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C-band technology is emerging as an exciting innovative approach to the creation of compact new
accelerators. Besides the possibility to sustain higher gradients and higher repetition rate operation at
normal conducting temperature, it also allows one to increase the machine performance in terms of beam
brightness. We propose the design study of a normal conducting, high gradient C-band injector aiming at
the production of high brightness electron beams—up to 2.6 x 10*> TA/m?—at high repetition rate—up to
1 KHz—as desired to enhance the capabilities of modern radiation sources. This paper reports on beam
dynamics studies that guided the injector design looking for a good compromise between the machine
compactness and performances. For this purpose, a new standing wave C-band gun consisting of 2.6 cells
has been designed to enhance the final beam brightness together with its own mode launcher to ensure the
needed peak field at the cathode—up to 180 MV/m. Several working points in terms of peak current,
transverse emittance and brightness are explored, showing the flexibility allowed by the proposed
photoinjector. The integration of the gun mode launcher, that relies on a four-port configuration, in the

injector design and its effect on the beam quality are also reported.
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I. INTRODUCTION

High brightness electron beams have shown to be
essential for the realization of brilliant radiation sources
(FEL, inverse Compton sources or THz sources) [1-3] as
well as to guide novel acceleration and manipulation
schemes based on high gradient wake-fields (plasma
accelerators among others) [4]. The 6D brightness, B, is
defined as:
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where Q is the beam charge, ¢, and €, are respectively the
normalized xx’ and yy’ transverse emittances, o, is the
bunch length and o, is the energy spread. Thus, a high
brightness beam results in a large number of quasimono-
chromatic electrons, concentrated in very short bunches,
with small transverse size and divergence, that is a high
particle density 6D phase space.

The rf photoinjectors are established devices in the
generation of high brightness electron beams and play a
crucial role in the determination of the ultimate beam
quality. It is understood that, besides further beam manipu-
lation at higher energy, the main challenge for an rf high
brightness photoinjector is generating electron beams with
low transverse emittance (¢, , less than 1 mm mrad) and up
to kA peak current.

The strength of an rf photoinjector lies in opportunity to
explore a wide range of working points in terms of beam
parameters. Thus, beam dynamics studies should guide the
design of the photoinjector to drive different kinds of
devices. For example, one can optimise the peak brightness

Published by the American Physical Society


https://orcid.org/0000-0002-9565-2209
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevAccelBeams.26.083402&domain=pdf&date_stamp=2023-08-24
https://doi.org/10.1103/PhysRevAccelBeams.26.083402
https://doi.org/10.1103/PhysRevAccelBeams.26.083402
https://doi.org/10.1103/PhysRevAccelBeams.26.083402
https://doi.org/10.1103/PhysRevAccelBeams.26.083402
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

A. GIRIBONO et al.

PHYS. REV. ACCEL. BEAMS 26, 083402 (2023)

for a high brilliance radiation source as an free electron
laser (FEL), or the phase space density for a high spectral
density ICS source [5], or one can handle the beam length
and spot size, both to be set in the pm range, for a plasma-
accelerator [6]. Also pump and probe experiments can be
performed with wise rf photoinjector setup.

State of the art rf photoinjectors are based on L or S-band
technologies. The breakdown phenomenon limits these
technologies from sustaining relatively high accelerating
gradients, useful to compact the accelerator machine, and
kHz repetition rate operation, particularly desired for high
flux modern radiation sources, unless turning to cryogenic
temperature system. Out of this effort, the C-band tech-
nology is emerging as an exciting new approach to the
creation of compact new accelerators [7-9]. Besides the
possibility to sustain higher gradients and repetition rate
operation at normal conducting temperature, it also allows
to increase the machine performances in terms of beam
brightness [10,11]. The paper is organized as follows: in
Sec. Il we recall the fruitful technique developed in the years
for the electron beam phase space manipulations based on an
rf photoinjector; then, in Sec. III, we report on the design
study of a normal conducting-high gradient C-band injector
that would enable the production of high brightness electron
beams at high repetition rate—up to 1 KHz—useful for the
described applications and in Sec. IV we describe the related
dynamics studies for low, medium and high charge electron
beams; in Secs. V and VI we describe in details the design of
the C-band injector, both the standing wave gun and the
traveling wave accelerating structures with their solenoids
and ancillary components; in Sec. VII we report on the gun
feeding system, concerning both the beam dynamics and the
gun region design, that have guided the design work flow of
the injector. A final summary section is dedicated to con-
clusions and outlook for the future.

