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A B S T R A C T

RF photoinjectors have been under development for several decades to provide the high-brightness electron
beams required for X-ray Free Electron Lasers. This paper proposes a photoinjector design that meets the
Horizon 2020 CompactLight design study requirements. It consists of a 5.6-cell, X-band (12 GHz) RF gun, an
emittance-compensating solenoid and two X-band traveling-wave structures that accelerate the beam out of
the space-charge-dominated regime. The RF gun is intended to operate with a cathode gradient of 200 MV/m,
and the TW structures at a gradient of 65 MV/m. The shape of the gun cavity cells was optimized to reduce the
peak electric surface field. An assessment of the gun RF breakdown likelihood is presented as is a multipacting
analysis for the gun coaxial coupler. RF pulse heating on the gun inner surfaces is also evaluated and beam
dynamics simulations of the 100 MeV photoinjector are summarized.
. Introduction

Low emittance, high brightness electron sources are a key compo-
ent of X-ray Free Electron Lasers [1]. The electron source is typically
photoinjector that consists of an RF gun followed by accelerator

tructures. The electron bunch is generated by illuminating the gun
hotocathode with short laser pulses. Acceleration in the gun needs to
ccur rapidly to mitigate space charge effects so high cathode gradients
re required. Also, the gun is typically surrounded by a solenoid magnet
o reduce the beam emittance increase that occurs in the early stages
f acceleration [2].

In this paper, we present a design of an RF photoinjector that meets
he requirements of the CompactLight project (XLS), which are summa-
ized in Table 1 [3]. Briefly, CompactLight was a H2020 Design Study
unded by the European Union between January 2018 and January
021. Launched by a group of 22 International Laboratories and two
ompanies, its goal was to expand the use of FEL light sources globally
y bringing together recent advances in FEL sub-systems – i.e., electron
hotoinjectors, linac accelerator structures and undulators – to create
next-generation facility design that is significantly lower in cost and

ize than existing facilities.
Our proposed RF photoinjector is based on a 5.6-cell, X-band (12

Hz) RF gun that is intended to operate with a 200 MV/m cathode gra-
ient. The goal is to generate low emittance, high peak current bunches
one per pulse) with a final kinetic energy near 100 MeV. The injector

∗ Corresponding author.
E-mail address: daniel.gonzalez-iglesias@uv.es (D. González-Iglesias).

would be employed to drive an X-ray Free Electron Laser after further
beam acceleration. The photoinjector also includes a solenoid magnet
to compensate space-charge induced beam emittance growth, and two
RF acceleration sections to achieve a beam energy near 100 MeV. The
photoinjector layout is shown in Fig. 1.

The design is similar to the SLAC X-band (11.4 GHz) photoinjector,
which includes a 5.5 cell gun that operates with a cathode gradient
up to 200 MV/m [4]. However, the SLAC gun design uses a dual feed
racetrack coupler to eliminate the coupler RF dipole and quadrupole
RF fields, while our design employs a coaxial coupler that naturally
preserves the axial symmetry of the gun to avoid the RF field dis-
tortions that degrade the beam emittance. In addition, this design
choice allows more space for the solenoid magnet, which might relax
manufacturing tolerance requirements. The coaxial coupler is more
prone to multipactoring, but the solenoid field helps suppress it.

The main design parameters of the proposed gun are summarized
in Table 2 and are discussed in later sections of the paper. The bulk of
the gun will be made of copper.

