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A B S T R A C T

An ultracold electron source based on near-threshold photoionization of a laser-cooled and trapped atomic
gas is presented in this work. Initial DC acceleration to ∼10 keV and subsequent acceleration of the created
bunches to 100 keV by RF fields makes the design suitable to serve as injector for accelerator-based light
sources, single-shot ultrafast protein crystallography, applications in dielectric laser acceleration schemes, and
potentially as an injector for free electron lasers operating in the quantum regime. This paper presents the
design and properties of the developed DC/RF structure. It is shown that operation at a repetition frequency
of 1 kHz is achievable and detailed particle tracking simulations are presented showing the possibility of
achieving a brightness that can exceed conventional RF photosources.
1. Introduction

In recent years an ultrafast and ultracold electron source (UCES)
based on two-step, near-threshold photoionization of a laser-cooled and
trapped atomic gas has been developed [1–8]. The goal of a source of
this type has been to offer a combination of a high beam quality and
high bunch charge. Electron bunches with an rms pulse length of 735±7
s, kinetic energies up to 10 keV and normalized transverse emittances
n the order of a few nm rad have been measured [8,9]. Building upon
his idea, a source is proposed that combines the benefits provided by
he UCES with a radio frequency (RF) structure that increases the bunch
nergy to ∼100 keV whilst maintaining the excellent beam quality.
ecently acceleration of ultracold electron bunches with an external
F cavity has been measured whilst preserving the bunch quality [10].

Applications for the proposed source are found in fields such as
ltrafast electron diffraction (UED) where ultrafast dynamics of matter
t the atomic scale can be studied through pump-probe experiments.

high quality electron bunch in terms of the transverse coherence
ength is required for such applications [11]. To realize this for a given
eam size, an ultracold electron source is needed. The proposed source
s capable of producing >10 fC bunches with a transverse normalized
mittance (𝜀𝑛𝑥, 𝜀𝑛𝑦) in the order of ∼ nm rad such that even (single-

shot) protein crystallography could be realized. A small overview of
pulsed electron sources, photocathode and MOT-based sources both, is
given in the supplementary materials.

Furthermore, the design presented in this work may be considered
as a suitable injector for an FEL operating in the quantum regime [12],

∗ Corresponding author.
E-mail addresses: D.F.J.Nijhof@tue.nl (D.F.J. Nijhof), O.J.Luiten@tue.nl (O.J. Luiten).

or in the field of dielectric laser acceleration (DLA) where typically low-
charge bunches are injected in microscopic structures, where very high
transverse quality bunches are required [13].

The main selling point of the proposed source is based on the
low transverse emittance of the electron bunches extracted from a
laser-cooled atomic gas [8]. The bunches are however extracted at
an energy of only ∼10 keV. Immediate acceleration after extraction
should prove beneficial for bunch quality preservation as it reduces
beam degradation due to Coulomb interactions.

For the structure presented in this work an emphasis is put on
the design being simple, compact, and robust. Having only a few
accelerating cells greatly simplifies both the manufacturing process
and reduces the cost. Using a single waveguide to supply RF power
(which will henceforth be referred to as the ‘RF feed’) ensures phase
stability and magnetic coupling through the wall connecting the two
cells guarantees phase synchronization between the cells. Powering the
structure and accelerating electrons from 10 keV to 100 keV requires
only a 5 kW solid-state RF amplifier.

