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Abstract
X-ray free-electron-laser (FEL) has numerous applica-

tions in a wide range of disciplines, such as biology, chem-
istry and material science. Recently there have been studies
on using very hard x-ray FEL to study material properties
under extreme conditions. These scientific use cases require
FEL photon energies beyond the current state-of-the-art FEL
facilities. One pathway of enabling very hard x-ray FEL is
to use high gradient radio frequency (rf) driven photogun to
deliver bright electron beams. Numerous efforts have been
made to push for even higher field gradient while suppress-
ing rf breakdowns. We propose the Compressed Ultrashort
Pulse Injector Demonstrator, a 1.6 cell photogun driven by
nanosecond high power rf pulses to achieve high gradients
with low breakdown rate. This photogun is powered by ul-
trashort pulses from a rf pulse compressor and a high power
klystron. We first show the design of CUPID photogun,
followed by its capability of bright beam generation when
forming a photoinjector with a superconducting solenoid and
downstream linacs. We then use Ming-Xie parameterization
to compare FEL performance of CUPID and LCLS nominal
injector to demonstrate its improvement in delivering hard
x-rays.

INTRODUCTION
The growing interest on very hard x-ray FEL stemmed

from the need to understand the mesoscale science, the
ability to probe defects of multigranular material and how
they behave in extreme conditions [1–6]. Understanding
mesoscale science requires x-ray FEL to deliver photon en-
ergies at 40 keV and above. One pathway to meet this re-
quirement is use high gradient rf photogun to deliver bright
electron beams for FEL [3,4,7]. Pushing for higher gradient
photogun has been an important topic for bright electron
beam generation as the six-dimensional brightness is pro-
portional to the square of the photogun’s gradient, where
ℬ6D = 2𝐼/𝜀2

𝑛𝜎𝛾 ∝ 𝐸2, where 𝐼 , 𝜀𝑛, 𝜎𝛾 and 𝐸 are the
beam current, transverse emittance, normalized rms energy
spread and photogun’s gradient respectively [8]. We present
Compressed Ultrashort Pulse Injector Demonstrator (CU-
PID), a 1.6 cell photogun that can achieve high gradient with
ultrashort high power rf pulses generated by a novel ultra-
high power rf pulse compressor, followed the successful
demonstration of high gradient short pulse photogun driven
by two-beam acceleration method at the Argonne Wakefield
Accelerator (AWA) facility [9]. This photogun operates at
11.424 GHz to utilize an available X-band klystron of the
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same frequency and rf pulse compressor recently commis-
sioned at SLAC [10].

PHOTOGUN DESIGN

Figure 1: Cut-away view of the relative spacing between
the CUPID photogun, the connecting waveguide, and the
TM10 mode launcher, with superimposed π-mode field map.
The relatively long waveguide connecting both components
is a design choice to accommodate the physical size of a
solenoid designed for bright beam generation. Extended
waveguide and solenoid are not shown in this view.

Figure 1 shows the cut-away view of our CUPID photogun,
the connecting waveguide and the TM01 mode launcher,
with superimposed 𝜋-mode field map. The relatively long
waveguide connecting both components is a design choice
to accommodate the physical size of a solenoid designed to
achieve bright electron beams. CUPID photogun achieves
high gradient with short rf pulses by having a very short
filling time 𝑡fill, where it is related to the designed loaded
Q-factor, 𝑄load = 𝜋𝑓 𝑡fill, where 𝑓 is the operating frequency.
Table 1 shows design parameters of CUPID photogun.

Table 1: Design Parameters of CUPID Photogun

Parameter Value Unit
Frequency 11.424 GHz
𝑄load 215 -
𝑆11 −0.59 dB
Field gradient at cathode 500 MV/m
Peak input power 275 MW

BEAM DYNAMICS
Photoinjector Design

In this section we present beam dynamics studies of CU-
PID photoinjector, it consists of CUPID photogun, enclosed
by a superconducting solenoid and connected to downstream
S-band linacs. The superconducting solenoid is paired with
a bucking solenoid at the back to achieve zero-magnetic field
at the cathode to prevent the generation of magnetized beam.
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The downstream S-band linacs consist of three accelerat-
ing structures, and cryo-cooled to achieve a high gradient
field [11]. As shown in Fig. 2, rf pulses generated from a
klystron are compressed to high power short pulses, which
then sent fo a rf hybrid coupler where one of the output ports
is connect to CUPID photogun and the other is connected
to a rf load. Another rf load is connected to the last port
to prevent reflected pulses from damaging the klystron. A
future design is planned to incorporate rf hybrid coupler and
TM01 mode launcher to allow efficient use of compressed
pulses.

Figure 2: Rf pulses generated from the klystron (red box)
is compressed by rf pulse compressors (yellow circles) into
high power short rf pulses, which then sent to the rf hybrid
coupler. Rf pulses are split into two output ports, where one
of them is connected to our CUPID photogun. The other
output port is connected to a rf load. Since more than 95 %
of rf power will be reflected from CUPID photogun, another
rf load is connected to the last port of the hybrid coupler to
prevent reflected pulses from damaging the klystron. CUPID
photogun is enclosed by a superconducting solenoid and
connected to downstream S-band linacs.

