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The BriXSinO Proposal

BriXSinO (the acronym for Brilliant source of X-rays based on Sustainable and innOva7ve accelerators) 
is a project for a small research infra-structure based on super-conduc7ve accelerators with very high 
energy sustainability, oriented towards the fron7er of high intensity in electron beams with high 
average power
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The BriXSinO Proposal

BriXSinO is a demonstrator of a new acceleration mechanism – two way in the same Linac, pursuing at 
the same time research of beam and machine operation in E.R.L.  (Energy Recovery Linac) mode, 
following the original Maury Tigner’s configuration of opposite way, dog-bone recirculation. 

BriXSinO’s mission is the demonstration of high peak and average brightness beam generation, 
acceleration and manipulation with large energy sustainability, as requested by the high intensity 
frontier. 

Besides such a primary mission, that is in the mainstream of future strategies for large scale particle 
accelerators, BriXSinO will offer unique radiation beams to users of X-rays and THz, thanks to the very 
large expected electron beam power/brightness.
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Due to constraints in the footprint available at LASA’s site, and budget/resources limitations typical of a 
demonstrator, BriXSinO will be restricted to modest beam energy, below 50 MeV in ERL mode, and 90 MeV in 
two-way mode, a minimum requirement in order to conceive a machine set-up composed of multiple 
accelerating sections, operated with Super-conducting CW RF cavities, within a configuration capable to 
effectively test two-way and E.R.L. operation modes.

Nevertheless, the beam power achieved is expected to reach up to 250 kW, carried by a CW 5 mA - 50 MeV 
electron beam, that is recirculated by a proper arc-shaped beam transport line, and decelerated through the 
main SC Linac back down to the injector beam energy, at about 5 MeV. The challenge is to generate, accelerate, 
manipulate, characterize, deliver to users and recover back such a large beam power, at the same time reaching 
the high phase space density (i.e. peak brightness) requested by the Compton source and the THz FEL operation. 



ER
L-
20
22

5

The BriXSinO Proposal

BriXSinO will reach beams with normalized transverse emi8ances below 1 mm.mrad, together with energy 
spreads below 0.1%, and ;me and poin;ng stabili;es typical of high brightness Linacs. 

These are in fact minimum requirements on beam quality requested to drive either I.C.S. (Inverse Comtpon
Sca8ering sources) or Free Electron Lasers (FEL): the great advantage of ERLs, compared to storage rings, is 
the full accessibility to beam phase space for experiments, married to beam power levels typical of storage 
rings, that are not achievable in standard Linacs.
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BriXSinO’s electron accelerator would not reach his missions without a photonic machine based on a 
very high phase-stability laser system, capable to pump the op5cal Fabry-Perot cavity of the Compton 
source and, at the same <me, drive the injector photo-cathodes with CW beams with up to 100 MHz 
rep rate. An ultra-stable kW-class fiber laser is the core of the photonic machine, to drive the Fabry-
Prot cavi<es up to MW-class stored power level and 10 mA-class electron beams delivered by photo-
cathodes. 

The integra<on between the two - electron and the photonic - machines is essen<al in BriXSinO.

84 Chapter 5. Low Phase Noise Laser System

Figure 5.1: Layout of the optical tables.

amplification stage are needed Faraday isolators (FIs) to avoid self-lasing phenomena and to protect
the oscillator from dangerous reflections.

Once out of the amplifier, the light reaches the FP cavities, which are located inside a UHV
chamber. The cavities are formed by 4-mirrors each in the crossed configuration. Three mirrors are
made by ultra-low expansion (ULE) material while the entrance mirror is made by sapphire. The
cavities are undercoupled, and the Finesse will be about 5000, in order to reach a power around
200 kW. For a FP cavity to be in resonance with an oscillator laser is need a feedback system. The
cavities stabilization system has to fulfill two tasks: lock the round trip path of the cavity to the
repetition rate of the laser and keep the carrier-envelope-phase (CEP) of the oscillator stable. Both
tasks occur using the so-called Pound – Drever – Hall (PDH) technique and the scheme will be
shown in Chapter 23. About the cavities: one of the peculiarity of the BriXSinO ICS source will be
producing a dual-color X-Ray beam with a high repetition rate. To obtain the two-color beam we
need the two FP cavities to be oriented differently with respect to the electron beam. The photons
store in the cavities will collide with the electron bunches at the same interaction point (IP) but with
two different angles. The switch between the two energies can be made by swapping the interaction
laser. The technique proposed for our source involves rotating the curved mirrors by two opposite
angles to translate the optical plane vertically, and will be shown in the Appendix 23. The FP cavity
table will be located inside the ICS room, which will be not accessible during machine operation. It
will therefore be necessary that all the handlings are remotely controllable. Such movements will
be necessary to align the cavity laser beam with the electron beam, to optimize the ICS process.
Furthermore, the cavities will be monitored by an external diagnostic system, which takes part in
the signal coming from the UHV box and allows to secure the laser in case of operating errors or
loss of cavity stabilization.

