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Low-emittance photoinjector-enabled cutting-edge scientific instruments, such
as free-electron lasers, inverse Compton scattering light sources, and ultrafast
electron diffraction, will greatly benefit from the improved repetition rate. In this
paper, we proposed a specifically designed S-band radio frequency (RF)
photoinjector to obtain low emittance and kilohertz (kHz) high-repetition
rates simultaneously. By lowering the gradient, much lower RF power is
needed to feed the electron gun, and then the heat problem is much easier
to handle. Meanwhile, by optimizing the length of the gun’s first cell from the
normal case of 0.6-cell to 0.4-cell, the launch phase and the extraction field are
significantly improved, thus ensuring the generation of low-emittance electron
beams. In our design, the proposed 1.4-cell RF gun can work effectively under
different field gradients ranging from 30MV/m to 100 MV/m. For a standard case
of 60 MV/m, 2.5 MW peak RF power with μs level pulse width is sufficient, thus
offering the feasibility of improving the repetition rate to kHz level with a standard
5 MW irradiation klystron. In addition, simulated electron beams with a low
emittance of 0.29 mm.mrad@200 pC can be generated by this proposed
photoinjector, showing that this high-repetition rate injector holds the
potential to deliver high-quality beams comparable to those of state-of-the-
art S-band photoinjectors. Combining the merits of low emittance and high-
repetition rate, this proposed photoinjector will provide a new possibility for
future free-electron laser facilities operating at repetition rates ranging from kHz
to tens of kHz.
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1 Introduction

In the past 2 decades, S-band photocathode radio frequency (RF) gun-based low-
emittance photoinjectors [1] have successfully driven advanced light sources, such as free
electron lasers and inverse Compton scattering light sources. In these applications, electron
beams with high bunch charge and low emittance are required. To achieve this goal,
intensive R&D efforts have been devoted to the design and optimization of S-band
photocathode RF guns [2–6], and ground-breaking technical advances have been
achieved. Represented by the famous BNL/SLAC/UCLA type [7], the mature S-band RF
gun can work on a high gradient of 100–140 MV/m. Furthermore, the first cell length is
optimized to 0.6 times half of a wavelength λRF (often referred to as 0.6-cell) in order to
provide stronger RF focusing on nC-level high bunch charge beams. With appropriate
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driving laser parameters and emittance compensation setup [8], the
1.6-cell S-band RF gun can generate high-quality electron beams
with a low emittance of 1 mm.mrad at a standard bunch charge of
1 nC [9]. However, limited by the heat problem, as most of the RF
power is consumed on the wall, the typical repetition rate of the
S-band photoinjector is 10–100 Hz, and the duty factor is below
0.1% [10]. With specifically designed cooling channels surrounding
the cavity, a 1.5-cell S-band RF gun with up to 400 Hz repetition rate
has been developed at CLARA [11].

Nowadays, since a wide range of scientific experiments will
benefit from increasing the repetition rate of X-ray pulses, high-duty
factor photoinjectors have drawn worldwide interest in driving
high-flux-free electron laser facilities. The repetition rate of these
high-duty factor photoinjectors is up to MHz, while the bunch
charge varies from tens to a few hundreds of pC [12], instead of nC
level in low-duty factor photoinjectors. To fulfill these requirements,
different types of high-duty factor photo guns have been explored
[13] in-depth, including DC guns, normal-conducting low-
frequency RF guns, and super-conducting RF guns. For any of
the abovementioned guns, either simulated or measured emittance is
good enough for efficient lasing, though its gradient is much lower
than that of an S-band RF gun. This phenomenon reveals the
possibility that we can significantly improve the duty factor of
existing S-band photoinjectors by lowering the gun gradient,
since the RF power drops quadratically with the gradient. If
realized, this high-duty factor photoinjector would fill up the
huge gap between current S-band photoinjectors and on-going
MHz repetition rate photoinjectors. We note that a kHz high-
repetition rate C-band injector is being developed at the Frascati
National Laboratory [14]. However, a high-power RF source is still
beyond the reach of this high-repetition rate, high-gradient
(160–180 MV/m) C-band photocathode RF gun.