II. HIGH BRIGHTNESS ELECTRON BEAM
GENERATION IN RF PHOTOINJECTORS

A photoinjector consists of an rf gun, equipped with a
laser driven photocathode system and a solenoid surround-
ing the gun, that can be followed by one or more
accelerating structures as booster section. The electron
beam is emitted from the cathode surface, illuminated by a
laser pulse, when the applied rf accelerating field over-
comes the electric field produced by the electron bunch
itself—image and space charge fields. The properties of the
photoelectrons arising from the cathode, which depend
mainly on the cathode and laser pulse setup, determine the
beam intrinsic emittance that represents the lowest beam
emittance value one can expect at the photoinjector exit.
Once the photoelectrons leave the cathode surface, they
undergo external and internal forces through the rf gun that
induce emittance oscillations and spoiling the beam quality.
In details, the beam transverse beam emittance can be
written, assuming no correlation between each term, as the

sum in quadrature of the different contributions, that are,
the cathode intrinsic emittance, &, the cathode surface
roughness induced emittance, &;yyopness, the rf induced
emittance, &y, the space charge emittance, egc and the
solenoid induced emittance:

— 2 2 2 2 2
€= \/8im + groughness + &t + €sc + €Solenoid (2)

Ideally, it is possible to restore the initial emittance value
by properly setting the magnetic field of the solenoid
surrounding the gun to counteract the beam internal space
charge forces and the external rf kick. If a downstream
booster section follows the gun, it is recommended to place
it where the beam emittance exhibits its maximum and to
set the gun solenoid to satisfy the invariant envelope theory
[12] so to let the emittance oscillations damp down to the
intrinsic value; that way the beam is quickly pushed up to
relativistic energy and the emittance oscillation can be
frozen and its minimum at the exit of the accelerating
section.

The invariant envelope criteria consists in imposing at
the booster entrance a laminar envelope waist (¢}, = 0)
with the beam spot size ¢, , matched to the accelerating and
focusing gradients to stay close to an equilibrium mode
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with I, = 17 kA the Alven current and k the strength of the
external focusing channel.

The laser pulse setup is guided by the needed electron
beam parameters at the experimental station and by
technological constraint in the gun area. Usually it is
preferred to set the beam length in the mm range so to
reduce the emittance degradation due to the transverse
space charge forces before the beam becomes ultrarelativ-
istic. This set point allows for an electron beam with sub
mm mrad transverse emittance. Besides further manipula-
tion convenient at high energy—hundreds of MeV—it is
also possible to shorten the beam in the photoinjector itself
relying on the rf compression in the following rf accel-
erating structures. This type of compression represents a
useful tool to enhance the beam peak current or to tune the
beam length, to the experimental station or to a booster
linac operating at higher rf frequency, without adding a
further longitudinal compression stage. Indeed, once
entered the emittance-dominated regime, the insertion of
a booster linac at higher operating frequency represents a
good practice to boost the beam energy and further shorten
the machine taking advantage of the higher accelerating
gradient. On the other hand, the energy spread dilution due
to rf curvature depends on the bunch length and the
accelerating frequency as
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It follows that the higher the frequency, the shorter the
beam should be.

Among other things, the velocity bunching technique
permits the compression of the beam inside the first rf
structure after the gun and can be integrated in the
emittance compensation process [13,14]. It is a longitudinal
phase space rotation based on a correlated time-velocity
chirp of the electron bunch (electrons in the tail are faster
than electrons in the head). If the injected beam is slightly
slower than the phase velocity of the rf wave when it is
injected at the zero crossing field phase, it slips back to
phases where the field is accelerating, being simultaneously
chirped and compressed. For soft compression factors one
can in principle restore the intrinsic emittance value with
the advantage of compactness of the machine and absence
of coherent synchrotron radiation (CSR) effects present in a
magnetic compressor.

III. THE C-BAND PHOTOINJECTOR
DESIGN STUDY

The proposed C-band photoinjector, designed and simu-
lated at Frascati National Laboratory (LNF), is the result
of a long design study carried out in the framework of
the CompactLight [15-17], EuPRAXIA@SPARC_LAB
[18,19] and IFAST projects [20]. It consists of a 2.6 cells
standing wave (SW) gun, with an emittance compensation
solenoid, followed by four traveling wave (TW) accelerat-
ing structures. The C-band TW accelerating structures are
2 m long and can be powered up to 31 MV/m (at 100 Hz
repetition rate); the first one is surrounded by a solenoid.

The C-band technology has been chosen being a good
compromise between the S and the X-band technology. It
enables higher available peak field in the gun region, that
results in beam brightness, and higher accelerating gradient
in the TW accelerating structures if compared to the S-band
technology; in the meanwhile it allows larger flexibility as
regards the electron beam charge and length if compared to
the X-band solution. In addition it should ensure a reliable
operation at up to 1 kHz repetition rate.

The definition of the photoinjector layout has been
guided by the well known wavelength scaling laws [11],
which aim to maximise the final beam brightness passing
from an rf operating frequency to another. In previous
studies [10] the SPARC_LAB photoinjector has been
chosen as the starting point being it close to our purposes
in terms of electron beam performances and machine setup.
In accordance with the scaling laws, it has been roughly
halved distances between the elements and their lengths
and doubled the electromagnetic field amplitude.

