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Ultrafast electron probes are powerful tools, complementary to x-ray free-electron lasers, used to
study structural dynamics in material, chemical, and biological sciences. High brightness, relativistic
electron beams with femtosecond pulse duration can resolve details of the dynamic processes on
atomic time and length scales. SLAC National Accelerator Laboratory recently launched the Ultrafast
Electron Diffraction (UED) and microscopy Initiative aiming at developing the next generation
ultrafast electron scattering instruments. As the first stage of the Initiative, a mega-electron-volt
(MeV) UED system has been constructed and commissioned to serve ultrafast science experiments
and instrumentation development. The system operates at 120-Hz repetition rate with outstanding
performance. In this paper, we report on the SLAC MeV UED system and its performance, including
the reciprocal space resolution, temporal resolution, and machine stability. C 2015 AIP Publishing
LLC. [http://dx.doi.org/10.1063/1.4926994]

I. INTRODUCTION

Visualization of structural changes at atomic length and
time scales establishes the connection between the structure,
dynamics, and functionality, and paves the way for fully under-
standing, and ultimately, controlling energy and matter.1,2 To
access the relevant length and time scales, probes with both
short wavelengths (.1 Å) and short pulse durations (.100 fs)
are required. Electrons and x-rays are the most viable options
for this challenging and highly rewarding task.3,4 The develop-
ment of cutting-edge instruments, such as x-ray free-electron
lasers (XFELs),5,6 ultrafast electron diffraction (UED),7–10 and
microscopes11–15, has been vigorously pursued in the last few
decades.

Electrons and x-rays are complementary tools used to
study material structures.3,4,16 While x-rays primarily interact
with electrons in matter, electrons are sensitive to both elec-
trons and nuclei. Electrons have 104-106 times larger scattering
cross sections and therefore are the ideal choice to capture
information from nanometer-scale or smaller samples. For a
wide range of samples, the elastic mean-free-path of electrons
matches well with the pumping depth by optical pulses,17

which further enhances the efficiency of electron probes in
pump-probe experiments. Electrons also have 103 times less
radiation damage per elastic scattering event.16 Electrons are
charged particles and can be easily manipulated by electro-
magnetic lenses and accelerating structures in a compact setup.

a)Author to whom correspondence should be addressed. Electronic mail:
lrk@slac.stanford.edu

So far, most UED systems are based on kilo-electron-volt DC
electron sources. These instruments have been improved over
years and generated many remarkable science results.

The performance of UED can be tremendously boosted
using mega-electron-volt (MeV) electron sources, i.e., radio-
frequency (rf) photoinjectors.18,19 The accelerating field in an
rf photoinjector normally exceeds 100 MV/m, which is much
higher than the 10-20 MV/m level in DC photoinjectors, and
allows the extraction of much brighter electron beams from
the cathode, minimizing emittance and bunch length growth
due to the space charge effects. The MeV final energy very
effectively suppresses space charge effects, which scale as γ3,
where γ is the Lorentz factor; thus, the beam brightness can be
essentially preserved from the electron source to the detector.
Using MeV electrons as the probe also naturally solves the
velocity mismatch issue where sub-relativistic keV electrons
lag behind the optical pump pulses,20,21 which is critical to
reach sub-100 fs temporal resolution for gas phase samples.
An rf bunching cavity can be used in both keV22–24 and MeV
UEDs25,26 to compress the electron beam and achieve higher
temporal resolution. With this scheme, the advantage of MeV
UED is even more significant. The relative energy spread of
electron beams translates to relative broadening of diffraction
spots or rings. To maintain the relative energy spread at the
tolerable level, a much larger absolute energy spread is allowed
in MeV UED. For a given normalized longitudinal emittance,
in principle much shorter pulse durations can be generated in
MeV UED.