This paper presents the design, optimization, EM field simulations,
and particle tracking simulations of a hybrid DC/RF structure [14],
consisting of a grating magneto-optical trap (MOT) in a static ex-
tractor field [15,16] and a 1 3

4 -cell standing wave RF cavity. Source
requirements and a general overview of the source are presented in
Section 2, the source design and optimization strategy is presented in
Section 3 along with electromagnetic field simulations and a thermal
analysis. Finally, realistic particle tracking simulations are presented in
Section 4.
https://doi.org/10.1016/j.nima.2023.168469
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Fig. 1. Schematic representation of the proposed source showing: the ionization region with excitation/cooling and ionization lasers, the accelerator module, and the RF structure.
n the right the excitation-ionization scheme is shown.
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. Source requirements and overall design

The electron source presented in this paper builds on an existing DC
lectron source, as well as other similar setups [1–8] and a proposal
or a hybrid DC/RF electron source [14]. The applications mentioned
n Section 1 all require a high bunch quality and common for all appli-
ations is the requirement for a low transverse normalized emittance,
hich is given by the following:

𝑛𝑥 = 1
𝑚𝑐

√

⟨

𝑥2
⟩⟨

𝑝2𝑥
⟩

− ⟨𝑥𝑝𝑥⟩
2, (1)

where ⟨⋯⟩ denotes the averaging of a parameter over the electrons in
the bunch, 𝑥 the transverse position, 𝑝𝑥 = 𝑚𝑐𝛾𝛽𝑥, with 𝑚 the electron
rest mass, 𝑐 the speed of light, 𝛾 the Lorentz factor, and 𝛽𝑥 = 𝑣𝑥∕𝑐 the
normalized electron bunch’s velocity in the 𝑥-direction with respect to
the speed of light, a similar description holds for 𝜀𝑛𝑦.

The structure presented in this paper is designed to accelerate
lectron bunches to an energy of 100 keV, a commercially available
olid-state RF amplifier (5 kW peak power, 1 kHz repetition rate)
hould provide the structure with sufficient power to accelerate the
unches to the desired energy.

A schematic representation of the proposed source is shown in
ig. 1, here the region in which laser cooling and trapping occurs is
hown with the accelerator module on the right housing the −20 kV

cathode, and on the left the diffraction grating. Electron bunches are
created in the region between the cathode and the RF structure where
the excitation and ionization lasers overlap. The diffraction grating is
mounted on the RF structure, which houses two cavities. A MOT is
created by a single trapping laser beam, which passes through the ITO
electrode (transparent cathode). This trapping laser at 𝜆 ∼ 780 nm is
diffracted on a grating chip consisting of three linear gratings oriented
120 degrees with respect to each other [8,15]. The diffracted first
orders create, together with the incident laser beam, a diamond-shaped
region where laser-cooling of the 85Rb atomic gas can be realized (in
combination with an anti-Helmholtz magnetic coil configuration (see
Fig. 2).

The atoms are ionized in a two-step process, shown in Fig. 1 on the
right. They are first excited by the 780 nm excitation laser (red), which
pumps the 52𝑆1∕2𝐹 = 3 → 52𝑃3∕2𝐹 = 4 transition, and the femtosecond
(fs) 480 nm ionization laser (blue) which ionizes the laser-cooled and
trapped 85Rb gas, resulting in a ps duration electron bunch at an energy

of ∼10 keV [9]. This bunch is then accelerated to 100 keV by the RF

2

part of the source. The RF part is a 1 3
4 -cell, magnetically coupled (not

shown in this figure), standing wave, S-band (2.99855 GHz), 𝜋-mode
ccelerator structure.

The two cells in the RF structure are magnetically coupled. Cou-
ling through the cavity walls is necessary to minimize the required
mount of RF power. Nose-cones in the cells ensure a sufficiently large
hunt impedance. Power is fed into the second cell through a coupling
lot with a modified WR284 waveguide. An auxiliary waveguide with

similar coupling structure located underneath the feed waveguide
ignificantly reduces any induced dipole fields and also functions as
port for a vacuum pump. A tuning plunger is located in the second

cceleration cell, which allows for tuning of the resonant frequency
f the structure by ±2 MHz. An impression of the source, complete
ith MOT coils, viewports for the lasers, and water cooling is shown

n Fig. 2.

. Accelerator structure

This section will discuss the accelerating structure used in the
roposed source and describe the design and optimization of the newly
esigned RF structure. First, the DC-based UCES is briefly introduced
nd its merits discussed in Section 3.1, followed by the newly designed
F structure, where the geometry, power feed, electromagnetic field
istribution, and thermal properties of the source are presented in
ection 3.2–3.5 respectively.