The photoinjector presented in this paper partially breaks
with the scaling laws and faces also with technological
issues related to the rf components in case of high repetition

SW 2.6 cell 2-m-long TW accelerating structures
rfgun

Solenoid Solenoid
—]

——
-l---EaEEE
— (==}
L=115m
FIG. 1. The C-band photoinjector layout, designed and simu-

lated at Frascati National Laboratory (LNF). It consists of a 2.6
cell standing wave gun, with an emittance compensation
solenoid, followed by four traveling wave accelerating structures.
The TW accelerating structures are 2 m long and can be powered
up to 31 MV/m (at 100 Hz repetion rate); the first one is
surrounded by a solenoid.

rate operation, i.e., maximum available peak fields, and
operational and mechanical needs related to minimum free
space between elements for diagnostics, vacuum or others. A
huge effort has concerned the design of a new C-band gun
with its own power distribution system and solenoid as
extensively discussed in Secs. V=VII. Indeed, the injector
described in [10] relies on a 1.6 cell C-band gun operating at
least at 240 MV /m peak field, higher than the available one
in case of high repetition rate operation—160 MV/mat 1 kHz
repetition rate operation. The limitation on the peak field at
the cathode forced by the high repetition rate has been
overcame by elongating the gun with one more cell so the
beam enters the downstream accelerating section with at least
5.5 MeV energy. Likewise, the downstream accelerating
sections have been elongated up to 2 m with maximum
average gradient of about 31 MV/m. The final layout is
closer to a scaled version of the SwissFEL rf gun [21] even if
still well integrating the beam dynamics gymnastic per-
formed at the SPARC_LAB facility. In details, it is able to
provide electron beams with charges of hundreds of pC, less
than 1 mm mrad emittance and hundreds of ampere peak
current. It is worth noting that in this configuration, the drift
between the booster linac and the cathode plane is 1.7 m long,
almost double that of the solution found starting from the
SPARC-like case and slightly longer than the PSI scaled
solution, making room for the beam characterization after the
gun and steering elements before enter in the linac. The final
layout is illustrated in Fig. 1.

IV. BEAM DYNAMICS STUDIES

The photoinjector layout has been achieved by compar-
ing several alternative configurations supported by beam
dynamics considerations and numerical simulations.

Awide set of working points has been explored in terms of
beam charge and bunch length looking at the requirements of
the recently proposed European FEL user facilities, such
as CompactLight (XLS) or EuPRAXIA@SPARC_LAB
(E@S), and of the state of the art ones, taking as reference
the SwissFEL performances. The common issue lies in the
production of electron beams with brightness of the order of
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10° TA/m? that turns in transverse emittance lower than
1 mm mrad and final kA peak current.

Three beam charges have been considered with different
final rms lengths, obtained by operating the first accelerat-
ing section in the on-crest or velocity bunching mode.
The 1f gun accelerating field ranges between 160 and
180 MV/m and a dephasing of almost 30° between the
peak field and the beam allows us to maximize the energy
gain in this part, as predicted by analytical calculations
[22]. The downstream linac operates in the range
15-31 MV/m to provide the energy tuning in the range
120-260 MeV. A slightly off-crest operation of the second
to the fourth accelerating structures, i.e., dephasing of
approximately 15° with respect to the maximum rf accel-
erating field, further reduces the energy spread at the
injector exit. On top of that, the beam line matching foresees
a proper set of the emittance compensation solenoids and of
the accelerating section gradients nearly according to the
invariant envelope criteria. The emittance minimization is
generally obtained setting the gun solenoid in the range
0.3-0.4 T and the one surrounding the first C-band cavity in
the range 0.05-0.065 T, depending mainly on the beam
charge, the chosen repetition rate (i.e., accelerating peak
fields) and the operation mode of the first section, with
generally higher gun solenoid and lower section solenoid
fields for the case of on-crest operation.

The bunch distribution at the cathode surface strongly
impacts on the optimization process of final parameters at
the injector exit. Several computational studies and mea-
surements developed at the SPARC LAB photoinjector
have demonstrated that a laser pulse with a flattop longi-
tudinal distribution allows us to minimize the projected
emittance value at the injector exit [23]; even better results
can be achieved by a tuning of the flattop pulse FWHM
duration and rise time [24]. The above considerations,
together with an extensive simulation campaign, led to the
adoption in the simulations of a photocathode laser pulse
with a flattop longitudinal profile with FWHM duration in
the picosecond scale and rise time of hundreds of femto-
seconds and a transverse uniform distribution of rms spot
size (0,) of hundreds of micrometers—higher the charge,
bigger the spot and the length as predicted by the scaling
laws [11]. The laser profile at the cathode surface for the
200 pC beam with final length of 100 pm is reported in
Fig. 2 as an example.

The study has been performed by means of simulations
with the multiparticle codes ASTRA [25] and TSTEP [26],
which take into account the space charge effects, relevant at
very low energies, the beam loading, the coherent synchro-
tron radiation (CSR) emission and the beam physics near the
cathode. The GIOTTO tool [27] has been used in tandem
with ASTRA to refine the beam dynamics optimization. In our
calculations the cylindrical symmetry of the beam has been
assumed to allow us adopting a 2D model, which requires a
reasonable number of particles and mesh points, and so
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FIG. 2. Transverse laser spot (left) and horizontal (middle) and
longitudinal (right) profiles at the cathode surface for the 200 pC
beam with final length of 100 pm.

