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Abstract

Ultrashort electron beams with high brightness are of vi-
tal significance in probing nanoscopic dynamics on the
pico-to-femtosecond temporal scales. Electron sources are
the most critical element in such apparatuses, whose ad-
vancements are expected to further improve the resolving
capabilities. In this contribution, we report on the develop-
ment of a DC photocathode electron gun aiming at deliver-
ing optimal-quality electron beams for ultrafast electron
scattering and photocathode studies. The 200 kV gun fea-
tures simplicity and adjustability in fabrication and assem-
bling, and is compatible with INFN/DESY/LBNL-type
photocathode plugs. The design, fabrication and condition-
ing processes of the gun are discussed in detail, along with
preliminary beam measurement results where nm-scale
emittance is demonstrated.

INTRODUCTION

The capture of atomic dynamics in real time is a signifi-
cant area of interest in academic communities as it can ad-
vance our understanding of condensed matter physics, na-
nomaterials, molecular biology, and other fields. Electron
beams, complementing photons, have been widely used to
probe nanoscopic dynamics because of their large scatter-
ing cross-section, versatility in control and manipulation,
and relatively low cost in apparatus construction. Among
the various probing techniques, ultrafast electron diffrac-
tion (UED) is one of the most productive, in which the elec-
tron energy ranges from a few to hundreds of keV from DC
photoelectron guns and up to MeV from radio-frequency
guns. Thus far, UED apparatuses based on DC photo-guns
have made many contributions [1-3]. In such devices, elec-
trons are generated by photoemission from a cathode and
accelerated by a static electric field before being focused
onto the sample.

The brightness of an electron beam is a critical parameter
in ultrafast electron diffraction (UED), where it is defined
by the beam density in phase space as B = I /m%g2, where
I is beam current and &, is normalized transverse emit-
tance. This parameter primarily determines the resolving
power of UED since the reciprocal space resolution As =
i—zz—z [4], where A, is electron de Broglie wavelength and
o, is the root-mean-square (rms) beam size at the sample.
Thus, maximizing beam brightness from the outset is cru-
cial for achieving high-resolution UED.
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At the charge saturation limit, the brightness of a cigar-
Eo3 / Zat
o 20‘% n
face field gradient, and oy, 0y, 0, represent the rms values
of beam length, spot size and transverse momentum re-
spectively. Therefore, improving acceleration gradient, re-
ducing photoemission area, and enhancing photocathode
performance during gun design are essential strategies for

maximizing brightness.

ELECTRON GUN DESIGN

The present work describes the mechanical structure and
design considerations of the electron gun. Fig. 1(a) illus-
trates the cylindrical vacuum chamber of the gun, with var-
ious tube extensions for accommodating different compo-
nents. The top extension holds the high-voltage receptacle
that comprises of a ceramic insulation column which com-
plies with the commercial R24 design. The cathode elec-
trode, which features a disk-shaped design with a hemi-
spherical shell, is connected to the negative high voltage
through in-vacuum wire. Four ceramic insulating rods
mount the cathode electrode to the front panel of the col-
umn, providing mechanical support while maintaining
electrical isolation. The anode electrode shell, which also
serves as a mounting point for in-vacuum focusing and
steering coils, is mounted to the front panel. Vacuum angle
valves, ion pumps, NEG pumps, and a vacuum gauge are
installed in the tube extensions. Two fused-silica viewports
on the front panel and optical viewports on the rear panel
allow for laser illumination and visual monitoring of the
cathode electrode. In a vacuum environment simulation us-
ing two 50 L/s ion pumps and eight SAES Capacitorr Z100
NEG pumps, a vacuum pressure of 10~ Pa is achieved. As
a result, the gun is compatible with semiconductor photo-
cathodes with high quantum efficiency.