.1. DC structure

As mentioned earlier, the DC part of the proposed hybrid DC &
F electron source is based on a readily existing source [8]. This
ource produces electron bunches with a temporal length in the order
f picoseconds at electron temperatures of ∼10 K [9,16]. It does so

through a two-step photoionization process with a broadband fs laser
pulse (∼ 40 nm FWHM). Being able to scan the central wavelength of
this broadband spectrum enables the production of low excess energy
electrons. The laser cooling takes place in a grating based magneto
optical trap [15]. These bunches are created in the center of a static
field with a potential of −20 kV applied across a distance of 19.2 mm,
resulting in an accelerating gradient of 1.4 MV/m [8].

Creating electrons at higher energies is possible by increasing this
acceleration voltage. There is however a practical limit for this due

2
to dissimilar Stark shifts of the hyperfine levels of the excited 5 𝑃3∕2
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Fig. 2. Impression of the proposed setup showing the main components of the electron source (cooling and trapping laser not shown).
r
a
t

tate, which can be avoided by keeping the acceleration potential at
2 MV/m [17,18]. Therefore the applied potential is limited to −20 kV

nd additional acceleration is realized through an RF accelerator.
The attainable repetition frequency of this source is not limited by

he heating of a cathode, but instead by the fs laser repetition frequency
nd the MOT replenishment rate. Higher repetition rate fs laser systems
re available (but costly), and the MOT replenishment rate can be
ncreased through active beam loading using a Zeeman slower, which
ould allow operation at ≥1 kHz.

.2. RF structure

A schematic representation of the RF structure’s geometry in the
− 𝑧 plane is shown in Fig. 3. An 𝑁-cell structure will always have 𝑁-

modes where a TM010-like mode is present in each cell. These resonance
frequencies will be visible in the 𝑆11 plot and are shown in Fig. 4,
btained from the frequency domain solver of cst microwave studio [19].
he peak at 𝑓𝜋 = 2998.46 MHz is the desired 𝜋-mode of the structure
ith an input reflection of approximately −40.8 dB. The undesired

ero-mode is found at 𝑓0 = 3016.42 MHz, giving a mode separation
f roughly 18 MHz. Note that here the 𝜋-mode is found at a lower
requency than the zero-mode, which is a result of the structure’s
agnetic coupling scheme [20].

The structure shown in Fig. 3 is initially optimized by varying the
ajor axes of the nose cones in order to minimize the power dissipation

n the copper, increasing the quality factor 𝑄 of the structure. The width
f the cell acceleration gaps (distance between the nosecone and cavity
all for the first cell and the distance between both nose cones for the
econd cell) is fixed at 7 mm and 6 mm, respectively. o

3

Fig. 3. Schematic representation of the (vacuum) geometry of the RF structure in the
𝑥 − 𝑧 plane (all dimensions are in millimeters).

The power dissipation is minimized by varying the minor and major
axes of the elliptical nose cone tips. The nose cone structures in both
cells are necessary because of the low velocity of the electron bunches
(the electrons enter the RF field with 𝛽𝑧 ≈ 0.195). The nose cones
educe the length along which the electrons are accelerated, ensuring
sufficiently short transit-time. Additionally, the nose cones increase

he shunt impedance, utilizing the available power more efficiently.
The nose cones and small pipe radius prohibit coupling along the

ptical axis of the cavity so magnetic coupling of the cells through
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Fig. 4. The 𝑆11 plot of the RF structure with the two resonances at 2998.46 MHz (the
esired 𝜋-mode) and 3016.42 MHz (the zero-mode) clearly visible.

he shared side is necessary. These coupling slots are centered at the
adial position where the magnetic fields have a large field strength in
he TM010-like mode of operation (see Section 3.4). The width of the
oupling slots (distance between two cavities) is of importance for the
ynchronization of the electron-field interaction between the cavities.
he resonance frequency of the structure is set by varying the radii of
oth cells simultaneously, after which the desired ratio between the
n-axis acceleration field strengths is set by varying the radius of the
irst cell.