computational time, with respect to a 3D one. Unless
specified, a bunch populated of 30k macro-particles have
been considered as a good compromise between reliability
and computational time. The intrinsic emittance, &;,,, con-
sidered to be ~0.60 [mmmrad|/[mm]|- 6, [mmrms|, has
been analytically retrieved scaling the measured value for
an S-band rf gun operating at peak field at the cathode surface
of 120 MV/m [28]. Even if the system relies on relatively
high surface field at the cathode, the emittance induced by the
cathode surface roughness &;,ynness has been neglected with
respect to other contributions being of ~0.005 mm mrad for
a peak field at the cathode of 180 MV/m and a nano-
machined Cu photocathode. This value has been computed,
on the basis of considerations reported in [29], by using the
formula [30,31]:

en*a’E,sin ¢
2myc?A

(5)

Eroughness — Ox

where o, is the rms laser spot size, e is the electron charge, E ¢
is the applied peak field, 0, is the laser launch rf phase, m is
the electron invariant mass and c is the speed of light, a is the
amplitude of the uneven surface, and 4 is the wavelength of
the surface fluctuation.

Table I lists the working points (WP) described in this
paper. The simulations show a machine able to provide
beams with up to 1 kA peak current with less than 1.0 mm
mrad transverse emittance and up to 250 MeV energy. It has
to be noticed that with this machine layout a gentle rf
compression factor suffices to get 1 kA peak current
without resorting to blowout regime or overcompression
schemes that would be instead necessary in case of the use
of the S-band technology with a consequent worsening of
the beam emittance and of the working point stability. The
machine performances have been also evaluated in case of
low and high repetition rate. As expected, the increase of
the repetition rate up to 1 kHz—in place of 100 Hz—
mainly results in a limitation on the final beam energy, that
goes down to 125 MeV from 250 MeV, and on the beam
brightness, with a relative worsening of the 25%, but still
complying the mentioned user facility performances. An
insight of the listed working follows.
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TABLE I. List of the working points described in this paper.

Low charge Medium charge High charge Units
Charge 75 75 200 200 200 500 500 pC
Average energy 125 105 125 250 200 200 125 MeV
Transverse normalized emittance (100%—rms) 0.15 0.18 0.25 0.25 0.37-0.69 1.3 0.65 mm mrad
Transverse normalized emittance (95%—rms) 0.11 0.13 0.18 0.16  0.25-0.45 0.80 0.44 mm mrad
Length (rms) 380 100 500 500 280-55 55 720 pm
Peak current 20 85 40 40 70-500 1000 70 Ampere
rf compression off on off off on on off
Repetition Rate high high high  low low low high
Peak field @cathode 160 160 160 180 180 180 160 MV/m
TW structure accelerating field 15 15 15 31 31 31 15 MV/m

A. Low charge working point:
The CompactLight case study

The CompactLight collaboration is studying an X-band
linac-based FEL radiation source with wavelengths ranging
from infrared to x-rays. The X-band linac will be driven by
the described normal conducting—high gradient C-band
injector operating at up to 1 KHz rep rate and is equipped
with two magnetic compression modules (chicane) to
provide a 5 kA peak current beam at the undulator entrance
with less than 0.2 mm mrad rms transverse emittance.

The reference working point for the XLS case study
foresees a 75 pC electron beam that reaches the X-band
linac entrance with 0.11 mm mrad transverse normalized
emittance, 400 pm length and 125 MeV energy. For this
purpose, the photoinjector is operated on-crest nearly
according to the invariant envelope criteria as to compen-
sate the transverse beam emittance with a deviation of the
5% from the intrinsic one.
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FIG. 3. Evolution of the transverse normalized emittance (a)
and slice peak current (b) for the on crest (blue line) and for the
compressed beam (red dashed-line) and the longitudinal phase
space at the photoinjector exit for the on crest (c) and the
compressed beam (d).

The generation of much shorter electron beams—almost
100 pm—in the photoinjector by means of the velocity
bunching technique has been also investigated in order to
mitigate the rf curvature effects on the beam longitudinal
phase space due to a much longer beam in the X-band linac
as described by Eq. (4).

Both the described WP show similar performances in
terms of transverse emittance with a peak current ranging
between 20 and 85 A. Indeed, thanks to the velocity
bunching one can increase the peak current of a factor
four with a relatively tolerable deterioration of the rms
transverse emittance (12.5%). Moreover, this scenario is
attractive also because it allows one to relax the magnetic
chicane performances, so to mitigate the CSR effects on the
transverse phase space, and acts as a longitudinal phase
space linearizer. The simulation results are reported in
Table I and in Fig. 3. Figure 3 shows the evolution of the
transverse normalized emittance (a) and slice peak current
(b) for the on crest (blue line) and for the compressed (red
dashed-line) beams and longitudinal phase space at the
photoinjector exit for the on crest (c) and the compressed
beams (d).