In this paper, we investigated the feasibility of the S-band
photoinjector with a kHz repetition rate and low emittance on
the basis of using mature S-band irradiation klystrons. First, we will
give a detailed description of the physics underlying the
simultaneous achievement of a high-repetition rate and low
emittance. Then, the design of the special S-band RF gun will be
introduced. In the following section, the whole injector beamline
design will be shown, together with the beam dynamics simulations
using the bench-marked code. In the last section, we will provide
discussion and conclusion.

2 Methodology to obtain a high-
repetition rate and low emittance

In photoinjectors, the quality of electron beams is often
evaluated by the concept of beam brightness B, which integrates
several independent parameters such as bunch charge Q, transverse
emittance ϵn,r, and bunch duration σt. Previous research [15] has
pointed out that the five-dimensional beam brightness B is finally
determined by the RF gun conditions [16] as follows:

B � 2I
ϵ2n,r

∝Eg sin ϕo( ), (1)

where I = Q/σt is the beam current, Eg is the gun gradient, and ϕ0 is
the cavity phase when the driving laser illuminates on the

photocathode, which is also referred to as the launch phase.
Then, the product Eg sin (ϕo) stands for the extracting field
strength at the launch phase. Obviously, Eq.1 implies that one
can access brighter electron beams by improving the extracting field.

As to the commonly used 1.6-cell S-band RF gun, the standard
gun gradient is approximately 100 MV/m. Although the gradient is
high enough, the elongated first cell length leads to a relatively small
launch phase of 30° to obtain maximum energy gain. In practice, this
launch phase is set to 26° for optimal emittance compensation
results. On this occasion, the extracting field is only 50 MV/m,
which is much lower than the gun gradient.

It is notable that by significantly increasing the launch phase,
one can take full advantage of the high-gradient RF gun and obtain
ultimate beam brightness. P. Musumeci et al. developed a novel 1.4-
cell high-gradient gun to maximize beam brightness [17]. The key
physics is to obtain a much higher launch phase by shortening the
initial cell length, where phase slippage in the initial cell due to
electron velocity smaller than the light speed can be greatly
diminished. As shown in Figure 1, the launch phase for the 1.4-
cell gun at a gradient of 100 MV/m has improved to 70°, and the
extracting field reaches 94 MV/m, which is 1.88 times that in the 1.6-
cell gun. Although weaker RF focusing in a 1.4-cell gun makes it
more difficult to compensate the transverse emittance for nC-level
high-charge electron beams, this problemwould be less important in
high-duty factor photoinjectors, as the bunch charge decreases to
tens or a few hundreds of pC. Especially in the case of ultrafast
electron diffraction (UED), the issue can be fully ignored since only
tens of fC to pC bunch charge is required and emittance
compensation is of less significance. F. Kuan et al [18] applied
this idea to UED use and proved that smaller transverse emittance
and shorter bunch duration can be generated by the 1.4-cell gun
than the 1.6-cell gun. Then, higher spatio-temporal resolution can
be expected.

In our design, the merits of the 1.4-cell gun design are further
explored. Though the standard 100 MV/m gun is available in several
famous accelerator laboratories, the whole process (including gun
design, materials, machining, welding, cold tests, and high power
tests) is still difficult for beginners or less experienced laboratories.
Therefore, we put forward a new path that is uses a low-gradient 1.4-
cell gun. Since the 1.4-cell gun can increase the launch phase by
approximately 40° (Figure 1) at the same gradient when compared to
the 1.6-cell gun, there exists a possibility that one can obtain high-
brightness electron beams at a relatively low gradient. For example,
when the 1.4-cell gun works on the 60 MV/m gradient, the launch
phase is near 60° and the extracting field reaches 52 MV/m, which is
still higher than that of the 1.6-cell gun at 100 MV/m.