Optimizing the coupling of the RF feed (reduced WR284 waveguide:
2.136 mm by 20 mm) is critical since only a 5 kW (peak) pulsed solid-
tate amplifier is intended to be used. An 𝑥−𝑦 projection of the second
ell, the magnetic coupling slots, and waveguide feed is shown in Fig. 5.
t also features a coupling structure at the bottom of the cavity, thus
inimizing any dipole fields induced by the coupling structure of the
F feed [21]. Optimizing the coupling between the top waveguide and

he second cell is done primarily by varying the width of the waveguide
oupler (16.54 mm in Fig. 5), which is the same for both the bottom
nd top coupler structure. RF power at a frequency of ∼3 GHz can

propagate freely through the top waveguide with a broad dimension
of 72.136 mm, the bottom auxiliary waveguide broad wall is smaller,
resulting in a higher cut-off frequency, the RF fields in this structure
will be evanescent (i.e. not propagating).

Typically, the edges of the coupling slots (‘waveguide-cavity cou-
pling’ in Fig. 5) are also optimized in order to minimize the maximum
surface magnetic field along the coupling slot, which in turn reduces
the steady-state temperature of the coupling slots’ edges. This tem-
perature is typically lowered as the blend radius closer to the cell is
increased [22]. Finally, the inner radius, outer radius, and the rounding
of the magnetic coupling slots are optimized in such a way that the
two cavities are coupled sufficiently and the power dissipation along
the edges of the slots does not lead to excessive heating (see Fig. 5).

Optimizing the coupling slots has consequences for the separation of
the frequencies of the two resonant modes. The mode-separation 𝑓0−𝑓𝜋 ,
where for the presented structure 𝑓0 is always the higher frequency of
the two, has been maximized by variation of the sizes and shapes of
the coupling slots. A mode separation of ∼ 18 MHz is obtained, with
𝑓0 = 2998.46 MHz and an unloaded quality factor 𝑄0 = 8754, resulting
n a 1/𝑒 filling time of 𝜏 ≈ 0.47 μs. The structure will be limited to
peration at 1 kHz because of the repetition frequency of the ionization
aser and the MOT loading rate.

.3. Waveguides and higher-order-modes

The design of the proposed DC/RF source features a double coupling
esign at the second cell. One of these couplers is connected to a
R284 waveguide with a standard broad dimension (72.136 mm) and

djusted narrow dimension of 20 mm. The auxiliary port may also be
sed as a pump opening and can potentially house a pick-up probe [23].

The auxiliary waveguide has the same narrow dimension as the
eed waveguide, i.e. 20 mm (the same width as the second cell) but
 f

4

Fig. 5. Schematic representation of the second cell’s geometry and its coupling to the
RF port in the 𝑥–𝑦 plane (all dimensions are in millimeters).

smaller broad dimension (40 mm, see Fig. 5), in order to ensure that
he RF power cannot propagate in the auxiliary waveguide (fcut-off ≈ 3.7

GHz). The suppression of the dipole field is not perfect, resulting in a
minor dipole kick due to the power flow from the single waveguide. It
however has negligible influence on the beam quality as will be shown
in Section 4. If however this dipole mode (or other higher-order modes)
does prove to affect the bunch quality significantly, a race-track cavity
design can be implemented to remedy this [22,24].

3.4. Electromagnetic field distribution

The electromagnetic fields were calculated using the frequency-
domain solver in cst microwave studio [19] with a simulated peak input
power of 5 kW being delivered to the structure through the feed
waveguide (50 W average power at a repetition frequency of 1 kHz
with a 10 μs pulse length, see Table 1). The resulting electric field and
the transverse magnetic field 𝐻𝑥 are shown in Fig. 6.