B. Medium charge working point: The
EuPRAXIA @SPARC_LAB case study

The EuPRAXIA @SPARC_LAB collaboration is prepar-
ing a technical design report for a multi-GeV plasma-based
accelerator with outstanding electron beam quality to pilot an
x-ray FEL, the most demanding in terms of beam brightness.
The plasma-based accelerator is operated in the external
injection beam driven configuration by means of an rf
injector consisting of an S-band, high brightness photo-
injector followed by an X-band booster linac embedded with
a magnetic chicane for longitudinal compression at high
energy. The S-band technology has been chosen being the
current state of the art with stable and reliable performances
in terms of beam brightness. The upgrade of the S-band
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photoinjector with a C-band one is actually ongoing in order

to compact the machine and increase the beam brightness.

The main EuPRAXIA@SPARC_LAB working point
relies on an electron beam with one GeV energy, less than
1 mm mrad transverse emittance and at least 1.5 kA peak
current at the undulator entrance. The beam energy will be
boosted up to one GeV by using the X-band linac coupled or
not with the plasma acceleration module, depending on the
type of application as reported in [32]. For these purposes
the plasma accelerator requires for a so-called comb-beam,
a 200 pC—55 pm long beam (the driver) followed by a
30 pC-3 pm long beam (the witness), while the full X-band
linac option (without the plasma) requires instead for a
single bunch with charges in the range 200-500 pC and rms
length of the order of 100 pm. In both cases the photo-
injector will be operated in the velocity bunching configu-
ration with different compression regime.

The beam dynamics has been studied to generate a 200 pC
beam with a variable length in the range 55-280 pm. In
details, three beam length have been investigated, 55, 100,
and 280 pm, the first one of interest as driver of a particle
wake field acceleration accelerator and the following ones
representing the maximum lengths to avoid distortions of the
longitudinal phase space in a downstream X or C-band
booster linac, respectively. For the sake of completeness the
on-crest operation has been investigated resulting in electron
beam performances very close to the SwissFEL facility
considering both the high and low repetition rate, see Table 1.
The results are reported in Figs. 4 and 5. Figure 4 reports the
behavior of the transverse normalized emittance versus the
beam peak current for different beam charges. The numerical
studies confirm the predictions of the scaling laws discussed
in Sec. IIl. Figure 5 illustrates the slice analyzes of the
transverse normalized emittance and of the peak current for
different compression factors in case of velocity bunching
operation in comparison with the on-crest operation. The VB
1 to 3 are related to the case with final bunch length of 280,
100, and 50 pum, respectively.

[ o 200 pC
087, 75pC i
= a 500 pC
€ 06
£
£
£ 04 5 ¥
I
UJQ °
02| 4
0 250 500 750 1000
/peak [A]

FIG. 4. Behavior of the transverse normalized emittance versus
the beam peak current for different beam charges.
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FIG. 5. Slice analyses of the transverse normalized emittance
and of the peak current for different compression factors in case
of velocity bunching operation. The VB 1 to 3 are related to the
case of final beam length of 280, 100, and 50 pm, respectively.

C. High charge working point

For the sake of completeness, beam dynamics studies
have been expanded to include a high-charge beam case.
The dynamics of a 500 pC beam has been investigated
resulting in rms beam length in the range 55-750 pm and
rms transverse emittance less than 1 mm mrad. This type of
beams find applications as drivers of high flux light sources
described in literature, such as the inverse Compton sources
[33,34] and of the THz source [35], but also as drivers of
plasma accelerators to heighten the accelerating gradient,
that depends on the driver beam charge, as recently proven
at SPARC_LAB.

V. THE C-BAND GUN

The gun is a 2.6-cell standing wave (SW) structure
operating with a peak field (E.;) at the cathode of
160-180 MV /m. It has been designed to set the coupling
coefficient equal to 3 so to allow the operation with short rf
pulses (s < 300 ns) to reduce the breakdown rate (BDR),
the pulsed heating [36], and the power dissipation [37]. An
elliptical profile of the iris with large aperture (diameter of
18 mm) has been also implemented to reduce the peak
surface electric field and the modified Poynting vector [38],
to increase the frequency separation with the nearest z/2
mode and to have a better pumping on the cathode cell. A
four-port mode launcher [39,40] with an on-axis coupling
has been adopted to reduce the pulsed heating on the
coupler and to perfectly compensate the dipole and quadru-
pole field components [41].

The electromagnetic design has been performed using
ANSYS HFSS [42]. The simulated gun geometry and the
magnitude of the electric field is reported in Fig. 6. It has to
be noticed that the mode launcher design also includes two
pumping ports. Figure 7 illustrates amplitude and phase of
the longitudinal electric field along the beam propagation
axis also including the mode launcher region, where the
field presents a traveling wave component (nonconstant
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FIG. 6. Electromagnetic design of the gun and magnitude of the
electric field as obtained by means of ANSYS-HFSS simulations.
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FIG. 7. Amplitude and phase of the longitudinal electric field
along the beam propagation axis. The plot also includes the mode
launcher region, where the field presents a traveling wave
component (nonconstant phase) related to the power flow into
the gun.

rf input port  Mode launcher

Laser injection chamber

Solenoid Pumping system rf gun Cooled
cathode
FIG. 8. Three dimension mechanical drawing of the entire gun

region, also including essential components as the pumping
system, the solenoid and the laser injection chamber.