More importantly, much lower RF power is needed for the lower
gun gradient since the total RF power P∝E2

g. In practice, 8 MW of
RF power is fed into a 1.6-cell gun to establish the 100 MV/m electric
field. This RF power needed for the 1.4-cell gun on the 60 MV/m
gradient drops to approximately 2.9 MW, assuming that the other
parameters remain unchanged. In this case, one can use a mature
5 MW peak power irradiation klystron (for example, a CPI VKS-
8262 S-band klystron) to drive this low-gradient 1.4-cell gun. As the
irradiation klystron can work on a high-duty factor of near 1%
(16–18 μs pulse length and 550 Hz repetition rate), the kHz high-
repetition rate RF gun and corresponding whole photoinjector with
μs level RF pulse length can be realized in theory.
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As to the real engineering design, the key point is to design a 1.4-cell
gun that can bear the excessive heat. Compared with the conventional
high-gradient S-band 1.6-cell gun, a tenfold improvement in the
repetition rate of this 1.4-cell gun at 60MV/m brings a fourfold
heat load, thus requiring a more complicated cooling system.
Fortunately, the success of the L-band normal-conducting RF gun
[19, 20] in long macro pulse mode provides a perfect case study for
designing this high-duty factor, high-repetition rate S-band RF gun.

3 RF gun design

Before starting the RF gun design, the basic gun shape chooses
the coaxial RF coupling type instead of the most commonly used
side coupling in S-band RF guns. One reason is for the convenience
of designing complicated cooling channels by removing the side
coupling waveguide. Another reason is for a more flexible
emittance compensation setup where the gun solenoid

FIGURE 1
Comparison between 1.4-cell and 1.6-cell gun: (A) launch phase and (B) energy gain at different gradients. Note, the launch phase in (A) refers, in
particular, to the phase when energy gain is highest.

FIGURE 2
Gun cavity shape (A) and the normalized acceleration field distribution on the axis (B).
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surrounding the gun cavity can be freely located as the beam
dynamics require. Aiming at the kHz high-repetition rate, the
primary goal of the gun RF design is to minimize the power needed
at a standard gradient of 60 MV/m.

The developed RF gun is a typical standing-wave resonant
cavity working at the π mode at 2,856 MHz. The initial cell
length is fixed to 0.4pλRF/2 = 21 mm to fulfill the 0.4-cell shape
requirement, where λRF = 10.5 cm is the RF wavelength. To
alleviate the thermal effect at a high-repetition rate, the iris tip is

optimized to an elliptical shape for lowering the maximum
surface field. Cell rounding is applied to the outer walls of the
cavity cells to reduce the required RF input power, as shown in
Figure 2A. A door-knob coaxial coupler is designed to feed the
RF power while mitigating the higher-order electromagnetic
modes caused by the deterioration of the azimuthal cavity
symmetry. The distribution of the electromagnetic fields is

FIGURE 3
Distribution of the electric field (left) and the magnetic field (right).

FIGURE 4
High-repetition rate S-band photoinjector layout (not to scale).

TABLE 1 RF parameters of the 1.4-cell gun.

Parameter Unit Values

RF input power Pin MW 2.52

Electric field at the cathode, Eg MV/m 60.0

Maximum electric field on cavity surface Es MV/m 62.6

Field balance Ef/Eh 0.98

Frequency of 0 mode f0 MHz 2,845.06

Frequency of π mode fπ MHz 2,856.00

Quality factor of 0 mode Q0 9,303

Quality factor of π mode Qπ 12,413

Coupling factor β 1.02
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shown in Figure 3, and the calculated RF parameters are listed in
Table 1. This gun is designed to work with a peak field of Eg =
60MV/m at the cathode surface, which corresponds to a
required RF input power of 2.5 MW. The maximum surface
field is optimized to 1.04 Eg, and the field balance between the
full cell and half-cell is adjusted to 0.98. The working frequency
is tuned to 2,856.0 MHz with a 10.94 MHz frequency spacing to
the 0 mode. Both the cavity body and coaxial coupler are made of
oxygen-free copper, and the quality factor of π mode is 12,413.
The coupling factor of the coupler is tuned to 1.02 considering
the beam loading under working conditions.