The on-axis electric field |

|

𝐸𝑧
|

|

for a peak input power of 5 kW is
hown in Fig. 7 along with an impression of the vacuum geometry of
he RF accelerator. It is clearly seen that the field profile at the first
ell is deformed due to the asymmetric shape of cavity I. On-axis field
trengths in excess of 8 MV/m are obtained, which is sufficient for the
urposes of this source. The maximum surface electric field strengths
re ∼25 MV/m on the tip of the nose cones, well below breakdown

ield strengths for S-band normal-conducting copper cavities [25,26].
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Fig. 6. The electric (left) and magnetic (right) field profile where arrows indicate the
direction of the field and the colors ranging from blue to red indicating increasing field
strengths. The blue structure indicates the vacuum geometry of the RF accelerator.

Fig. 7. The on-axis electric field profile |

|

𝐸𝑧
|

|

(black solid curve) as a function of the
longitudinal coordinate 𝑧 for an input power of 5 kW. The RF (vacuum) structure’s
geometry is shown in the background (blue-gray).

Table 1
Overview of the operational parameters of the proposed DC/RF source.

Parameter Value Unit

Unloaded Q 8754
Operating frequency 2998.46 MHz
Mode separation 17.96 MHz
Structure filling time 𝜏 0.465 μs
RF power 5 kW
Shunt impedance (𝛽 = 1) 1.71 MΩ
Duty cycle 1 %
Repetition frequency 1 kHz
Average RF power 50 W
Peak on-axis E field 8.3 MV m−1

Peak surface E field 25 MV m−1

Field balance 1.0 : 1.0
Cooling water temperature 298.15 K
Steady state temperature 300.65 K

3.5. Thermal analysis

During steady state operation with a peak input power of 5 kW, RF
pulses with a duration of 10 μs, and repetition frequencies of 1 kHz,
n average power of 50 W will be dissipated in the RF structure at
he resonant frequency. The steady state heating of the RF structure
s investigated using cst microwave studio by calculating the power
5

Fig. 8. The steady state temperature of the accelerator for a peak input power of 5 kW,
a repetition frequency of 1 kHz, and a pulse duration of 10 μs. The water cooling of
the system is initialized at 25 ◦C with a flowrate of 6 L min−1 and a convective heat
transfer coefficient of 11 × 103 W m−2 K−1. The materials of the structure are stainless
steel, copper, and aluminum (see Fig. 2).

dissipation at the resonant frequency and using the resulting power
loss density to calculate the final temperature of the structure for some
given duty cycle.

The structure is modeled as pure copper with a thermal conductivity
of 401 W K−1m−1 and a specific heat of 390 J K−1kg−1. Fig. 8 shows the
steady state temperature of the actively cooled system with the color
bar indicating the local temperature. Fig. 8 shows the copper body of
the RF structure along with a stainless steel DN160CF pipe on the right
side, which houses the accelerator module used for the static extraction
field, additionally a stainless steel DN40CF pipe is simulated on the
left (at the exit) as the beginning of the beam pipe system, the cooling
channel can be seen here, placed concentrically around the pipe.

In the simulation the boundary conditions of the domain are open
and the system is cooled by a hollow toroidal copper cooling channel
with an inner radius of 7 mm, covered by an aluminum encasing. Water
at a temperature of 25 ◦C flows at a rate of 6 L min−1, which results in
a convective heat transfer coefficient of 11 × 103 W m−2 K−1. In this
situation the temperature change from the nose cone of the first cell
to the right nose cone of the second cell is approximately +1 K. For
an ideal copper pillbox cavity oscillating in TM010 mode this would
esult in a frequency shift of 𝜕𝑓

𝜕𝑇 = −51 kHz/K at 3 GHz [27]. This
1 K temperature difference gives rise to phase shifts in the order of
∼3 mrad, which is of no consequence for the acceleration scheme.