TABLE II. Main gun parameters for the 100 Hz operation rate
and for the 400 Hz repetition rate (in parenthesis), the latter
being the maximum operation rate for available commercial
klystrons [43].

Working frequency (GHz) 3712
Eeun/PY2 IMV/(mMW!/2)] 51.4

diss

rf input power (MW) 23 (18)
Cathode peak field (MV/m) 180 (160)
Cathode type copper
Rep. rate (Hz) 100 (400)
Quality factor 11900
Filling time (ns) 166
Coupling coefficient 3

rf pulse length (ns) 300
Esurf/Ecath 0.96
Modified Poynting vector (W/um?) 32 (2.5)
Pulsed heating (°C) 20 (16)
Average diss. Power (W) 320 (1000)

phase) related to the power flow into the gun. The insertion
of the mode launcher has opened to an increased flexibility
in positioning the input waveguide relative to the gun body
that results in a more powerful cooling capability of the
accelerating cells especially useful in the high repetition
rate operation. A careful design of the cooling system has
been performed to avoid the detuning of the gun during the
operation and a nonuniform cell deformations, that results
in an unbalanced accelerating field along the gun [41]. To
this purpose, the gun integrates four cooling channels: three
for the accelerating cells and one for the cathode. The 3D
model of the gun, including the cooling system, has been
implemented in ANSYS Workbench environment and a full
coupled thermal, structural, and electromagnetic analysis,
has been performed showing the capability of the device to
sustain the high repetition rate operation [37,41]. The
C-band gun realization and test has been funded by the
EU in the framework of the L.LFAST project [20] and by
INFN Commission V. The power test are on-going.
Figure 8 reports the mechanical drawing of the entire
gun region, also including essential components such as the
pumping system, the solenoid and the laser injection

(a) e SR
1?5 6 /\\

—2

B, [kG]

130 N / | \;

Solenoid axis %00 200 -100 0 100 200 300
z[mm]

FIG. 9. (a) Solenoid geometry (dimensions are in mm) and
(b) the on-axis magnetic field as obtained by means of Poisson-
Superfish simulations.
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TABLE III. Main gun solenoid parameters.

Bax (T) 0.79
Bore radius (mm) 30
Solenoid length (mm) 126
Yoke material Low Carbon Steel
Integrated field (T mm) 64.5
Good field region radius (mm) 10 mm
Integrated field variation 3x 107
Number of turns 280
Conductor dimension (mm) 6 x 6/bore 4
Nominal current (A) 184
Nominal voltage (V) 6
Inductance (mH) 3
Resistance (m€2) 178
Water flow rate (I/min) 4.5
Temperature drop (°C) 18
Pressure drop (bar) 3

chamber. The detailed description of the gun design,
thermo-mechanical analysis and rf measurements are out
the scope of the present paper and will be the subject of a
dedicated paper.

The gun parameters are reported in Table II for 100 Hz
operation rate and for 400 Hz repetition rate, denoted in
parenthesis, the latter being the maximum operation rate for
available commercial klystrons [43]. Based on these con-
siderations, all the calculations have been carried out taking
into account this realistic scenario, while the 1 kHz
operation rate has been considered as a possible future
upgrade of the mentioned power sources [44].

The gun solenoid, that allows one to control the beam
emittance oscillations and to match the beam to the
downstream accelerating structures, as widely discussed
in the previous sections, is a 12 cm long device consisting
in a single coil with a bore radius of 3 cm. It has been
designed by using the Poisson Superfish [45] code.
Figure 9 shows the solenoid geometry (a) and the on-axis
magnetic field (b) as obtained by means of Poisson-
Superfish simulations. The main gun solenoid parameters
are reported in Table III.

VI. C-BAND TRAVELING WAVE
ACCELERATING STRUCTURES

The C-band traveling wave module is made up of four
2 m long traveling wave accelerating structures fed by one
klystron and one pulse compressor. The schematic layout of
the feeding system is given in Fig. 10. The C-band structure
parameters are listed in Table I'V and they have been found
using the same algorithm illustrated in [46]. Each structure
has a linear tapering of the irises. The average dimension of
the iris ((a)) and the tapering angle have been chosen in
order to maximize the structure efficiency. We have
considered the klystron parameters listed in Table V that

C-band

klystron
Klystron gallery

Linac hall O

Pumping @
units
\j/‘\)‘j

Ll J
Directional = )\

Power
splitter

High power
solenoid -31 ceaplet \jf ’ 21 rfload\
o % ‘; O : O : O :
. @ O O O
/ / / /

FIG. 10. Schematic layout of the C-band booster feeding
system.

are referred to commercial klystrons [43] and the BOC
pulse compressor parameters are those already imple-
mented for the Swissfel [47].

A. C-band structure solenoid

The solenoid around the first accelerating structure,
essential for the beam emittance compensation in velocity
bunching a solenoid, has been designed using the Poisson

TABLE IV. Main parameters of the C-band structures (in
parenthesis we have reported the 400 Hz repetition rate case).