In this paper, we first describe the electromagnetic design of the
5.6-cell RF gun cavity and then discuss in detail operational aspects
that will impact its performance. These include the multipactoring
susceptibility of the coaxial coupler, which is assessed by means of
numerical simulations. In addition, the RF breakdown likelihood is
estimated and the temperature rise on the gun inner surfaces from RF
pulse heating is evaluated. The RF power system layout required to
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Fig. 1. RF photoinjector layout. After the 5.6-cell RF gun, two identical TW accelerator structures are used to increase the beam energy to 100 MeV.
Fig. 2. Cross section of the axial symmetric, 5.6 cell RF gun with a coaxial coupler.
0

able 1
ompactLight goal parameters for the photoinjector.
Parameter Unit Value

Charge, 𝑄 pC 75
Bunch Length, 𝜎𝑧 fs 350
Energy spread, 𝛥𝐸∕𝐸𝑎𝑣𝑔 (%) 0.5
Peak current A 60
rms norm. emittance, 𝜖𝑥 mm mrad 0.2
Pulse repetition rate, 𝑓𝑝 kHz 0.1–1.0

Table 2
Main parameters of the RF gun.

Parameter Unit Value

Frequency 𝑓𝜋 GHz 11.994
RF Electric Cathode field MV/m 200
Maximum surface RF electric field (for
1 MV/m at cathode)

MV/m 0.998

Coupling factor, 𝛽 1.008
Mode separation, 𝛥𝑓 MHz 27.1
Filling time, 𝜏 ns 112.5
Required magnetic field to suppress
multipactor

mT 360

Breakdown Rate, BDR (for pulse of
286 ns)

bpp/m 2.6 × 10−6

Pulse heating (for pulse of 286 ns), 𝛥𝑇 ◦C 26.5

feed the photoinjector is then outlined, and finally the beam dynamics
simulations that have been performed are summarized.

2. Electromagnetic design of the RF gun

The cross section of RF gun geometry is shown in Fig. 2. It consists
of six coupled cells, five with length 𝜆∕2 where 𝜆 is the free-space RF
wavelength, and one (first cell) with length 0.6 𝜆∕2. The first cell length
was chosen based on beam emittance optimization studies similar to
those discussed in Ref. [5]. The cells are coupled by means of elliptical
irises instead of circular ones to reduce the peak iris electric field [6,7],
which should reduce the likelihood of RF breakdown. The gun will be
powered via a rectangular WR90 waveguide, which will connect to
the gun coaxial section via a door-knob-like geometry (not shown in
Fig. 2) [8]. Ignoring this transition, the gun is axisymmetric, allowing
the use of the 2D eigenmode solver SUPERFISH [9] to optimize the
design. SUPERFISH has the advantage of being much faster than 3D
codes.

The electromagnetic design of the RF gun was carried out in two
steps. In the first step, the RF gun was divided in three parts: the
first (cathode) cell, the central cells and the last cell with the coaxial
coupler. For each part, a separate optimization was performed to
2

Fig. 3. RF electric field along the axis of the RF gun, normalized to 1 MV/m at the
cathode.

achieve the goal parameters. Specifically, each part was tuned to the
desired operating RF frequency and the shape of the cells was varied
to minimize the surface RF electric field for a given cathode field. The
output cell was matched with the coaxial coupler to obtain the desired
coupling factor 𝛽. Also, an effort was made to maximize the frequency
separation between the operating 𝜋-mode and the nearest-neighbor
mode to avoid its excitation during RF transients [10].

In the second design step, the three tuned parts were merged to form
the 5.6 cell RF gun cavity. The resulting device was re-optimized to
achieve equal peak axial fields in the cells. The electromagnetic design
optimization tasks were carried out using a multidimensional Newton–
Raphson algorithm that allows one to find a simultaneous solution
for a set of p non-linear equations that depend on k independent
variables [11]. In this case, the p non-linear equations represent the
performance parameters of the gun, which are intended to match
to specific values (i.e., frequency, coupling factor, etc.), while the k
independent variables are those gun dimensions to be optimized.

The gun 𝜋-mode frequency was chosen to be 11.994 GHz, which
is typically used in Europe for X-band structures. The coupling factor
goal was 𝛽 = 1 to minimize RF reflections from the cavity. Fig. 3 shows
the resulting RF electric field along the gun axis. The maximum electric
field values in the cells are equal to better than 1%. In Fig. 4, the surface
electric field along the wall contour of the gun is shown.