4. Particle tracking simulations

The simulations presented in this section have all been performed
using the general particle tracer (GPT) software [28]. A realistic beam-
line has been simulated which consists of a set of anti-Helmholtz
configured magnetic coils (forming the MOT coils) [29], a DC accel-
erator module [17], and the 1 3

4 -cell RF structure as shown in Fig. 1, 2.
Detailed field maps of the DC accelerator module and the RF structure
are used and 1.6 fC - 16 fC electron bunches are simulated. The MOT
coils used in the simulation have a total of 196 windings each and
are supplied with a current of 9.0 A (front coil) and −11.3 A (back
coil). Each has a radius of 90 mm and are separated by 180 mm. This
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Fig. 9. The average experienced electric field 𝐸𝑧 by the bunch (black) and the acquired
kinetic energy (red) as a function of the axial position 𝑧 for an input power of 𝑃in ≈ 5
W. The background image is the copper housing of the RF structure.

reates a magnetic field gradient of 𝜕𝐵𝑧∕𝜕𝑧 ≈ 0.15 mT/m whilst keeping
𝑧 < 10 μ 𝑇 at the region of ionization in order to suppress imparting
ngular momentum on the bunch at the source. This would result in an
ffective angular momentum contribution on the thermal emittance of
𝑒𝐵𝑧𝜎2𝑟
2𝑚𝑒𝑐

≈ 3 pm rad [30].
The DC accelerator that extracts the electron bunches generates

static field of 1.4 MV/m across a gap of 19.2 mm. The electron
unch is extracted from a 30 × 30 × 30 μm3 (rms) ionization volume
t a distance of 7.5 mm from the grating chip. The initial isotropic
omentum spread is thermal with an electron temperature 𝑇 = 10 K.

The ionization process is simulated by creating electrons in the
onization volume according to a Gaussian distribution at a 1 ps rms
ime scale [9]. Coulomb interactions are taken into account between
ll individual electrons. The interaction between the electrons and the
ubidium ions is neglected in this simulation, which is justified by the
act that the electrons leave the DC field after a fraction of the inverse
lasma frequency 𝜔−1

𝑝 ≫ 𝜏𝑎𝑐𝑐 ≈ 0.3 ns. This implies that the bunches
re not significantly affected through disorder-induced heating [31].

The average electric field 𝐸𝑧 experienced by the electrons in the
imulation and their average kinetic energy is shown in Fig. 9 as a
unction of the longitudinal position 𝑧. Electrons are accelerated up
o 10 keV in the static accelerator field which is located in the white
egion of the figure. The first and second cell of the RF structure
dd approximately 50 keV and 40 keV respectively. The difference in
xperienced field strength and corresponding acceleration in the cells
s due to the finite travel time between them, resulting in a phase
dvance.

In order to check the influence of the RF structure on the beam
uality a simulation is done without the RF fields enabled in the simu-
ation. Comparing the normalized emittance in a transverse direction as
function of the simulation time then gives an indication of the extent
ith which the RF accelerator structure influences the transverse bunch
ynamics, this is shown in Fig. 10. Here the normalized transverse
mittance in a co-rotating frame 𝜀𝑛𝑟 is shown, which has the advantage
hat artificial emittance growth due to strong 𝑥− 𝑦′ and 𝑦−𝑥′ coupling
hilst traversing solenoid fields is omitted. This makes it easier to
bserve the actual emittance growth at the source better [28].

This variable is plotted as a function of simulation time for sim-
lations with and without an RF structure, signified by the dashed
ed curve and the solid black curve respectively. The exit of the
tatic accelerator is marked by the vertically dashed lines, as well as
he beginning and ending of the RF acceleration. These simulations
hows that additional acceleration of the bunch is beneficial for the
reservation of the transverse bunch quality, which is an understood
henomena since the transverse forces due to the bunch’s self-fields
ecome smaller as the bunch velocity increases [32].