Working frequency (GHz) 5.712
Phase advance per cell (rad) 27/3
Average iris radius (a) (mm) 6.6
Iris radius a (mm) 6.94-6.26
Number of cells per structure 120
Accelerating cell length (mm) 16.67
Structure length L (m) 2
Shunt impedance R (M€/m) 71-77
Effective shunt impedance R, (MQ/m) 190
Group velocity v,/c (%) 24-1.6
Filling time (ns) 336
Average acceleration gradient (MV/m) 31 (15)
Required input power per module (MW) 41 (9)
Number of structure in the module 4
TABLE V. Main parameters of the C-band klystron.
Operating frequency (GHz) 5.712
Klystron pulse length (ps) 2
Klystron peak power (MW) 15
Repetition rate (Hz) 400
Qp of BOC 216000
Qf of BOC 19100
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FIG. 11. (a) Geometry of the C-band solenoid simulated with
Poisson-Superfish (dimensions are in mm); (b) longitudinal (B,)
and radial (B,) magnetic field on axis.

Superfish [48] code. It is composed of four coils embedded in
an iron shielding. Figure 11 shows the simulated geometry
(a) and the profile of the on-axis magnetic field (b).

VII. BEAM DYNAMICS STUDIES IN CASE
OF MODE LAUNCHER WITH CIRCULAR
WAVEGUIDE

In the machine layout described so far, the rf gun is fed
by a mode launcher placed downstream the gun itself and
consequently the gun solenoid is moved relatively far away
from the cathode. Indeed, the gun solenoid is generally
placed as close as possible to the cathode so to avoid the
increase of the beam emittance in and immediately after the
gun region. The solution above described, represents a
trade-off between beam dynamics considerations and radio-
frequency feeding system requirements.

Another solution for the feeding system, devoted to
maximize the electron beam performances in terms of
emittance and peak current, is described in [17]. In this
case, the rf gun is fed by a mode launcher placed down-
stream the gun solenoid through a circular wave-guide.
Even if this configuration permits one to place the gun
solenoid closer to the cathode, the electromagnetic design
results much more complicated and presents two main
drawbacks: a residual counterpropagating e.m. field in the
circular wave-guide, that interacts with the electron beam in
the downstream drift, and a higher residual magnetic field
at the cathode due to the need of a bigger bore of the gun
solenoid, that leads to the beam emittance growth [49] as
predicted by the Busch’s theorem [50]. The latter has been
mitigated in this solution, thanks to the insertion of a
bucking coil behind the gun. Figure 12 illustrates the

Accelerating
cells

Bucking

L] e

Mode laucher

Circular
waveguide

Mode
laucher

solenoid

FIG. 12. Schematic layout of the gun feeding system. Two
solutions have been considered: a solution with a mode launcher
placed upstream the gun solenoid (left) and a solution with a
mode launcher placed downstream the solenoid together with a
circular wave-guide (right).

schematic layout of the two solutions: the one with the
mode launcher placed upstream the gun solenoid on the left
and the one with the mode launcher placed downstream the
solenoid, together with the circular wave-guide, on the right.

For the sake of completeness, the electromagnetic and
beam dynamics studies performed for the latter solution are
described in the following sections. The gun has been
designed using the ANSYS HFSS code [42] and the
solenoid, described in [51], has been designed using
Poisson Superfish. The simulated gun geometry and the
magnitude of the electric field is reported in Fig. 13.
Table VI reports the specifications of the solenoid
embedded with the bucking coil and Fig. 15 illustrates
the solenoid geometry (a) and the on-axis magnetic field
profile (b) with the bucking coil switched on (red line) and
off (blue dashed line) as obtained by means of Poisson
Superfish simulations. Figure 14 illustrates the on-axis e.m.
field profile in the gun region: it has to be noticed that the

Four port
mode
launcher

Circular
waveguide

SW cell

Coupling iris
Ping cathode

FIG. 13. Gun geometry with the circular wave-guide as result
of ANSYS-HFSS simulations.
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TABLE VL
parameters.

Main gun solenoid equipped with bucking coil

Solenoid specifications

B (T) 0.5285
Yoke material Low Carbon Steel
Total integrated field (T mm) 59.4

Good field region radius (mm) 10 mm
Integrated field variation 3
Number of turns per coil 336
Conductor dimension (mm) 5.6 x 5.6/bore 3.6
Nominal current per coil (A) 164
Nominal voltage per coil (V) 40
Inductance per coil (mH) 3
Resistance per coil (mQ) 242

Water flow rate per coil (I/min) 3.72
Temperature drop per coil (°C) 25
Pressure drop per coil (bar) 2.72

Bucking coil specifications

Conductor diameter (mm) 1.6
Number of turns 700
Nominal current (A) 7.5

field is standing wave in the gun while it is traveling wave
(nonconstant phase) and counterpropagating (positive slope
of the phase) in the circular wave-guide because of the
power flow from the mode launcher into the gun itself.
The effects of the residual traveling wave component in
the mode launcher region on the beam dynamics have been
detailed investigated by means of simulations with the
ASTRA code. The simulations have been performed imple-
menting the 3D routine, for both the space charge tracking
and the modeling of static and electromagnetic elements,
and a user-defined modeling of the gun and its input power
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FIG. 14. Longitudinal electric field on axis with the circular
wave-guide as result of ANSYS-HFSS simulations.
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FIG. 15. (a) Solenoid geometry (dimensions are in mm) and
(b) on-axis magnetic field profile with the bucking coil switched
on (red line) and off (blue dashed line) as obtained by means of
Poisson-Superfish simulations.

region, without any assumption on the field temporal
evolution (nor TW nor SW), by combining the real and
imaginary parts of the e.m. fields.