Since the first experimental demonstration of electron
diffraction using sub-picosecond, MeV beams from an rf
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photoinjector at SLAC in 2006,27 intensive R&D efforts have
been devoted to improve the performance of the MeV UED
system, including its reciprocal space resolution, temporal
resolution, and machine stability.10,26,28–37 Photoinjectors were
originally optimized for operating at 100s of pC or higher
bunch charge, while for MeV UED purposes, a few pC or
lower per pulse is preferred. A series of new techniques for the
generation, control, and characterization of low charge high
brightness electron beams has been developed. Based on these
achievements, it is become feasible to construct an MeV UED
system capable of productively generating high quality data
for ultrafast sciences.

SLAC recently launched the UED/ultrafast electron mi-
croscopy (UEM) Initiative38 aimed at developing the world’s
leading ultrafast electron scattering instruments. These instru-
ments are complementary to the Linac Coherent Light Source
(LCLS) XFEL, providing a more complete picture of ultrafast
processes in chemical, biological, and other complex sys-
tems. The first stage of the Initiative was to construct an MeV
UED system. MeV UED and LCLS share many common key
technologies since the electron source of LCLS is also an
rf photoinjector. The high stability rf power source and the
high precision laser-rf timing system developed for the LCLS
are of critical importance to reduce the time-of-arrival jitter
between the pump laser and electron probe pulses in order to
eventually break the 100-fs temporal resolution barrier. The
120-Hz repetition rate of the LCLS-type photoinjector enables
efficient acquisition of data having high signal-to-noise ratio
data within a reasonable exposure time. The SLAC MeV UED
system can handle both solid state and gas phase samples using
two dedicated sample chambers. These unique features allow
the SLAC MeV UED system to directly serve ultrafast science
experiments with outstanding performance. In this paper, we
will report on the newly commissioned SLAC MeV UED
system and the characterization of the system performance,
including the reciprocal space resolution, temporal resolution,
and stability of key machine parameters.

II. MeV UED SYSTEM AT SLAC

The MeV UED system is housed in the Accelerator
Structure Test Area (ASTA) at SLAC. A schematic of the
UED beam line is shown in Fig. 1. Key components of the
system include a LCLS-type photocathode rf gun, a sample
chamber, a high efficiency electron detector, an ultra-stable
rf power source, a Ti:Sapphire laser, and a laser-rf timing
system.

FIG. 2. The (a) amplitude and (b) phase fluctuations of the rf field in the gun,
and (c) the time error between the laser and the low-level rf system.

The LCLS-type photocathode rf gun is identical to the
one used for the LCLS injector.39,40 The rf gun is powered by
a pulse-forming-network- (PFN-) based modulator and a 50-
MW S-band klystron. The modulator was upgraded by adding
a top-off charging power supply to the PFN that stabilizes
the output voltage to be better than 50 ppm.41 A Phase and
Amplitude Detector (PAD) unit42,43 monitors the rf signal in
the gun. A feedback loop stabilizes the rf phase and ampli-
tude in the gun relative to a low-level reference rf signal by
adjusting the input to the klystron using a Phase and Amplitude
Controller (PAC) unit.44 The typical values of the rf amplitude
and phase stability of the gun field are 2 × 10−4 rms and 25
fs rms over hours, measured by rf antennas on the gun body,
as shown in Figs 2(a) and 2(b). To achieve low time-of-arrival
jitter between the pump laser and probe electron pulses, the
laser system also needs to be precisely synchronized with the rf
signal. A low-cost, high-reliability femtosecond timing system
developed for LCLS45 was implemented for the MeV UED
system. The measured in-loop timing error between the laser
and the low-level rf signal is shown in Fig. 2(c). This in-loop
value is in good agreement with that measured by a phase noise
analyzer using an independent detector and electronics.