The figure of merit to optimize for this source is the reduced
ransverse brightness, defined as:

𝑟⟂ ≡
𝑄bunch , (2)

𝜀𝑛𝑥𝜀𝑛𝑦

6

Fig. 10. The normalized emittance (in the transverse direction) of a 1.6 fC bunch in
a co-rotating frame where the black line signifies a simulation with the RF structure
disabled and the dashed red line an identical simulation but with the RF structure
enabled.

Fig. 11. The normalized transverse emittance (black) on the left axis and the reduced
transverse brightness (red) on the right axis as a function of initial longitudinal rms
bunch length for a Gaussian bunch (dots) and a transversely uniform bunch (circles),
both with a total bunch charge of 1.6 fC.

where 𝑄bunch is the total bunch charge and 𝜀𝑛𝑦 the normalized trans-
verse emittance in the 𝑦-direction. Bunches with an initial Gaussian
distribution in the longitudinal and transverse direction are not the
most optimal in terms of suppressing space charge driven emittance
growth. This results in a reduced transverse brightness that does not
benefit greatly from an increased bunch charge, as this exacerbates
these forces. Space charge driven transverse emittance growth can be
reduced by increasing the initial longitudinal length of the bunch,
resulting in a larger value for the reduced transverse brightness. For
1.6 fC Gaussian bunches this is shown by the black and red lines with
dots in Fig. 11. This figure shows the benefit of increasing the bunch
length for a fully Gaussian shaped bunch with an initial rms transverse
size of 30 μm, resulting in a smaller reduced transverse emittance.

Other distributions are more suited to handle space charge driven
quality degradation. Bunches with a uniform disk-like profile in the
transverse plane (with a radius of 30 μm) and a Gaussian longitudinal
density profile benefit much more from an increase in the initial rms
longitudinal bunch length, as is shown by the black and red lines with
circles in Fig. 11. Realizing these initial distributions would however
require additional optics like spatial light modulators

In Fig. 12 the resulting reduced transverse brightness is plotted
when scanning the total bunch charge up to 16 fC for transversely
Gaussian and transversely uniform bunches, both with an initial rms
length of 500 μm (Gaussian). From this figure it is seen that the bunches
with a uniform transverse density profile perform better, but reach
their best performance at a bunch charge at around 1.1 fC with an
accompanying 𝐵𝑟⟂ of approximately 1060 C m−2 rad−2, whereas the
fully Gaussian bunch has its optimum at a bunch charge of roughly 3.7
fC with a corresponding 𝐵𝑟 of roughly 272 C m−2 rad−2. Additional
⟂
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Fig. 12. The reduced transverse brightness as a function of the total bunch charge for
a Gaussian (black dots) and uniform (black circles) transverse density profile.

optimization of, among other things, the initial RF phase of the acceler-
ator structure, the field balance, initial bunch length, etc. might result
in better performance. It is evident however, from Figs. 11 and 12, that
a distribution which more closely resembles a homogeneously filled
disk in the transverse direction will outperform a simple 3D Gaussian
distribution.

5. Summary

The design, optimization, and particle tracking simulations of a
compact 1 3

4 -cell, standing wave RF structure was presented. The RF
structure, combined with the UCES [8], results in a hybrid DC/RF struc-
ture which was readily proposed [14]. The system presented in this
article is capable of accelerating electrons up to 100 keV with minimal
normalized transverse emittance growth. The structure is optimized
to be resonant at 2.99855 GHz and only requires 5 kW peak input
power, easily supplied by commercially available solid-state amplifiers.
Thermal simulations show that operation at a repetition frequency of 1
kHz can be sustained with easily manageable temperature rises.

The quality degradation of the electron bunches is observed primar-
ily in the static extractor field of the source, the RF structure itself adds
little to the degradation of the bunch. By using a more complex initial
transverse distribution of the created bunches, the reduced transverse
brightness of this source can exceed the performance of a conventional
RF photosource, potentially reaching a reduced transverse brightness
of 𝐵⟂ ≈ 103 C m−2 rad−2.
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