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Abstract
The new electromagnetic and mechanical designs of the

S-band 1.4 cell photoinjector are discussed. A novel fabrica-
tion method is adopted to replace the brazing process with a
clamping technique achieving lower breakdown probability.
The photoinjector is designed to operate at a 120MV/m gra-
dient and an optimal injection phase of 70◦ to improve the
extraction field by a factor of 1.9 compared to standard 1.6
cell designs with the same peak field. New geometries and
features are implemented to improve beam quality for the
demand of high brightness beam applications.

INTRODUCTION
For decades radiofrequency (RF) photoinjectors have

been the state-of-the-art in terms of high brightness electron
sources. They have played a key role in the development of
applications such as short wavelength high gain free elec-
tron lasers, ultra-fast electron diffraction, inverse Compton
scattering, high power THz generation, among others [1–4].
Although several improvements in photoinjector design have
been made over the years, the achieved beam brightness is
at least five orders of magnitude lower than the theoretical
quantum limit for a fully coherent electron source [5]. Sig-
nificant improvements on beam brightness must be made to
further advance high brightness beam applications.

Improving the beam brightness can be done through differ-
ent methods. These include minimizing the velocity spread
of the electrons during photo-emission by either fine-tuning
the laser wavelength [6–9] or modifying the characteristics
(a.g. work function) of the photocathode [10]. In this paper
we will focus on improving beam brightness by increasing
the accelerating electric field E0 the electrons see as they
are emitted from the cathode surface, the extraction field.
A higher extraction field has several advantages. Particles
quickly accelerate away from the cathode reducing the space
charge effects that limit peak brightness. It allows for very
high current densities from a small area on the photocathode
simultaneously reducing the initial emittance.

How the beam brightness scales with the extraction field
depends on what definition one uses as many exist in liter-
ature [11]. But regardless of the operating regime, maxi-
mizing the extraction field at the cathode achieves brighter
beams [12–14]. Increasing the peak field involves signifi-
cant redesign of the RF structures and resolving fundamental
material breakdown issues. A simple alternative is to limit
the phase slippage due to the fact that the photo-emitted
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particles are not relativistic. The optimal phase (to reach
maximum energy and minimum energy spread) for launch-
ing particles in typical 1.6 cell RF guns is close to 30 degrees
and much lower than 90 degrees so that the launch field is
significantly smaller than the peak achievable field in the
gun [15]. Without a drastic redesign of RF photoinjectors,
the optimal launch phase can be increased by simply short-
ening the first cell which minimizes the slippage leading to
a higher extraction field.

DESIGN OF THE 1.4 CELL PHOTOGUN
The new RF design is based on the design of the 1.6 cell

RF structure developed by the SPARC lab of the National
Institute of Nuclear Physics (LNF-INFN) [16]. The 1.6 cell
photoinjector is currently operating at the Pegasus lab at
UCLA at a gradient of 120MV/m. Inspired by the 1.6 cell
photoinjector design and fabrication techniques, we have
developed a new 1.4 cell photoinjector with a shortened first
cell to improve extraction field and therefore increasing beam
brightness. In this section we discuss further improvements
to the electromagnetic and mechanical design.
Typical 1.6 photoinjectors have an optimal launching

phase of 25◦−35◦ depending on the input RF power. The 1.6
cell photoinjector has a first cell of 36.45mm optimal launch-
ing phase of 30◦. The 1.4 cell photoinjector first cell has a
length of dhal f = 22mm which gives an optimal launching
phase of 70◦. The higher launching phase increased the
extraction field by a factor of sin(70◦)/sin(30◦) = 1.9.

In Fig.1a, we show the energy dependence on the injection
phase for the 1.6 and the 1.4 cell structure at a 120MV/m
gradient. The optimal launching phase is the one for which
the maximum output energy is achieved. The 1.4 cell pho-
toinjector has a lower output energy than the SPARC pho-
toinjector due to the shortening of the accelerating region.
Many applications of high brightness beams are not criti-
cally affected by final electron beam energy. In Fig. 1b, we

(a) (b)

Figure 1: Comparison between the 1.6 cell (3D map) and
the 1.4 cell (1D and 3D maps) photoinjector. (a) Gamma vs.
phase. (b) Energy spread.
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show the energy spread as a function of injection phase. The
1.4 cell photogun exhibits a lower energy spread than the
1.6 cell gun. The minimum of the energy spread is obtained
at 65 − 70◦ as expected.
The electromagnetic design of the cavity have been opti-

mized using Ansys HFSS simulations [17]. The cavity has
adopted the SPARC elliptical irises design with an axis ratio
of b/a = 2 to reduce the surface electric field with respect to
the cathode peak field. The iris is now located at z=22mm,
see Fig. 2a. The iris diameter is 36mm which is larger than
in typical photoinjectors. This large diameter allows for a
50.1 MHz separation between the 0 mode and the π mode.
A large mode separation is preferred when operating with
short RF pulses as it avoids simultaneous excitation of both
modes which can have a negative impact on the beam dy-
namics. The π mode has a resonance at 2.856GHz as shown
in Fig. 2b.

(a) (b)

Figure 2: (a) Ez vs. z (b) S11 coefficient at resonance
frequency, fπ .

