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Abstract
We have developed a THz-driven field emission elec-

tron gun and beam characterization assembly. The two cell
standing-wave gun operates in the 𝜋 mode at 110.08 GHz.
It is designed to produce 360 keV electrons with 500 kW of
input power supplied by a 110 GHz gyrotron. Multiple gun
structures were electroformed in copper using a high preci-
sion diamond-turned mandrel. The field emission cathode
is a rounded copper tip located in the first cell. The cavity
resonances were mechanically tuned using azimuthal com-
pression. This work will discuss details of the fabrication
and tuning and present the results of low power measure-
ments.

INTRODUCTION
Across the accelerator community, there is demand for

new electron source technology [1]. Plans for future Free
Electron Laser (FEL) and Ultrafast Electron Diffraction
(UED) facilities aim for improvements in beam emittance,
brightness, bunch length, and energy spread. All of these
parameters are heavily influenced by the electron source.

In RF cavity-based electron sources, significant improve-
ments can be made by accelerating electrons with high gra-
dients. This helps preserve the beam quality while limiting
the complexity and footprint of the accelerator structure.
Vacuum breakdown limits the achievable gradient in normal
conducting RF (NCRF) structures. Studies of breakdown be-
havior have shown that high fields can be achieved in higher
frequency cavities [2–5]. Experiments in normal conducting
copper structures at 110 GHz have demonstrated this scaling,
reaching gradients as high as 230 MV/m with peak surface
electric fields up to 520 MV/m [6]. In these experiments,
the achieved maximum gradient was limited only by the
available source power.

The high surface fields provide an opportunity to develop
an electron source based on field emission. Most electron
guns currently in use are photocathodes, which use a laser
to produce the beam and cavities for acceleration. With
high enough RF fields within the cavity, emission can oc-
cur due to the surface field without an additional excitation.
This phenomenon is known as cold field emission and is de-
scribed by the Fowler-Nordheim equation [7]. This method
provides natural synchronization between the electron bunch
production and the RF cycles and only requires one source to
supply RF power. In THz cavities, the sustainable peak sur-
face fields are high enough that field emission can occur on
a copper cathode shaped to provide local field enhancement.
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Much of the challenge of developing THz cavities lies
in the fabrication of the mm-scale structures. However, ad-
vances in machining and additive manufacturing techniques
makes it possible to reliably build THz frequency structures.
Previous work has demonstrated the capabilities of CNC
machining of copper THz structures [8, 9]. In this work, we
present details of the design and performance of a 110 GHz
electron gun fabricated using diamond turning and electro-
forming. This technique is capable of producing cavities in
one continuous piece, which allows for successful mechani-
cal tuning through compression.

DESIGN AND MODELLING
The electron gun is designed as a 2 cell standing wave gun

operating in the 𝜋 mode at 110 GHz. A copper tip with a
50 µm radius of curvature located in the center of the first cell
serves as the field emission source. This tip provides a field
enhancement of 4.5 times the highest surface field elsewhere
in the structure. A schematic of the design in shown in
Fig. 1a and dimensions of the structure are listed in Table 1.
Power is coupled into the structure on-axis through a circular
waveguide. This gun was designed to utilize a Gaussian horn
and mode converter structure that was developed for previous
W-band tests [10,11]. Simulated fields inside the gun and
mode converter are shown in Fig. 1b.

Table 1: Design Values of the Copper Tip Gun

Parameter Value (mm) Description

a 0.286 Iris radius
ac 0.408 Coupling iris radius
b1 1.080 Radius of first cell
b2 1.155 Radius of second cell
bc 1.185 Radius of input waveguide
p1 0.51 Length of first cell
p2 0.51 Length of second cell
ri 0.1 Iris radius of curvature
tf 0.1 Tip base radius of curvature
tl 0.255 Tip length
tr 0.050 Tip radius of curvature

The structure was optimized for 500 kW of input power
from a 110 GHz gyrotron source [12, 13]. To determine the
acceleration performance, the full complex 3D fields were
exported from HFSS, scaled to the appropriate input power,
and used as an input to model the beam in GPT [14,15]. Over
the 1.6 mm length of the structure, the bunch is accelerated
to 𝛾 = 1.71–1.72, or about 365 keV [16]. The field emission
behavior was modeled by applying the Fowler-Nordheim
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Figure 1: (a) Schematic of the gun cells and tip. The structure is cylindrically symmetric around the horizontal dashed
line. The design values of the indicated parameters are listed in Table 1. Power is coupled into the cells through a circular
wageuide (vertical dashed line). (b) Electric field magnitude in the vacuum space of the gun and mode converter at the 𝜋
mode resonance. The simulation uses copper surface resistivity on the structure walls and assumes mirror symmetry. The
inset shows a closer view of the fields in the cells and around the tip.

equation at discrete points along the cathode tip surface
using the HFSS fields. This method gives an estimate of
51.3 fC per bunch for 500 kW of input power [16].