Beam Dynamics Results
We performed beam dynamics simulations of CUPID

photoinjector using General Particle Tracer (GPT) [12] with
500 000 macroparticles. We were interested in the genera-
tion of high brightness beams at 100 pC total charge. The ini-
tial beam distribution had a mean transverse energy (MTE)
of 400 meV, which corresponds to the thermal emittance of
0.9 µm/mm, given by

𝜀𝑛
𝜎𝑥

= √MTE
𝑚𝑐2 , (1)

where 𝜎𝑥 is the laser spot size [13]. The beam was assumed
to have a uniform radial and flat top temporal distribution. Ta-
ble 2 summarized optimized photoinjector’s and final beam’s
parameters. We achieved 63 nm transverse emittance using
our CUPID photoinjector. Figure 3 shows the evolution of
beam’s emittance (red line) and rms beam size (green line)
of CUPID photoinjector. The slice emittance of the beam’s
core is at 40 nm, as shown in Fig. 4.

Table 2: Optimized Parameters for the Injector and Gener-
ated Beam Parameters

Parameter Value Unit

Laser spot size 70 µm
Laser duration 4.5 ps
Mean transverse energy 400 meV
Beam charge 100 pC
Gun frequency 11.424 GHz
Field on cathode 500 MV/m
Injection phase 70 °
Linacs frequency 2.856 GHz
Linac 1 gradient 100 MV/m
Linac 1 phase (from on-crest) −3.3 °
Linac 1 distance from the cathode 0.6 m
Linac 2 gradient 100 MV/m
Linac 2 phase (from on-crest) 0 °
Linac 3 gradient 44 MV/m
Linac 3 phase (from on-crest) 0 °
Solenoid field 0.62 T
Solenoid center from the cathode 0.05 m

Final beam energy 135 MeV
Final beam bunch length 342 µm
Final beam rms size 136 µm
Final beam transverse emittance 63 nm
Final beam relative energy spread 0.04 %
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Figure 3: The evolution of beam’s emittance (red line) and
rms beam size (green line) of CUPID photoinjector using
parameters shown in Table 2.

FEL PERFORMANCE ANALYSIS WITH
MING-XIE PARAMETERIZATION

Having obtained low emittance beams from CUPID pho-
toinjector, we investigated the performance gain of CUPID
photoinjector over the present LCLS injector for FEL. For
simplicity, we used the Ming-Xie parameterization analysis
to calculate the performance gain [14]. Undulator parameter
𝐾𝑢 were adjusted to match the FEL resonance condition,
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Figure 4: Current profile (green shaded region) and slice
emittance (red line) of the beam at the end of CUPID pho-
toinjector. The core emittance (at center) is 40 nm.

using

𝜆ph = 𝜆𝑢
2𝛾2 (1 + 𝐾𝑢

2

2 ) , (2)

where 𝜆ph is the wavelength of x-ray photon, 𝜆𝑢 is the un-
dulator period, 𝛾 is the beam’s Lorentz factor, 𝐾𝑢 is the
undulator parameter. We assumed that beams from CU-
PID photoinjector can achieves average current of 1600 A
with emittance growth to 100 nm, whereas LCLS beams at
2200 A and 400 nm. Table 3 summarizes parameters that
we used for our Ming-Xie analysis. Figure 5 shows the re-
sult where CUPID beams maintain more than 0.1 mJ pulse
energy up to 60 keV photon energy and outperform LCLS
injector.

Table 3: Parameters used for Ming-Xie Parameterization

Parameter Value Unit

Undulator period 𝜆𝑢 26 mm
Beam energy 14.5 GeV
Beta function 𝛽𝑥 5 m
relative energy spread 0.009 %

Current (CUPID) 1600 A
Current (LCLS injector) 2200 A
Emittance (CUPID) 100 nm
Emittance (LCLS injector) 400 nm
Charge duration (CUPID) 45 fs
Charge duration (LCLS injector) 80 fs

CONCLUSION
In summary, we present CUPID, a 1.6 cell high gradi-

ent short pulse driven photogun capable of delivering low
emittance beams, down to 63 nm. Using Ming-Xie parame-
terization and assumptions of emittance growth to 100 nm,
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Figure 5: Comparison of hard x-ray FEL performance at
different photon energies in terms of total pulse energy us-
ing Ming-Xie parameterization. CUPID (blue line) outper-
forms LCLS nominal (red line). CUPID maintains more
than 0.1 mJ pulse energy up to 60 keV photon energy.

we showed that CUPID beams outperform LCLS nominal
beams especially as we go to higher photon energies. De-
tailed studies using dedicated FEL simulation codes will be
planned to obtain more accurate performance gain.
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