A kilohertz, 5-mJ Ti:Sapphire laser system is used for
both generating electron beams from the photocathode and
for pumping the samples. A small fraction (10%) of the IR
output is used for UV generation. The UV pulse is imaged

FIG. 1. Schematic of the MeV UED beam line at SLAC’s ASTA facility.
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FIG. 3. ((a1) and (a2)) Centroid stabilities of the UV laser on the virtual cathode screen are 1.66 µm rms and 0.53 µm rms, corresponding to 4.2% and 1.4% of
the rms spot size in x and y directions, respectively. ((b1) and (b2)) Centroid stabilities of the electron beam on the diagnostic screen (z = 55.8 cm) are 0.63 µm
rms and 1.78 µm rms, corresponding to 1.1% and 3.0% of the rms spot size in x and y directions, respectively.

from a grating surface onto the photocathode with an 8:1
demagnification and illuminates the cathode at a 70◦ angle of
incidence. The grating surface is parallel to the photocathode,
and the UV pulse-front is also parallel to the cathode surface
to minimize the electron bunch length. The UV beam profile
and position on the cathode are monitored by a virtual cathode
camera. The pump path includes a 30-cm translation stage for
adjusting the delay between pump and probe pulses. Since
adequate pump laser energy is available, the pump spot size is
usually 3-4 times larger than the probe size to ensure uniform
pumping of the sample. Relay imaging was set up from the
laser amplifier exit to the photocathode and to the sample
location, respectively, for optimal laser pointing stability. In
Fig. 3, we show that the stability of the UV centroid on the
virtual cathode camera is at the 1-µm rms level. The centroid of
electron beams measured at the diagnostic screen 55.8 cm from
the photocathode is clearly dominated by the UV pointing
jitter. Note in Fig. 3 the focusing solenoid rotates the electron
beam by 86◦ along the beam axis.

The solid state sample chamber hosts a sample stage
with 4-axis motion control, i.e., 1-in. translation in x and y
directions and±90◦ rotation along x and y axes. An in-vacuum
mirror is installed in the sample chamber to enable laser-
pumping the sample from the front surface with a 50-mrad
angle of incidence. Without pulse-front-tilt correction, the
small incident angle introduces <20-fs rms broadening of the
temporal resolution for a 400-µm diameter probe size. The
sample holder is 1 × 1 in. in dimension and can accommodate
10-20 samples of various sizes (standard TEM grids or square
SiN windows), as well as a scintillator screen for identifying
the transverse overlap of the probe electron beam and the
pump laser beams, and a fast photodiode to measure the coarse
timing between the pump and probe pulses with ∼100-ps
precision. A shadowgraph of laser-generated ultrafast plasma
from TEM grids is used to determine the time-zero with
∼100-fs accuracy.46–50

The electron detector consists of a P43 phosphor screen
perpendicular to the beam path, a 45◦ in-vacuum mirror, a large
aperture coupling lens, and an Andor iXon Ultra 888 electron

multiplying charge-coupled device camera (EMCCD).51 The
phosphor screen is 50-100 µm in thickness with an optimized
grain size for maximum efficiency. A 40-mm f/0.85 lens is used
to image the phosphor screen. The point-spread-function of the
detector is 85 µm rms.

The typical machine and beam parameters are sum-
marized in Table I. The system can operate stably over an
extended period of time (>24 h) allowing systematic measure-
ment of the dynamic processes.

III. RECIPROCAL SPACE RESOLUTION

High reciprocal space resolution, or s-resolution, allows
unambiguous identification of the ring or spot features in
diffraction patterns, and tracking changes of their intensity,

TABLE I. Typical machine and beam parameters of the MeV UED system.

Parameters Values

Repetition rate 120 Hz
Gun gradient 79.5 MV/m
Launching phase 10◦

Solenoid strength 0.314 kG-m
UV spot size, rms 40 µm
UV pulse duration, FWHM 60 fs
UV energy stability, rms 2.5%
Initial beam charge 75 fC
Intrinsic emittance 0.5 mrad
Collimator diameter
(z= 55.8 cm)

500 µm

At the sample (z= 1.16 m)
Beam charge 60 fC
Beam size (diameter) 400 µm
Normalized emittance 18 nm-rad
Bunch length, rms 102 fs
Kinetic beam energy 3.68 MeV
Relative energy spread, rms 6.6×10−4