For a 1 MV/m cathode field, the maximum surface electric field is
.998 MV/m. Other relevant gun parameters are the coupling factor,
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Fig. 4. Surface RF electric field as a function of the axial position for a 1 MV/m
cathode gradient.

Fig. 5. RF electric field along the axis of the RF gun, normalized to 1 MV/m at the
athode. Results are presented for two cases: considering only the presence of the
-mode, and taking into account all the possible excited modes in the gun cavity.

= 1.005, the separation between the 𝜋-mode and the nearest neigh-
oring mode, 𝛥𝑓 = 27.1MHz, and the cavity fill time, 𝜏 = 112.5 ns. In
ddition, the effect of the neighboring modes on the RF electromagnetic
ield pattern of the gun was analyzed by using an equivalent circuital
odel and following a procedure similar to that described in Appendix
of [10]. A small deviation in the steady-state RF electric field was

ound when comparing the on-axis 𝐸𝑧 field for just the 𝜋-mode with
hat including all modes: Fig. 5 compares these profiles. To eliminate
his field difference, the initial gun design was re-optimized taking
nto account the presence of the neighboring modes, which did not
ppreciably change the aforementioned gun parameters.

After re-optimization, the maximum on-axis steady-state electric
ield, including the contribution from all modes, is the same for all cells
s can be seen from the red curve in Fig. 6. These results, obtained with
UPERFISH in combination with the circuit model, were benchmarked
t the design frequency with the 3D numerical electromagnetic field
olver HFSS [12], which also accounts for power attenuation along the
tructure. The steady-state HFSS result is also plotted in Fig. 6, and

grees well with our 2D model, thus validating our design approach.

3

Table 3
Properties of the TW accelerating sections.

Parameter Unit Value

Frequency GHz 11.994
Average gradient MV/m 65
Total length m 0.9
Number of cells 108
Phase advance per cell rad 2𝜋

3

Table 4
Multipactor susceptibility windows for the coaxial coupler. 𝑃 is the power flow in the
coaxial waveguide and 𝑉 is the peak voltage between the inner and outer conductor.

Multipactor window 𝑃 (MW) 𝑉 (kV)

1 0.035–0.56 0.891–3.565
2 1.20–3.10 5.219–8.388

3. TW accelerating structures

The two traveling wave (TW) structures downstream of the gun also
operate at 12 GHz. The structure design chosen is that developed in the
framework of the CompactLight project [13]. The main parameters of
these TW accelerator structures are summarized in Table 3.

4. Multipactor analysis in the coaxial coupler

The multipactor phenomenon is an electron avalanche-like dis-
charge occurring in RF components operating under vacuum [14]. The
motion of free electrons can synchronize with the RF electric field and
release secondary electrons each time they impact the cavity wall. This
process can lead to an exponential increase of the electron population,
which discharges the stored RF energy in the cavity.

For the coaxial coupler, a set of multipactor numerical simulations
were performed at different RF power levels to determine the multi-
pactor susceptibility zones in which exponential growth is expected to
occur. These simulations were carried out with a 3-D tracking code
that was developed in-house. It uses the Monte Carlo method and a
model in which the motion of groups of electrons (i.e., an ‘effective’
electron) are governed by the electromagnetic field [15]. The trajectory
of an effective electron is found numerically by solving its equation
of motion by means of the Velocity-Verlet algorithm. Each effective
electron evolves in time, eventually colliding with the metallic walls of
the inner and outer coaxial conductors. The Secondary Electron Yield
(SEY) after each impact is evaluated as a function of the impact kinetic
energy and impinging angle using the SEY model formulated in [15].
The secondary electrons are then re-emitted from the impact location
with a random initial velocity given by a Maxwellian distribution
with an average energy of a few eV (typically ≈ 4 eV). The driving
electromagnetic field experienced by each effective electron is that
corresponding to the fundamental TEM mode of the coaxial guide
at the gun RF frequency. The evolution of the electron population
is plotted as a function of the time, and if an exponential increase
is observed, it is assumed that a multipactor discharge would occur.
Fig. 7 shows an example output of the multipactor simulator for a case
where the population exponentiates. The simulations show there are
two multipactor bands within the gun operating range, which are listed
in Table 4.