Unlike the 1.6 cell cavity, the full cell of the 1.4 cell cavity
does not posses cylindrical symmetry. A new geometry has
been adopted [18]. The cross section of the full cell is the
intersection of 2 circles, rcircle = 47.3325mm, with their
centers located at an offset,∆y = 4.4mm, from the central
axis of the gun. Two flat planes truncate the cell at a 5mm
offset from the point where the circles meet, see Fig. 3.
This new full cell geometry reduces the quadrupole moment

Figure 3: Full cell cross section geometry.

along the central axis. An approximation of the quadrupole
moment A(z) can be written as [19]

A(z) = Hmax − Hmin

2ro
(1)

where Bmax and Bmin are the maximum and minimum value
of the magnetic field at a distance of r0 from the central axis.
The quadrupole moment was measured along 3 pairs of

(a) (b)

Figure 4: (a) Geometry of quadrupole moment measurement.
(b) Quadrupole moment comparison table.

circles of different radii(2mm and 4mm). One pair is located
at the center of the full cell and the remaining two pairs are
at a distance of ∆z ± 3mm as shown in Fig 4a. Fig 4b shows
the 1.4 cell gun quadrupole moment achieves up to an order
of magnitude lower than the 1.6 cell gun.

(a)
(b)

Figure 5: (a) Coupling port geometry. (b)Hsur f ace map.

Laser ports have been placed on the first cell with rounded
edges to maintain the Hsur f ace < 480kA/m, Fig. 6b. One of
the issues arising from shortening of first cell is machining
these rounded edges. To ease the fabrication challenge, the
first cell was truncated to create a surface normal to the laser
ports as shown in Fig. 6a.

(a) (b)

Figure 6: (a) Laser ports geometry. (b)Hsur f ace map.

Recently it has been demonstrated that a very small drive
laser spot size on the cathode generates ultra-low emittance
beams, down to 5nm-rad at 20fC bunches [22]. The oblique
incidence angle and laser port diameter limits how small the
laser spot size can be. The current iris design restricts the
illumination angle to 10o. The numerical aperture of the
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Figure 7: Oblique incidence angle solution.

ports is NA=0.083. The calculated beam waist, wo =
λo

πNA ,
is 1µm with a drive laser wavelength, λo, of 266nm. The
laser spot projection (wo/tan(10o)) is 5.8µm in size. A
possible solution to reduce the laser spot size involves a
minor redesign of the iris. The first half of the iris adopts a
circular geometry and the second half remains elliptically
shaped, see Fig 7. This solution allows laser ports of equal
length and radii as previously discussed but an increased
illumination angle of 14.79o, reducing the laser beam spot
projection to 3.7µm. Further investigation is needed to
implement this solution.

FABRICATION
The LNF-INFN developed a clamping technique for manu-

facturing the 1.6 cell photoinjector. The clamping technique
avoids the brazing process for the main body of the pho-
toinjector with the help of special gaskets that guarantee
RF contact and vacuum sealing [23]. Brazing is expensive,
a high risk procedure and softens the copper. Cold (not
brazed) copper shows a significant improvement in break-
down probability. In Fig 8b, the clamping components are
shown. The cavity is made of central piece of OFHC copper.
Part 1 is an added piece for fitting of the cathode assembly.
Part 2 seals the full cell using the special gasket.
New vacuum sealing gaskets were developed and tested

at UCLA to completely avoid any brazing/welding of the
external components onto the main body. The gaskets are
made out of aluminum to act as the interface between the
copper body and a standard CF flange. One side of the gasket
is flat to allow the knife edge on the CF flange to bite into the
aluminum [24]. The opposing side of the gasket has been
patterned with a knife edge that digs onto the copper surface,
pictured in Fig. 8a.

(a) (b)

Figure 8: (a)23/4” Aluminum gasket. (b) Clamping compo-
nents.

A new feature of the 1.4 cell photoinjector is the compat-
ibility with a load-lock chamber mechanism for the use of

advanced photocathodes that have yet to be tested in high
gradient structures [7]. Advanced photocathodes include
alkali-antimonide photocathodes that have shown low photo-
emission emittance and high quantum efficiency and can
open the door to extremely high peak beam brightness. Test-
ing these photocathodes require a compact vacuum load-lock
which is not commercially available. The load-lock system
is currently under design and is required to deliver pregrown
cathodes from their preparation chamber directly into the
photoinjector without breaking vacuum.

SUMMARY
In this paper we have discussed the simple solution of

shortening the first cell to minimize the phase slippage to
increase the optimal launch phase to 70o for the S-band
1.4 cell photoinjector operating at a gradient of 120 MV/m.
We have presented design modifications to the SPARC S-
band 1.6 cell photoinjector to improve the extraction field
(and therefore higher beam brightness) by at least a fac-
tor of 1.9. The new full cell geometry was optimized to
lower the quadrupole moment along the central axis achiev-
ing up to one order of magnitude lower than the SPARC
gun. The 1.4 cell photoinjector fabrication approach entirely
avoids any brazing and welding process by implementing
the LNF-INFN clamping technique along with newly devel-
oped vacuum sealing technologies at UCLA to reduce cost,
manufacturing time, preserve the hardness of cold copper
and maintain a low breakdown probability. The 1.4 cell
gun combines the high extraction field with a highly com-
pact vacuum system needed to deliver and utilize pregrown
AA photocathodes that promise extremely high peak beam
brightness.
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