IR pump spot size (diameter) 1.5 mm
IR pump pulse duration, FWHM 60 fs
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position, and width with high precision. The momentum trans-
fer s is defined as s = 2π θ

λ
, where θ is the scattering angle at

the sample, λ = h
γβm0c0

is the de Broglie wavelength of the
probe electrons, γ is the Lorentz factor, β is the normalized
speed, m0 is the electron rest mass, and c0 is the speed of light.
The s-resolution can be written as ∆s = 2π ∆r/L

λ
, where ∆r

is the rms width of the diffraction spot or ring and L is the
distance between the sample and the detector.

The s-resolution can also be written as ∆s = 2πσx′
λ

,
assuming the width of the diffraction spots or rings is domi-
nated by the intrinsic beam divergence σx′ at the sample. The
assumption is valid when the solenoid is tuned to focus the
electron beam onto the detector, space charge effects induced
growth of spot or ring width from the sample to the detector
is negligible, and the point-spread-function of the detector is
much smaller than the electron beam size. The intrinsic beam
divergence is defined as the rms width of the x ′ distribution in
the x − x ′ phase space after the linear correlation is removed;
hence the normalized beam emittance is ϵn = γ βσxσx′, where
σx is the rms spot size at the sample. Then the s-resolution can
be expressed as

∆s =
2π
λe

ϵn
σx

, (1)

where λe is the Compton wavelength of electrons. For a
given probe size, the s-resolution is defined by the beam
emittance. Above discussion has ignored the contribution
to the s-resolution from sample conditions. The grain size,
defects, impurities, etc., of real samples will result in larger
∆r and hence degrades the s-resolution.

In the current MeV UED setup, the solenoid is the only
focusing element and is tuned to deliver the sharpest diffraction
features to the detector. The probe size is controlled by a
collimator located 55.8 cm from the cathode. Different colli-
mator sizes can be used to match the available sample area. In
Fig. 4, we show the measured and simulated beam spot size
with 500 µm, 200 µm, and 100 µm collimator diameters. The
bunch charge, probe size, beam emittance, and s-resolution for
each case is summarized in Table II. The bunch charge and
probe size were measurement results. The emittance values
were extracted from simulations, and the s-resolutions were
calculated using Eq. (1).

FIG. 4. (solid lines) Simulated electron beam spot size along the beam line
for 500 µm (red), 200 µm (green), and 100 µm (blue) collimator diameters.
The squares represent measurement results.

TABLE II. The bunch charge Q, probe size σx, normalized beam emittance
ϵn, and s-resolution ∆s with different collimator sizes.

Collimator
diameter (µm) Q (fC) σx (µm) ϵn (nm-rad) ∆s (Å −1)

500 61 86 18 0.054
200 11 47 7.1 0.039
100 1.4 29 2.1 0.019

IV. TEMPORAL RESOLUTION

The temporal resolution τ of the MeV UED system is

τ =

τ2
e + τ2

ph + τ2
TOA + τ2

VM, (2)

where τe and τph are the pulse durations of the probe and
pump pulses, respectively, τTOA is the time-of-arrival jitter
between the pump and probe pulses, and τVM is the velocity
mismatch.20,21

In an rf gun-based MeV UED system, τTOA is due to the
rf amplitude fluctuation and the phase timing error relative to
the laser system.52 In the SLAC MeV UED system, the timing
error between the laser and the low-level rf system is <30 fs
rms, and the timing error between the same low-level rf signal
and the high power rf field is <30 fs rms, as shown in Fig. 2.
Thus, the timing jitter between the laser and the gun rf field
is 45 fs rms. 45-fs rms jitter of the launching phase translates
to 30-fs rms error in the time-of-flight from the cathode to the
sample position at 80-MV/m gun gradient and 10◦ launching
phase. Under the same gun operating condition, 2 × 10−4 rms
rf amplitude jitter will contribute 15-fs rms time-of-flight jitter.
Neglecting the correlation between these terms, the upper limit
of τTOA is estimated to be <50 fs rms.