At the RF power level required to achieve the nominal gun gradient,
the RF voltage in the coaxial line is 13.2 kV, which is above the second
multipactor window, and hence no multipactor discharge is expected.
However, when the RF power is turned on, there will be a transient
increase in the RF field in both the coaxial line and gun cavity. The RF
voltage envelope in the coaxial line can be well approximated by [16]:

𝑉 (𝑡) =

⎧

⎪

⎨

⎪

𝑉0
(

1 − 𝑒−
𝑡
𝜏
)

0 ≤ 𝑡 ≤ 𝑡on,

𝑉0
(

1 − 𝑒−
𝑡on
𝜏
)

𝑒−
𝑡−𝑡on

𝜏 𝑡 > 𝑡on,
(1)
⎩
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Fig. 6. RF electric field along the axis of the RF gun, normalized to 1 MV/m at the cathode, computed with SUPERFISH plus a circuit model for the neighboring modes (red
curve), and with HFSS (blue curve). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 7. Electron population inside the coaxial coupler as a function of time in units of
the RF period (𝑇 ) for a case where a multipactor discharge is expected to occur.

where 𝑉0 is the RF voltage in steady state, 𝑡on is the RF pulse duration,
is time, and 𝜏 is the filling time. Fig. 8 shows the RF voltage envelope
mplitude in the coaxial coupler for a pulse with 𝑡on = 400 ns.1

During the cavity filling, there are two time intervals (15 ns and 23 ns
durations) in which multipactor discharges are expected to occur —
they correspond to the first and second window, respectively. Similarly,
mulipactoring is expected to appear during the emptying of the cavity
in two time intervals (53 ns and 156 ns durations).

Despite the multipactor risk, it does not represent an insurmount-
able problem since it can be suppressed by means of an external
magnetic field. This method was experimentally demonstrated for a
coaxial line in Ref. [17], which gives two requirements regarding its
application. The first is that the magnetic field is applied along the
coaxial waveguide axis. The second is that the field strength is greater
than the value obtained by equating the RF frequency to the electron
cyclotron frequency, that is:

𝐵𝑑𝑐,𝑚𝑖𝑛 =
𝑚
𝑒
2𝜋𝑓

1 The final photoinjector design employs a shorter pulse (286 ns) due to RF
ower system constraints. However, this fact does not affect the conclusions
rom this section.
4

Fig. 8. RF Voltage envelope in the coaxial section during the RF pulse. The two
multipactor windows are indicated by dashed lines.

where 𝑚 and 𝑒 are the mass and charge of the electron, respectively.
Given the gun operating frequency, the minimum required field is
428.5 mT.

To confirm this prediction, additional multipactor numerical sim-
ulations were performed that included the presence of a static axial
magnetic field. The results showed that no multipactor discharge is
expected when the minimum required external magnetic field is ap-
plied. Moreover, a static magnetic field of only 360 mT was required
to suppress the discharge. Accordingly, a solenoid with such magnetic
field value (and higher) is included in the RF photoinjector layout for
multipactor mitigation, as well as for beam emittance compensation,
which is discussed in Section 9.