The study has been performed in terms of the evolution
of the main beam parameters taking as reference the XLS
case study with a 3D modeling of the gun without the mode
launcher. This reference case has been also used to reduce
the main numerical error contributions of the 3D HFSS
simulations, i.e., the discontinuities and numerical noise of
the electromagnetic maps, on the beam dynamics ones. In
order to bring them down it has been properly defined the
HFSS resolution step size and tetrahedral edge of the
simulation and the extraction data setting.

A. Longitudinal beam dynamics

The longitudinal beam dynamics has been studied by
means of both numerical integration methods and simu-
lations. The main contribution lies in the oscillation of the
beam energy around a mean value caused by the fluctua-
tions of the longitudinal component of the fields in the
mode launcher region. Figure 16 illustrates the beam
energy evolution in the gun region with (red) and without
(blue) the insertion of the mode launcher calculated by

6 T e e e e ==
5 L
4+
%
s 3
w
2} Numerical results - no mode launcher
= = = *Simulation results - no mode launcher
1 Numerical results - with mode launcher |
= = = ' Simulation results - with mode launcher
0 . L R X R
0 0.05 0.1 0.15 0.2 0.25 0.3

z[m]

FIG. 16. Beam energy evolution in the gun region with (red)
and without (blue) inserting the mode launcher calculated by
means of the numerical integration method (lines) and simula-
tions (dashed-lines).

083402-10



DYNAMICS STUDIES OF HIGH BRIGHTNESS ...

PHYS. REV. ACCEL. BEAMS 26, 083402 (2023)

1 1
2D

3D x with ML
3D y with ML
3D x w/o ML
£ 3D y w/o ML

2D
3D x with ML

08

3Dy with ML
0.6 3D xw/oML
3Dy w/oML

[mm mrad]

04

|
|
|
|
|
¢
nr

e mm——sm—]

0.2 \ e — 0.2

0 0

z[m] z[m]

FIG. 17. Evolution of the beam transverse spot size (left) and
emittance (right) through the injector with and without the
insertion of a coaxial mode launcher.

means of the numerical integration method (lines) and
simulations (dashed-lines).

B. Transverse beam dynamics

The transverse beam dynamics has been studied by using
3D field-maps in order to avoid any assumption of the
cylindrical symmetry of the mode launcher. The residual
numerical noise of the 3D field maps can lead to fictitious
contributions to the beam quality in terms of transverse
beam asymmetry and emittance increase. At first, simu-
lations have been performed in case of a cylindrical
symmetric gun geometry with and without a coaxial mode
launcher in order to quantify and distinguish the magnitude
of the beam quality worsening due to the numerical noise
and to the mode launcher insertion. Figure 17 illustrates the
evolution of the beam transverse spot size (left) and
emittance (right) through the injector with and without
the insertion of the mode launcher (ML). Looking at these
figures one can conclude that the beam quality deterioration
is mainly due to the residual numerical noise of the field
maps. In detail, the observed emittance increase is relatable
to the map discontinuities, while the artificial asymmetries
have been reduced working on the tetrahedral edge size of
the HFSS simulations (the best value for A is 0.5 mm).

Different configurations have been considered for the
mode launcher. The final layout relies on a fully symmetric
four port waveguide mode launcher as to avoid spurious
and unwanted quadrupolar components of the field.
Figure 18 illustrates the evolution of the beam transverse
spot size (left) and emittance (right) through the injector
with the insertion of a coaxial (red lines) and a four port
(blue lines) mode launcher. The study suggests that the

1
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FIG. 18. Evolution of the beam transverse spot size (left) and

emittance (right) through the injector with the insertion of a
coaxial (red lines) and a four port (blue lines) mode launcher.

effect on the beam quality is not quantifiable and that one
can account for a complete recovery of the beam quality by
suppressing the numerical noise or by inserting some skew
quadrupoles just after the gun, if still needed.

VIII. CONCLUSIONS

The requirement for the latest generation of light sources,
is the capability to delivery high-intensity photon beams
with a high level of brightness and quality, providing large
scenery for science applications. The starting point to
obtain a suitable electron beam for these applications is
to have a proper photoinjector, a key device to produce the
high brightness electron beams required for the realization
of a brilliant radiation sources. In this framework, the
design of a C-band compact high-brightness photoinjector
integrates perfectly into a wide scenario that includes
present and next future photon source facilities. The design
and the beam dynamics optimization has been detailed
described pointing out on the essential condition needed for
obtaining electron beams with up to kA peak current and
sub mm mrad transverse normalized emittances. The
resulting machine is a very flexible tool able to meet the
needs of the next light sources with very different character-
istics and to improve the performances of the existing ones.
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