The pulse duration of the electron probe beam is domi-
nated by the space charge-induced energy chirp. The electron
beam is generated with a pancake shape and high charge
density at the cathode. The longitudinal space charge forces
pushes the head of the beam to a higher energy, travelling
faster than the beam tail. The space charge induced bunch
lengthening effect depends on the initial charge density and
the extraction field Eacc sin φ, where Eacc is the gun gradient
and φ is the launching phase. We chose 10◦ launching phase to
provide a balance between the space charge lengthening and
the rf compression effect in the gun53 and that generates the
shortest bunch length at the sample. In Fig. 5(a), we show the
simulated bunch length at the sample position as a function of
the initial beam charge.

In experiment, we measured the ultrafast laser induced
structural changes of the a 25-nm-thick Bi(111) thin film us-
ing 20-fC and 80-fC bunch charges. Other beam parameters
were kept identical as shown in Table I. In Fig. 5(b), we
show the temporal evolution of the normalized intensity of
the (410) ring. A simple erfc function fit of the 20-fC data
yields a time constant of 217 fs rms. We can also model
the traces using a convolution between an exponential decay
and a Gaussian distribution, which are assumed to be the
intrinsic response of the sample and the temporal resolution of
the instrument, respectively. Assuming the intrinsic response
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FIG. 5. (a) Simulated electron beam bunch length at the sample position as a function of initial beam charge. (b) Time-dependent intensity evolution of the
(410) ring of 25-nm-thick Bi(111) sample with 20-fC and 80-fC beam charges.

of the sample54,55 is 150 ± 50 fs rms, and then the temporal
resolution of the instrument is 105 ± 27 fs rms.

A deflecting cavity will be installed to directly measure
the electron beam bunch length. Time-stamping techniques
similar to those developed for ultrashort x-ray pulses56–60 will
be explored to characterize τTOA of the MeV UED system.

V. GAS PHASE MeV UED

Electrons are the ideal choice to probe gas phase samples
due to their many orders of magnitude larger scattering cross
section compared to x-rays. Also, electrons, especially MeV
electrons, have sub-picometer de Broglie wavelength and thus
provide a much larger s-range in the diffraction pattern. With
MeV electrons, the velocity mismatch issue is essentially elim-
inated compared to the low velocity keV UED case. Thus,
there is promise that the 100-fs time resolution barrier can be
broken using MeV UED, enabling making movies of ultrafast
chemical reactions.

One of the major technical challenges for the gas phase
MeV UED is to manage the extremely different vacuum levels
at different parts of the beam line—the gas phase sample

chamber will operate at the 5 × 10−5 Torr level while the
photocathode rf gun has to be maintained at 5 × 10−10 Torr or
better. The solution in our case was to employ a 50-nm-thin
SiN membrane to separate the two sections while preserving
the probe beam quality at a reasonable level.

According to the kinetic scattering theory, the number of
scattering events n will follow the Poisson distribution P(n)
= (t/τ)ne−t/τ/n!, where t is the thickness of the scattering
membrane and τ is the scattering mean free path. P(0) is
the fraction of electrons that will go through the SiN mem-
brane without scattering. These electrons, called direct beam,
retain the low divergence and will contribute to the diffraction
pattern. We measured the transmission of the MeV electron
beams through the SiN membranes of different thicknesses,
as shown in Fig. 6. The distance between the SiN windows
and the detector is 3.44 m. The measurement results are in
good agreement with the Poisson distribution. The measured
beam size confirmed that the direct beam has the same diver-
gence hence emittance as the incident beam and is adequate
for diffraction. The direct beam size was decreasing with the
increase of the SiN membrane thickness because of the loss
of the transmitted charge and hence the reduction in space

FIG. 6. (a) Transmission and spot size of the direct beams through SiN membranes of different thicknesses. The membrane thickness is normalized by the
scattering mean-free-path (MFP). (b) The electron beam profiles measured at 3.44 m downstream of the SiN membranes.
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FIG. 7. Diffraction patterns of (a) single crystal gold and (b) N2 samples recorded in the gas phase MeV UED configuration.

charge effects. 50-nm thickness was chosen as a good balance
between the transmission and the mechanical robustness of the
membrane.