5. RF breakdown risk

RF breakdown is a phenomenon that occurs at high electric surface
field [18]. During breakdown, an electric current is emitted from the
walls of the device, forming a plasma that causes a significant RF
mismatch and a sudden increase the vacuum pressure level. The risk of
RF breakdown is generally characterized by a normalized breakdown

rate (BDR), which is defined as the expected number of breakdowns per
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Fig. 9. Modified Poynting vector along the RF gun surface as a function of axial
position for a 200MV/m cathode gradient.

ulse and per meter length of the structure. According to Ref. [19], the
DR can be roughly estimated based on the maximum of a modified
oynting vector, 𝑆𝑐 that is computed along the structure surfaces. The
odified Poynting vector is defined in terms of the complex Poynting

ector 𝑆 as follows:

𝑐 =
‖

‖

‖

Re𝑆‖‖
‖

+ 𝑔𝑐
‖

‖

‖

Im𝑆‖‖
‖

, 𝑆 = 1
2
�⃗� × �⃗�∗

here Re 𝑆 and Im 𝑆 are the real and the imaginary parts of the
omplex Poynting vector 𝑆, respectively, �⃗� and �⃗�∗ are the electric and
onjugate complex magnetic field phasors, respectively, and 𝑔𝑐 is an
mpirical parameter that ranges from 0.15 to 0.2, but a value of 1∕6 is
ypically used. Fig. 9 is a plot of the modified Poynting vector along the
un surface assuming a 200MV/m cathode field. The maximum value
f 𝑆𝑐 for the RF gun is 4.88W∕μm2. The relation among the modified
oynting vector, BDR and the RF pulse length, 𝑡𝑜𝑛, is given by the
mpirical expression,

𝐷𝑅 =
𝑆15
𝑐 𝑡5on
𝐶

(2)

where 𝐶 a constant, which using measured breakdown rate data pro-
vided in Ref. [19], is 𝐶 = 9.8 × 1027 W15ns5𝜇 m−30bpp−1m. The above
expression allows one to estimate the BDR during a period when the
gradient is constant. However, this is not the case for the RF gun
where the gradient varies during the fill and discharge. As a result,
the modified Poynting vector will vary with time, which must be
considered to properly estimate the BDR. To do this, one notes that
the modified Poynting vector is proportional to the square of the RF
electric field, which is well approximated by Eq. (1). The BDR is then
calculated by splitting the pulse into the sum of many short pulses,
assuming that for each of them, the corresponding BDR is given by
incremental change in Eq. (2) [20]:

BDR𝑝𝑢𝑙𝑠𝑒 =
1
𝐶

lim
𝑛→∞

𝑛
∑

𝑘=1
𝑆15
𝑐 (𝑡𝑘)

(

𝑡5𝑘+1 − 𝑡5𝑘
)

= 5
𝐶 ∫

𝑇𝑝

0
𝑆15
𝑐 (𝑡) 𝑡4𝑑𝑡 (3)

here 𝑇𝑝 = 𝑛𝑡𝑝 is the total pulse length, 𝑛 is the number of short pulses
n which total pulse length is divided and 𝑡𝑝 is the length of each of the
hort pulses.

Fig. 10 shows the resulting BDR in the RF gun as a function of
he pulse length. The BDR predictions corresponding to the constant
radient case are included for comparison. There is a significant differ-
nce between the two curves, which shows the importance to taking
nto consideration the transient effect. For 𝑡on ≫ 𝜏, the transient result
pproaches that of the constant gradient case as expected.
5

Fig. 10. Estimated BDR in the gun as a function of RF pulse length for a steady state
cathode gradient of 200 MV/m. The blue curve accounts for the transient change in
the field while the black curve assumes a constant field equal to the steady state value.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 11. Model of the gun inner wall used to compute pulse heating.

6. RF pulse heating

The surface currents associated with the RF fields in a structure
induce ohmic losses on the walls that increase the metal temperature.
Pulsed temperature increases over about 50◦ are known significantly
increase the BDR in copper structures from the fatigue related surface
damage it causes [21]. Thus one wants to avoid operating at gradients
and pulse lengths that produce such peak temperature rises.

