://scitation.org/journal/sdy

	Femtosecond gas-phase mega-electron-volt ultrafast electron diffraction
	Authors

	s1
	d1
	s2
	f1
	f2
	s3
	s3A
	f3
	f4
	t1
	s3B
	f5
	f6
	f7
	s3C
	s4
	s4A
	s4B
	s5
	f8
	f9
	f10
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49
	c50
	c51
	c52
	c53
	c54
	c55
	c56
	c57
	c58
	c59
	c60
	c61