Nevertheless, the scattering from the SiN membrane, be-
ing background noise, could still be much stronger than the
signal from gas phase samples which are typically of very low
density. A second collimator of 200-µm diameter was installed
at z = 1.44 m, in addition to the first collimator at z = 55.8 cm.
The SiN membrane and the gas nozzle are located at z = 74 cm
and 1.56 m, respectively. The second collimator was used to
limit the angular range of the SiN scattering. On the diffraction
detector located 2.1 m after the second collimator, the SiN
scattering can only illuminate an area of <1 mm from the
beam axis, assuming a 400-µm diameter spot size at the SiN
membrane. We confirmed in experiment that the above beam
line configuration provides a low noise range between 1 and
15 Å−1 on the detector.

In Figs. 7(a) and 7(b), we show the diffraction patterns
of single crystal gold and nitrogen (N2) samples, respectively.
The N2 sample density is 2 × 1017 cm−3 with an effective
thickness of 300 µm. The total number of incident electrons is
2 × 109 e−. With 10-fC bunch charge and 120 Hz repetition
rate, a total exposure time of 300 s is required. A planned
upgrade of the system is to install an rf bunching cavity,
which can longitudinally compress the electron beams by
velocity bunching while preserving the transverse emit-
tance.22,23,26,61–63 This upgrade will allow much higher bunch
charge and reduce the exposure time by more than one order of
magnitude.

VI. SUMMARY AND OUTLOOK

In summary, an MeV UED system was constructed and
commissioned at SLAC. The system operates at 120-Hz rep-
etition rate with outstanding temporal resolution, reciprocal
space resolution, and machine stability. The success of the sys-
tem benefited tremendously from the worldwide R&D effort
on MeV UED that has taken place in the last decade. SLAC’s
technical strength in providing a complete set of hardware
and technologies developed for the photoinjector system was
critical for achieving the machine performance.

The SLAC MeV UED system has been used to study
several ultrafast dynamic processes. These include a detailed

study of electron-phonon coupling in Bismuth films as a func-
tion of film thickness and laser fluence; a measurement of
the lattice expansion of free-standing FePt nanoparticles—a
material used in next generation magnetic storage; structural
response and deformations of single-layer transition metal
dichalcogenide MoS2 following optical excitation; and ther-
mal diffuse scattering and phonon equilibration in single crys-
tal gold, etc. These results demonstrate that MeV UED is
capable of serving ultrafast science experiments with high data
quality and high productivity.

Future upgrades of the SLAC MeV UED system will
further improve the probe electron beam, as well as enhance
the sample and pump capabilities. A strong lens will be
installed to reduce the probe size from 100 µm to a few
µm and eventually to sub-µm for nano-UED,64 which will
greatly ease the technical challenges in sample preparation,
and moreover, allow study of single crystalline domains. An
rf bunching cavity will be used to compress the pulse duration
to the 10-fs level. Combined with new time-of-arrival control
and time-stamping techniques, it is possible to reach 20-fs
temporal resolution. Cooling and heating capabilities will
be integrated for solid state samples to study, for example,
strongly correlated systems and martensitic phase transitions.
The SiN membrane based vacuum separation technique will
also allow liquid jet samples to be studied. A few µm probe
size will be well suited to look into the dynamics happening in
liquid cells.65 THz and x-ray pumps, particularly the extremely
high intensity THz source at SLAC’s FACET facility66 and x-
ray pulses at the LCLS, will excite materials into exotic new
states that, combined with MeV UED probes, will provide
opportunities for ground breaking science.
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