The temperature increase during the RF pulse in the gun can be
estimated by means of a 1D model that analytically solves the heat
transfer differential equation for a metallic wall of thickness 𝐿. Fig. 11
hows the geometry assumed in the 1D model. The left boundary of
he wall corresponds to the inner vacuum side of the device where
he RF electromagnetic fields are present. Both wall boundaries (left
nd right sides) are assumed to be thermally isolated. Given these
ssumptions, the 1D heat transfer equation can be solved analytically
ollowing a procedure similar to that described in Ref. [22] and [20].
or our calculations, the equations given in Ref. [20] are employed
ince they take into account the temporal variation of the surface field.
he resulting time dependent temperature profile within the metallic
all is given by:

𝑇 (𝑥, 𝑡) = 𝑢0(𝑡) +
∞
∑

𝑢𝑛(𝑡) cos
(𝜋𝑛𝑥), 0 ≤ 𝑡 ≤ 𝑡on (4)
𝑛=1 𝐿
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Fig. 12. Maximum pulse temperature increase in the RF gun copper walls as a function
of pulse length for a steady state cathode electric field of 200 MV/m.

with

𝑢0(𝑡) =
𝑔0
2

[

𝑡 + 𝜏
(

2𝑒−
𝑡
𝜏 − 1

2
𝑒−

2𝑡
𝜏 − 3

2

)]

, (5)

𝑢𝑛(𝑡) =
𝑔𝑛

(

𝜋𝐷𝑛
𝐿

)2

(

1 − 𝑒−
(

𝜋𝐷𝑛
𝐿

)2
𝑡
)

+

𝑔𝑛
(

𝜋𝐷𝑛
𝐿

)2
− 2

𝜏

(

𝑒−
2𝑡
𝜏 − 𝑒−

(

𝜋𝐷𝑛
𝐿

)2
𝑡
)

+

2𝑔𝑛
(

𝜋𝐷𝑛
𝐿

)2
− 1

𝜏

(

𝑒−
(

𝜋𝐷𝑛
𝐿

)2
𝑡 − 𝑒−

𝑡
𝜏 −

)

,

and

𝑔0 =
2𝛼
𝐿

(

1 − 𝑒−
2𝐿
𝛿
)

,

𝑔𝑛 =
8𝛼𝐿

4𝐿2 + 𝜋2𝛿2𝑛2
(

1 − 𝑒−
2𝐿
𝛿 (−1)𝑛

)

, (6)

𝛼 =
𝑅𝑠|𝐻∥,0|

2

2𝜌𝐶𝑒
, 𝐷 =

√

𝜅
𝜌𝐶𝑒

;

where 𝛿 =
√

2
𝜎𝜇0𝜔

is the skin depth, 𝑅𝑠 = 1∕(𝛿𝜎) is the surface
resistance, 𝜇0 is the vacuum permeability, 𝜔 = 2𝜋𝑓 is the angular
requency, 𝜅 is the thermal conductivity, 𝜌 is the density, and 𝐶𝑒 is
he specific heat.

Using this equation, the resulting maximum pulse temperature rise
n the gun walls as a function of the RF pulse length is shown in Fig. 12,
nd Fig. 13 shows a color map of the peak temperature rise in the gun
or 𝑇𝑝 = 286 ns. For this pulse length, the maximum temperature rise is
𝑇 = 26.5◦ C, which is below the 50◦ C limit.

. RF power system

To achieve a 200 MV/m cathode gradient in steady state, the input
F power at the coaxial coupler port needs to be 11.6 MW. We initially
onsidered using an RF pulse length of 400 ns (i.e., 3.6 fill times), which
nsures that the field rises to within 3% of this value. During the fill
eriod, there is a significant amount of RF power reflected towards the
F source, which will be a klystron. Using a circulator to protect the
lystron is not an option as X-band circulators at the required power
evel are not available. As a consequence, one must add enough delay
ine between the klystron and gun so the reflected power arrives at the
lystron when it is no longer producing power.