FABRICATION
Cavities with similar geometry to the gun cells have been

previously fabricated through CNC machining [8, 9]. The
size and location of the copper tip adds an additional chal-
lenge. The gun was designed to be fabricated using elec-
troforming, which allows the tip and cells to be made in
one piece. The vacuum space of the cavities was machined
into an aluminum mandrel using diamond turning. The tip
geometry was removed from the mandrel using wire EDM.
Copper was electroformed around the mandrel, forming the
tip and cavity walls. Finally, the aluminum mandrel was
removed using chemical processing.

Eight structures were fabricated in one batch. Photos
and microscope images of the structures are shown in Fig 2.
Based on measurements using a laser confocal microscope,
the dimensions of the visible features match well with the de-
sign. Figure 3 shows 3D data of the copper tip profile which
demonstrate the high precision of the diamond turning and
electroforming processes. The eight structures showed some
variation in the surface finish and sizes of the irises. Some
pitting is also visible, which is likely a result of chemical
processing of the mandrel. Additional work was performed
to study plating and etching of the finished structures. Full
details of these studies can be found in [16].

COLD TESTING AND TUNING
Cold tests were performed to measure the resonances of

the eight structures. In each structure, both the o mode and 𝜋

(b)

(c) (d) (e)

200 μm

1 mm

100 μm

(a)

Figure 2: (a) Photo of a fabricated gun structure. (b-e) Focus
stacked microscope images of (b) a gun structure looking
through the circular waveguide opening, (c) the coupling
iris, (d) the iris between the two cells, and (e) a close-up of
the edge and surface of a coupling iris.

mode were visible. The two modes were lower in frequency
than the design values of 109.22 GHz and 110.01 GHz re-
spectively. Across the eight structures, the range of mea-
sured frequencies was 108.17–108.54 GHz for the o mode
and 109.61–109.9 GHz for the 𝜋 mode. There was a no-
ticeable difference in the mode spacing and relative strength
compared to the design simulations. Some improvement was
achieved with HCl etching, indicating that some residual ma-
terial from the mandrel may have been partially responsible
for the shift [16].

The highest performing range of the gyrotron source is
110.08–110.1 GHz, and thus it was necessary to tune the
structures. Some tuning could be achieved by cooling the
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Figure 3: Example 3D measurements of the tip profile taken
on a laser confocal microscope. (a) The height data versus
lateral position. The dashed lines indicate the maximum
height and ±50 µm from the top and center. The tip was
designed to have a height of 255 µm and a 50 µm radius of
curvature. (b) A 3D view of tip height data.

structures, but not enough to bring any within the source
range. Mechanical tuning of W-band cavities is extremely
challenging due to their small size. The unique geometry of
the cylindrical electroformed structures provided a new op-
portunity to attempt tuning through azimuthal compression.

After cleaning with an HCl etch, several structures were
tuned using a collet to perform the compression, shown in
Fig. 4. Due to uneven compression depending on the orienta-
tion of the structure, it was possible to intentionally tune the
o mode by a greater amount than the 𝜋 mode, bringing the
structure closer to its design field balance. Figure 5 shows the
results of tuning for one structure. The o mode was tuned
from 108.555 GHz to 109.332 GHz (777 MHz shift) and
the 𝜋 mode was tuned from 109.911 GHz to 110.081 GHz
(170 MHz shift). Measurements were performed throughout
the tuning process showing the achievable steps, Fig. 5b. No
additional shifts were observed in repeated measurements
weeks after the initial tuning, indicating that the tuning is
permanent. The resonances also remained consistent cycling
from air to vacuum. This gun was incorporated into the full
gun assembly for high power testing [11, 16].

(a) (b)
Collet

Normal orientation
(opening up)

Flipped orientation

Figure 4: Images of a gun structure in the collet used for
tuning. The compression is not perfectly even, so two orien-
tations were used for tuning: (a) shows the ‘normal’ orienta-
tion with the waveguide opening pointing up, and (b) shows
the ‘flipped’ orientation.
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Figure 5: (a) Measured modes before and after tuning. The
o mode and 𝜋 mode (indicated) were intentionally tuned by
different amounts. Interim measurements taken throughout
the tuning are shown in (b). Measurements in the left plot
show the tuning of primarily the o mode, which correspond
to the ‘normal’ orientation shown in Fig. 4a. The right plot
shows the fine tuning of the 𝜋 mode using the ‘flipped’ orien-
tation, Fig. 4b. The labels of the measurements correspond
to the order in which they were performed.

CONCLUSION
High frequency NCRF cavities are a promising technol-

ogy for future compact, high gradient accelerators. We have
developed a field emission electron gun based on W-band
cavities to utilize advances in manufacturing technology. We
have demonstrated the feasibility of using electroforming
to fabricate complex W-band structures with high precision.
The cavities can be tuned mechanically, which is an impor-
tant requirement for practical high frequency accelerators.

The electron gun will now be tested with high power,
building on previous breakdown studies. The goal of these
measurements will be to characterize the resulting beam,
particularly the energy spread, charge, and size. This will
serve as a new regime of study for field emission behavior
due to the very high surface fields in the structure. Full
details of the gun development and high power testing will
be presented in a future paper.
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