In this case, when the RF pulse width is 2 μs and the
repetition rate is 1 kHz, the maximum heat dissipated in this
RF gun is 5 kW. Taking the CLARA gun as a referee, its heat
load is approximately 6.8 kW and leads to a steady-state
temperature increase of 14°C when using nine cooling
channels [11]. Therefore, when using a similar cooling
system design, the heat problem at the kHz repetition rate
can be easily addressed.

4 Whole injector design

4.1 Layout

The layout of the proposed kHz S-band photoinjector is almost
identical to existing ones, as shown in Figure 4. Electron beams are
generated by the laser illuminating the metal or semi-conductor
photocathode. A solenoid surrounding the gun (marked as Sol-1)
is used for emittance compensation. At the beam waist position
downstream of the gun solenoid, a 3-m-long SLAC-type traveling
wave accelerator is used to boost the beam energy to a few tens of
MeV. An additional focusing solenoid (marked as Sol-2) is placed
outside the first 1/3 part of the accelerator, which is to provide
better control of the beam envelope inside the accelerator. Once
the so-called matching condition is satisfied (i.e., the beam
envelope forms a waist and emittance reaches a local maximum
at the entrance of the accelerator), emittance oscillations will be
damped to a final value at relativistic energy, which is generally
higher than 100 MeV. For simplicity, only one acceleration
tube is used.

4.2 Beam dynamics simulation

Based on the above photoinjector layout, beam dynamics
simulations via ASTRA code [21] were carried out to evaluate
the beam brightness performance. In the following simulations,
the bunch charge is set to 200 pC, while the gun gradient is set to
60 MV/m. The optimization process is also similar to the
conventional S-band photoinjector, where multiple parameters,
including laser initial dimensions and distributions, solenoid
focusing strength, and accelerator position, are scanned. For
saving time, a single objective genetic algorithm is utilized to
accelerate the whole optimization process.

Since the energy gain at the exit of our 1.4-cell gun is only
2.3 MeV, while this value is 4.7 MeV in a 100 MV/m high-gradient
1.6-cell gun, the length of the gun solenoid is found to be very

FIGURE 5
Optimized electrical field distribution (red solid line) and magnetic field distribution (blue dashed line).

TABLE 2 Parameters of beam dynamics simulation.

Parameter Value

Bunch charge 200 pC

Gun gradient 60 MV/m

Launch phase 60°

Sol-1 strength 0.22 T

Laser pulse duration 12 ps (FWHM, plateau distribution)

Laser spot size 0.2 mm (rms, uniform distribution)

Initial emittance 0.18 mm.mrad

Accelerator gradient 25 MV/m

Sol-2 strength 0.1 T
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sensitive to the minimum transverse emittance. This is because the
existence of a high-order field in the solenoid leads to non-linear
focusing of the beam slice and then causes emittance growth [22].
Therefore, several gun solenoids with different longitudinal
dimensions are designed to mitigate the spherical aberration of
the gun solenoid. After optimization, the optimal physical length of
the gun solenoid is set to approximately 10 cm, which is only half of
the conventional 1.6-cell gun solenoid. In addition, the location of
the accelerator is much closer to the gun in our design, which is only
0.8 m. For contrast, the first booster is often placed 1.5 m
downstream of the high-gradient 1.6-cell gun. In this sense, using
a 1.4-cell low-gradient gun can make a compact photoinjector. The
optimized electrical and magnetic field distribution along the

beamline is shown in Figure 5. The detailed parameters used in
beam dynamics simulations after optimization are listed in Table 2.

The optimized emittance compensation results are shown in
Figure 6. As we can see, after suitable focusing of the solenoid,
matched electron beams are injected into the booster, and the
transverse emittance is damped to 0.29 mm.mrad. This emittance
compensation result is on the same level when compared with an
existing high-gradient gun-based photoinjector, where
0.35 mm.mrad low emittance can be obtained at 200 pC bunch
charge [23, 24]. In the longitudinal aspect, due to a relatively high
launch phase, rather weak longitudinal focusing is provided to
counter the space charge force-induced pulse lengthening.
Therefore, the final bunch length is compressed to approximately
15 ps (full width at half maximum, FWHM), which is a little bit
longer than the initial laser pulse of 12 ps FWHM. Substituting these
results into Eq.1, we can find that the beam brightness generated by
this 1.4-cell gun-based photoinjector is only 5% smaller than that of
the state-of-the-art photoinjector (see the XGLS photoinjector
in [24]).