For the delay line, we will use circular waveguide with a radius
f 1.905 cm operating in the low-loss 𝑇𝐸01 mode. A mode converter

imilar to that described in Ref. [23] will be employed to change from 2

6

Fig. 13. Maximum pulse temperature increase on the RF gun copper surface for
𝑇𝑝 = 286 ns and steady-state cathode field of 200 MV/m.

the rectangular 𝑇𝐸01 mode at the klystron output to the circular 𝑇𝐸01
ode.

For the RF system layout, several options based on different klystron
odels were explored, and the scheme chosen is shown in Fig. 14. It is

ased on a Toshiba E37113 klystron with an RF peak power of 6 MW,
pulse length of up to 5 μ s, and maximum pulse repetition rate of
00 Hz. To achieve an input power at the gun entrance of at least 11.6
W, we will use a SLED-II pulse compression scheme similar to that

mployed in the Xbox 3 facility at CERN [24] where the flattop output
ower can be enhanced by a factor of 3.5 in a reduced pulse length of
00 ns. With a pulse compression factor of only 3, we will be able to
rovide 18 MW peak power, which is more than needed. However, the
esulting 300 ns pulse is shorter than the desired pulse length of 400 ns.
o compensate, we will excite the gun with a step-like RF pulse [10]
hose profile is shown in the left side of Fig. 15.

During the initial portion of the RF pulse (𝑡 < 𝑡ℎ), the power is
𝑃𝑖𝑛 where 𝑃𝑖𝑛 is the power required to achieve a 200 MV/m cathode
radient in steady state. We chose 𝛬 = 1.2 (𝛬𝑃𝑖𝑛 = 13.9 MW) and
ℎ = 271.8 ns, for which the resulting cathode gradient versus time
s shown in the right side of Fig. 15. For a laser injection time of
𝑖𝑛𝑗 = 276 ns, the axial 𝐸𝑧 profile matches well the steady state case.

ith this scheme, a circular waveguide delay line length of 𝐿 = 25.7 m
s needed to protect the klystron, and accounting for transport losses,
he delay line input power needs to be 15.5 MW.

. Beam emittance solenoid

A schematic view of the solenoid that will be used for beam emit-
ance compensation is shown in Fig. 16. It was designed using the
oisson code [25] and consists of two coils that are each surrounded
y a ferromagnetic yoke made of a low carbon steel with a relative
agnetic permittivity of 250. The current in the two coils would have

pposite polarities to zero the field at the cathode and thus avoid
ncreasing the initial beam emittance. Fig. 16 also shows the axial
agnetic field profile. The inner coil radius (𝑟𝑐) is 4 cm, and to generate
peak axial field of 0.5 T, a current of 165 A is required in the

ownstream coil.

. Photoinjector beam dynamics

Beam simulations of the photoinjector have been carried out using
he codes GPT [26], ASTRA [27] and RF-Track [28]. We employed

0,000 macro-particles to simulate a 75 pC bunch charge that is excited
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Fig. 14. RF power system layout for the photoinjector. Note that 𝑃𝑎 is the RF power at the entrance of the delay line that is required to achieve a cathode gradient of 200 MV/m.
Fig. 15. Left: profile of the step-square RF pulse. Right: RF electric field amplitude at cathode as a function of time for the step-square pulse.
Fig. 16. Left: schematic of the solenoid used for the beam emittance compensation. Right: normalized magnetic field along the axis of the solenoid.
y a 0.3 ps long, flat laser pulse with a 0.25 mm rms transverse width.
iven these laser pulse parameters and a 200 MV/m cathode gradient,

he transverse intrinsic emittance, in case of a copper cathode, is about
.12 mm mrad [29]. We also assumed that the particles emerging from
he cathode at room temperature have a kinetic energy of 𝐸𝑘 = 0.05 eV.

