Ultrafast Nano-diffraction imaging applications using the HiRES beamline in LBNL
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High brightness, low emittance ultrafast electron probes have drawn great interest of the condensed
matter, AMO physics as well as the electron microscope communities for the high scattering cross
section as well as high sensitivity to probe atomic motion by using electrons comparing with X-Ray
probes. Under the Pump-probe scheme, different approaches, such as DC photoemission electron guns,
laser triggered nano-tips and radio frequency (RF) electron guns have been utilized to generate fs
electron pulses with energy ranging from 100eV to MeV. Among these approaches, RF gun based
relativistic electron sources show various advantages such as high accelerating field (20-100MV/m), low
initial transverse emittance, high bunch charge and strongly suppressed space charge broadening. RF
gun based ultrafast electron diffraction (UED) systems [1][2][3] have been developed and utilized to
study the structural dynamics in quantum materials, low dimensional materials and heterostructures as
well as light-molecule interaction in gas phases.
Gas phase ultrafast electron diffraction (GUED) is especially challenging since the target atomic density
is extremely low comparing with solid state samples. By utilizing a high repetition rate RF electron gun,
it is possible to increase the detection efficiency of GUED by more than 3 orders of magnitude.
Moreover, the velocity mismatch problem can be solved when the electron speed is approaching the
speed of light.
In the mean time, being able to focus the fs relativistic electron beam down to the nanometer regime can
open the door of unprecedented applications such as UED on nano-particles and crystal domain walls,
single-shot ps transmission electron microscopy (SPTEM) [4] and dielectric laser acceleration (DLA),
etc. To realize nano-focusing of the relativistic beam, two major challenges must be overcome:
obtaining ultra-low transverse emittance beam and constructing very high gradient magnetic lens
system. Here we report the progress in the development of ultrafast Nano-diffraction imaging and
GUED using the High Repetition rate Electron Scattering (HiRES) beamline.
The HiRES beamline (Fig.1) has been developed in LBNL utilizing the APEX gun [3] as the electron
source, the continuous wave (CW) RF gun is capable of running with repetition rates up to 1 MHz, with
103-105 electrons per pluse. Pulse length is adjustable in the range of 100 fs to several ps. Energy
spreads of 10-5 can be achieved with a nominal center energy of 730 KeV. The beamline is composed by
the electron gun, two solenoids for beam focusing, an RF buncher for pulse length adjustment and an
energy collimation system to achieve ultra-high temporal and spatial resolution. Two sets of quadrupole
triplet are utilized to compensate energy dispersion and shape the beam. The scattering chamber is
equipped with a 4-axis sample manipulator as well as the diagnostic YAG screen and photodiode.
Pumping fluence up to 3 mJ/cm2 at 515 nm or 1030 nm is available for the time resolved experiments.
The Laser-RF synchronization is maintained at 150 fs level.

Under the GUED scheme (Fig. 2 a), the gas molecules are delivered into the scattering chamber through
a conical nozzle 30 um in diameter, chamber pressure is ~5 x 10-5 Torr during operation. The electron
beam size is adjustable in the range of 50 um to 200 um with transverse coherence up to 5.35 nm. A
1mm pinhole is placed upstream to perform laser-electron beam alignment and maximize the electron
beam scattering by the plasma. First diffraction experiment on unaligned N2 took 0.5 seconds integration
time and the signal-to-noise-ratio is comparable with former works with 30 minute integration time [5].
To realize nano-focusing of the fs electron beam, the APEX gun is operated in an ultralow emittance
configuration in which the laser spot on the cathode is minimized (50 um RMS). An emittance filtering
electron optics setup is utilized to deliver beam with normalized emittance down to several nanometers
to the downstream. A 50 um aperture is placed before the scattering chamber to further reduce the
emittance to sub nanometer. We developed a novel in vacuum permanent magnet quadrupole (PMQ)
lens system (Fig. 2 b) to focus the relativistic beam down to the nanometer regime. The triplet design
meets the lowest requirement of focusing the beam in both horizontal and vertical direction and keep the
simplicity. The peak gradient is 112 T/m and the estimated focal length is 25 mm. The PMQs are
aligned better than 10 urad in angle and 20 um in transverse by utilizing the Pulsed Wire (PW) method.
The triplet is mounted on an in-vacuum pico-motor stage to match the focal point onto the sample.
Knife-edge beam size scan shows sub um beam size can be achieved using the current set up. Such
small beam size enables various applications including Nano-diffraction mapping on multi-domain
crystals, ultrafast Point Projection Imaging (PPI) on nano-structures, etc.
In conclusion, we report the progress of the HiRES beamline development and applications in
condensed matter and gas-phase physics research, the high repetition rate ultrafast electron scattering
beam line can give a great impact in the future studies on ultrafast structure dynamics in various
functional materials and molecules.
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Figure 1. Photograph of the HiRES beamline in LBNL

Figure 2. (a) Photo of the GUED setup. (b) Photo of the PMQ nano-focusing lens system. (c) GPT
simulation showing the capability of delivering relativistic electron beam with transverse normalized
emittance 2 nm or below, the plot shows the trade-off between pulse charge and RMS emittance. (d)
GPT simulation of the electron beam size evolution after the PMQ nano-focusing lens, 400 nm RMS
beam size can be achieved in both directions.