shaped beam B, « [5], where E; is cathode sur-

Figure 1: (a) Mechanical structure of the gun. (b) Static
electric field simulation at -200 kV voltage.
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A primary consideration during gun design is the optimi-
zation of the static electric field, as beam brightness is pos-
itively correlated with the accelerating gradient at the cath-
ode surface. However, excessive electric fields can give
rise to dark current emission and ultimately electric arcing,
compromising high voltage insulation. Thus, a trade-off
between accelerating gradient, maximum field on metallic
surfaces, and structural compactness must be considered.
Figure 1(b) illustrates the results of electric field simula-
tions for the cathode and anode electrodes. A Pierce-type
geometry is employed to provide electric focusing during
photoemission. The accelerating gap is approximately 25
mm, and the cathode surface gradient is 7.5 MV/m at 200
kV accelerating voltage. To prevent field emission, all
other metallic surfaces on the electrodes have different cur-
vatures, such that electric fields do not exceed 12 MV/m.
The insulating components bear surface fields less than 8
MV/m and have undergone reliability tests under 225 kV
voltage. Particle tracking simulations indicate that the in-
fluence of high-order electric fields introduced by the ce-
ramic rods is negligible.

The cathode plug design resembles that of
INFN/DESY/LBNL-type photocathode plugs, allowing
for research into novel photocathode materials. Addition-
ally, a convex lens with a 12.5-mm focal length lies in the
interior of the plug, which, when the cathode substrate is
replaced with transparent materials (e.g., quartz), projects
a sharp focus of the back-illuminated laser onto the cathode
surface. This design provides a minimized photoemission
area, and the back-illumination scheme partly depletes
electron transverse momenta via photoelectron transporta-
tion [6]. Both factors contribute to the elevation of beam
brightness.

FABRICATION, ASSEMBLING AND HV
CONDITIONING

The metallic components of the gun were fabricated us-
ing 316L stainless steel due to its vacuum compatibility and
low remanence. After machining and welding, the interior
surfaces of the metallic components were rinsed, electro-
chemically polished, and subjected to high-temperature de-
gassing at 450 °C for 48 hours to ensure high vacuum qual-
ity. In addition, the electrodes were precisely polished to
suppress dark current emission. Ceramic insulating parts
were coated with vendor-proprietary coatings. The cathode
plug of the gun incorporated a focusing lens and a quartz
substrate. While semiconductor photocathodes were on the
schedule, a 10-nm copper film cathode was initially used
to demonstrate the operation. A peripheral sheet of 100-nm
gold film around the substrate ensured electrical conduc-
tivity.

The electron gun was assembled in a class-1000 clean
room. After installing both electrodes onto the front panel,
a camera-based calibration system was used to ensure
~100-um alignment accuracy. The cathode plug was ac-
commodated in the cathode electrode using spring-loaded
screw bolts. The front panel was installed on the column
before the high-voltage receptacle was fitted in and
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connected to the cathode electrode through a short thread
of wire, which was shielded by two spherical nuts at both
ends. Afterward, other vacuum-related parts, including a
50-L/s ion pump, four Z100 NEG pumps, a vacuum gauge,
and vacuum valves, were installed. Laser ports and glass
viewports were also positioned on the front and rear panels.

The assembly was subjected to vacuum leak detection
using a helium mass spectrometer. After leak detection, the
assembly was degassed again at 150 °C for 60 hours. After
cooling and NEG pump activation, the vacuum pressure
reached a level of 2x1078 Pa.

Next, the gun was conditioned at high voltages to elimi-
nate surface field emitters, which reduces the probability
of arcing during gun operation. The vacuum pressure in-
side the chamber and radiation dose rate 0.5 m away from
the gun were monitored as indicators of field emission dur-
ing the conditioning process, as shown in Fig. 2(d). The
voltage was rapidly raised to >120 kV and then steadily
incremented to ~185 kV. Spikes in vacuum pressure and
radiation dose rate marked the moments when field emit-
ters were annihilated through large current emission. After
~36 hours, the conditioning process was suspended at 185
kV for protection and stable operation of the ceramic insu-
lation components.
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Figure 2: (a) Mounting of electrodes and ceramic rods. (b)
Photocathode plug doped with 10 nm copper. (¢) Vacuum
leak detection. (d) Records of HV conditioning process.

TEST BEAMLINE AND FIRST BEAMS

A test beamline has been designed and constructed to
evaluate the performance of an electron gun and to measure
the relevant beam parameters. The beamline schematic, as
shown in Fig. 3(a), includes an electron gun, a focusing so-
lenoid, several steering magnets, and cube chambers.
These chambers contain motor-driven aluminum frames
equipped with a Faraday cup, TEM meshes of various
pitches, and YAG scintillator screens. In order to prevent
charge accumulation, the scintillator screens are doped
with 10-nm gold films.