The bunch phase, solenoid strength, accelerator TW phase, and the
pacing between the gun and first TW structure were varied to achieve
he lowest emittance. In particular, different combinations of the above
arameters were tried to find an optimum working point. The spacing
etween the gun and first accelerator structure were chosen according
o Ferrario’s criterion [30]. It states that the minimum emittance at
he end of the first accelerator structure occurs when the beam size
s minimum at the entrance to this structure. Using the code GPT,
n optimum set of parameters was found that produced a minimum
rojected emittance at the end of the first TW structure.

.1. Codes comparison

The results from the GPT simulations were benchmarked with the
odes ASTRA and RF-Track. Comparisons of bunch energy and bunch
ength along the injector are shown in Fig. 17. Likewise, the evolution
f the rms emittance and transverse beam size are compared in Fig. 18
nd Fig. 19. Finally, transverse and longitudinal phase space plots of the
unch at the end of the second TW structure are compared in Fig. 20.

The simulations with GPT were carried out using a 2D map for the
F field of the gun and a 1D map for the TW accelerator structure fields.
or the simulations with ASTRA and RF-Track, 1D maps for both the

un and the TW accelerator structures were employed.

7

Fig. 17. Energy gain and bunch length evolution along the injector.

The tracking results agree fairly well even though the codes differ
in many respects: they use different methods to interpolate the electro-
magnetic fields, they use different algorithms to integrate the equations
of motion, and most likely, they have different space-charge algorithms.
The beam properties at the end of the second TW structure that were
obtained with each code are listed in Table 5. The rms emittances are
about 0.2 mm⋅mrad, which meets the design goal.
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Fig. 18. Projected normalized horizontal emittance and transverse RMS beam size
long the injector.

Fig. 19. Projected normalized horizontal emittance and transverse RMS beam size
ithin 20 cm of the cathode.

able 5
Electron beam properties at the end of the photoinjector.
Parameter GPT ASTRA RF-Track

Kinetic energy (MeV) 91.9 91.8 91.9
Bunch length (fs) 338 341 335
Energy spread (%) 0.46 0.50 0.43
Peak current (A) 64 64 64.6
RMS norm. emittance (mm mrad) 0.20 0.21 0.20
Transverse size (mm) 0.12 0.09 0.10

9.2. Solenoid misalignment studies

The beam emittance is particularly sensitive to the misalignment
of the gun solenoid magnet. Such a misalignment causes the elec-
tron beam to follow the magnetic axis, sending the beam off-axis.
These excursions can be easily removed using dipole corrector magnets;
however, we did not assume this as a worst case.

We used RF-Track for the misalignment study and varied the hor-
izontal angle of the solenoid magnet relative to the accelerator axis.
We focused on two quantities: the average beam offset along the
injector and the beam emittance at the end of the second traveling
wave structure. The simulation also included wakefield effects in the
traveling wave structures. As shown in Fig. 21, the emittance growth
is negligible (< 1.5%) for misalignment angles up to 200 mm⋅mrad.
8

Fig. 20. Transverse and longitudinal phase space plots of the bunch at the end of the
second TW structure.

10. Conclusions

The design of a compact (2.6 m long) X-band RF photoinjector for
the CompactLight project was presented. It is based on a 5.6-cell, 12
GHz, RF gun that would operate with a 200 MV/m cathode gradient.
An estimate of the gun RF breakdown rate found it was at the one
in a million pulse level, and an analysis of the multipactor risk in
the coaxial coupler showed that the magnetic field from the emittance
compensation solenoid would suppress it. The temperature increase
along the RF gun walls due to the RF pulse heating was found to be
below the fatigue damage limit.

Beam dynamics simulations showed that for a bunch charge of 75
pC, an rms normalized emittance of about 0.20 mm⋅mrad at 90 MeV
an be achieved, which meets specifications.

Future studies will consider the generation and transport of dark
urrent, which can likely be suppressed with cathode surface treat-
ents [31], RF conditioning and collimation.
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Fig. 21. Impact of angular solenoid misalignments. The two top plots show the beam
orbit along the injector for different misalignment angles. The bottom plot shows the
emittance growth at end of the injector due to the bunch deflections.
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