It is worth noting that even the final bunch length and energy
spread are slightly larger than those of the conventional S-band
photoinjector, and the longitudinal phase space clearly shows a
second-order energy chirp. In this sense, this second-order energy
chirp can be easily removed by a high-harmonic cavity [25],
corrugated structures [26–28], or plasma linearizers [29, 30]
without the need for a complex higher-order energy chirp
compensation scheme.

4.3 High-repetition rate accelerator
operation considerations

Since SLAC-type accelerators have been applied in irradiation
accelerators for a long time, high-duty factor and high-power RF
sources become the restrictions for high-repetition rate accelerator
operations. A typical tens of MWhigh-power S-band klystron works
on a short pulse (2–4 μs) and a low repetition rate up to 100 Hz.
One-order duty factor improvement of these high-power RF source
faces enormous challenges. On the other side, mature irradiation
klystrons can provide a duty factor of near 1%, but their peak power
is only 5 MW.

For a 3-m-long SLAC-type traveling-wave accelerator, the
maximum energy gain without beam loading can be expressed as
follows [31]: Egain(MeV) � 10 ×

�������
P(MW)√

. If we use an irradiation
klystron directly, the energy gain provided by a single accelerator is
only 22.36 MeV. This low accelerator gradient will make the whole
injector dimension too large. As a control, this value is often
approximately 50 MeV in modern S-band photoinjectors.
Therefore, an energy doubling system is needed, where a pulse
compressor will make the initial RF peak power several times higher
at the cost of shortening the pulse width. Taking the famous SLED
system [32], for example, near 4 MW, 0.8 μs RF pulses can be readily
acquired with 1 MW, 7 μs RF pulses as the input. With this SLED
system employed, the single accelerator energy gain will reach an
acceptable level of approximately 45 MeV.Moreover, since the input
RF pulse duration is only half of the standard duration (16 μs) of the
irradiation klystron, kHz high-repetition rate can be easily achieved
by upgrading the pulse modulator.

FIGURE 6
Photoinjector simulation results: (A) transverse emittance and
beam size; (B) energy gain; (C) relative energy spread; (D) bunch
duration; and (E) longitudinal phase space at exit of the photoinjector.
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5 Summary and outlook

In this paper, we have proposed a kHz high-repetition rate and-
low emittance S-band photoinjector. By shortening the initial cell
length to 0.4 cell and lowering the gun gradient to 60 MV/m at the
same time, systematic dynamics simulations have shown that high-
quality electron beams with 0.29 mm.mrad emittance and a 200 pC
bunch charge can be generated using this novel photoinjector. Since
this RF gun only needs 2.5 MW peak power with 1–2 μs pulse width,
it can easily achieve the goal of kHz operation with a mature 5 MW
S-band irradiation klystron, which can work on a high-duty factor
of 1%. In addition, kHz high-repetition-rate operations of the main
accelerator were also carefully considered. By adding a SLED pulse
compressor, the main accelerators will work on a favorable
gradient and kHz high-repetition rate using the same klystron
as the RF gun.

In summary, in the physical aspect, our proposed injector can access
equivalently bright electron beams as the existing low-duty factor S-band
photoinjector, while the repetition rate or duty factor will get a tenfold
improvement. In addition, low-gradient operation of theRF gunwill bring
benefits of better vacuumperformance and lower dark current [33], which
is very helpful for its compatibility with semi-conductor photocathodes. In
the technical aspect, this low-gradient 1.4-cell RF gun can significantly
reduce the difficulty of the manufacturing process and make it more
accessible. Finally, we emphasize that this idea could be directly applied in
the MeV UED community, where even a lower gun gradient (down to
30MV/m) canworkwell, achieving a higher repetition rate in tens of kHz
range that is within reach using mature pulsed power technologies.
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