The drive laser is a 266-nm, 20-kHz repetition rate UV
laser with 100 ns FWHM pulse duration and 1 pJ maxi-
mum pulse energy. An identical cathode plug is installed
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outside the gun to serve as a virtual cathode. For the back-
illumination scheme, a Gaussian laser spot of 5 pum rms ra-
dius is observed, while for front illumination, the laser spot
has a uniform distribution that varies in size from 100 to
300 pm rms by adjusting an aperture and is projected onto
the cathode surface at an angle of 40°.
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Figure 3: Beamline and drive laser setup.

For front illumination, the quantum efficiency (QE) of
the cathode varies from 6x107 to 8.5x10° for p-polariza-
tion incident laser at 20 to 180 kV; for s-polarization, the
QE drops to 65%. Single-shot beam emittance is measured
by scanning solenoid focusing. A minimum normalized
emittance of ~60 nm-rad is obtained by minimizing aper-
ture size, and the thermal emittance is ~0.52 um-rad/mm.
Increasing the beam energy results in a slight increase in
emittance, as is shown in Fig. 4.

The generation of nm-scale emittance beams is demon-
strated using the back-illumination scheme. Since the emit-
tance is beyond the resolving capability of the solenoid
scanning method, a TEM grid is used to perform the meas-
urement [7]. Illustrated in Fig. 5, the 50-time magnified
projection of a 1000 mesh/inch TEM grid (with 25 pm
pitch and 6 pm bar width) is recorded on a screen 0.3 m
downstream of the grid by accumulating 100 shots of elec-
tron pulses. The rms angle spread and thus the beam emit-
tance can be determined by fitting the edge spread of the
bars. It should be noted that magnification along either di-
rection of the grid is not identical in the presence of astig-
matism. As a preliminary result, an approximately 6
nm-rad normalized emittance is recorded for various beam
energies, listed in Table 1. It demonstrates the capability of
the apparatus to produce an ultra-low emittance beam, but
the value is higher than expected. First, the value indicates
an upper bound of the single-shot emittance considering la-
ser pointing jitter and mechanical vibration. Also, the ac-
tual laser spot on the cathode surface may be larger than
estimated on the virtual cathode, as optimal lens focusing
in a back-illumination scheme requires excessive installa-
tion precision. Further experimental optimization and anal-
ysis of the data will be presented in future publications.

Table 1: Preliminary Beam Measurement Results in Back-
[llumination Operation Scheme

Voltage/kV
Parameters

100 150
o*x,y/um 18.1,23.3 15.7,19.0 14.1,16.8
o-xr'yz/mrad 0.67,0.56 0.57,0.50 0.52,0.46
enx‘ny/nm-rad 5.52,591 580,622 6.02,6.27
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Figure 4: (a) Laser spot on the virtual cathode for front il-
lumination. (b) Corresponding photo-electron beam, rec-
orded by solenoid imaging from cathode surface to scintil-
lator screen. (c) Relationship between beam emittance, la-
ser spot size and beam energy.
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Figure 5: (a) Magnified projection of a TEM grid pattern.
Inset: curve fitting of the edge spread of a grid bar. (b) Pre-
liminary emittance measurement results.

CONCLUSION

This paper presents the design, fabrication, and commis-
sioning of a 200-kV photocathode electron gun that is com-
patible with INFN/DESY/LBNL-type photocathode plugs.
Stable operation has been demonstrated up to 180 kV using
a 10-nm copper cathode, and several key beam parameters
have been measured. In the back-illumination scheme, the
apparatus has generated 6-nm emittance beams, confirm-
ing its capability to deliver high-brightness electron beams
for electron diffraction experiments. Further optimization,
such as minimizing the photo-emission area and employing
collimation apertures, can be expected to yield sub-nm
emittance beams that will enhance both temporal and re-
ciprocal resolutions. The results presented here represent a
significant step towards realizing the full potential of this
electron gun in various scientific applications.
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