About the second optical table, light arrives at low power thanks to an optical fiber. After that,
the light is first pre-amplified up to about 2 W by a polarization-maintaining (PM) Yb-doped fiber,
and then amplified up to 100 W by commercial SC-B high-power fiber amplifier, produced by
the Alphanov Company. The amplifier is pumped forward by a 976 nm Photontec (M976) laser
diode. Then, before reaching the photocathode, the light pulses have to be treated. Starting from
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Phase stabili,es performances up to the level of the laser op,cal carrier will allow full synchroniza,on of the electron 
beam with radia,on beams delivered to users. This would allow experiments with fully synchronized mono-
chroma:c X-rays from the Compton source with THz beams from the Free Electron Laser oscillator.

Dual color X-rays up to 35 keV are also planned to be generated in the Compton source by a system of twin shiBable 
Fabry-Perot op,cal cavi,es, that was conceived, developed and succesfully tested for the first ,me in the context of 
the R&D ac,vity associated to the prepara,on of this TDR. This innova,ve and new technique will allow two and 
three-dimensional breast radiography by exploi,ng dual-energy flashes and K-edge subtrac,on or speckle-based 
Phase Contrast Imaging.

Fully coherent kW-class THz beams generated by the FEL oscillator cavity will also be available, opening a new 
unexplored range of user experiments with imaging methods from 6 to 30 THz
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The BriXSinO Proposal

A dedicated fixed target beam line, carrying an intense beam of up to 10 MeV energy and up to 2.5 mA average 
current, will enable experiments in the flash-therapy domain, as well as new positron source invesHgaHons in 
conjunc9on with Quplas experiments and scien9fic case, aiming the study of positronium (Ps) interferometry to test 
the fundamental physical laws, with special  a@en9on to the maJer-anHmaJer gravitaHonal symmetry law.

21.4 A proposal for a dedicated experimental area 197

to small laboratory animals.
It seems a matter of fact that X-Ray sources based on stationary anode technology cannot be

suitable for FLASH aimed experimental setup. At the same time the availability of high capacity
radiographic and fluoroscopy X-Ray sources and the possibility to use high current electron beams
from dedicated or modified or ERL-focused electron linacs has opened the panorama to study
sophisticated design based on rotating anode along with the research for new material schemes and
geometry.

Monte-Carlo simulations and experimental tests on radiation processing facility using a 10 kW
Linac has been carried out in the past years and the most valuable results so far obtained shows
that using a high-power electron beam on a suitable composite target may produce X-Rays with an
overall conversion efficiency of the order of 15% and an average energy of the order of 1 MeV.

The possibilities offered by a beam as the one delivered from the first stage of the BriXSinO
facility suggested to promote a research proposal for the design of an innovative anode for an
irradiation facility devoted to FLASH based experiments.

21.4 A proposal for a dedicated experimental area
Taking in consideration all the possibilities offered by the know how that is available within the
frame of the BriXSinO collaboration and the experience gained from most of us in the field of the
application of particle beams and radiation in the therapy area, we considered specific research in
the FLASH-based environment.

The research will be articulated over 3 different steps:
• study of the setup for high charge electron bunches radiobiological applications.
• Study of a suitable geometrical, mechanical and thermal configuration of the new anode

design for ultra-high rate bremsstrahlung production.
• Preliminary test using available electron beams on a small scaled protype.
The deliverable from these activities will consist of detailed studies involving the following

arguments:
• new frontiers on electron beams irradiation setup based on medium energy, high current

electron beams with a highly modulated temporal profile.
• Detailed thermal and dosimetry scenario for an advanced multi-material anode with high

efficiency cooling schemes. The anode will fit both within the scope of a FLASH-based
irradiator setup and for radiation processing of food products and sterilization of medical
items.

• Experimental tests using suitable and available electron beams.
Picture 21.1 reports a tentative layout for the experimental station.

Figure 21.1: Layout of the experimental station at the end of the injector.

A very careful preliminary analysis of the possible solutions about the multi-material anode
materials to be investigated and the geometry involved has been so far carried out using simulation
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The BriXSinO Proposal – The Injector

The BriXSinO injector aims to provide a high power and high brightness CW beam. The Injector has to provide
different bunch charges at different repe88on rate and energies.

The Injector is composed of different elements that can be grouped into the following sec8ons:

• The DC gun with focusing solenoids.
• The two 650 MHz sub-harmonic bunchers.
• Transport op8cs.
• Injector SuperconducAng Booster.
• Dogleg and matching secAon into the main ERL SC accelera8ng module.

12

Figure 3: BriXSinO general layout. From left: injector with DC gun, bunchers and radiofrequency
cavities. Low-energy (LE) dogleg with quadrupoles in red and dipoles in green. Two-way (or
ERL zone) SC linac that can be operated in the two-pass two-way acceleration or ERL mode.
High-energy (HE) dogleg. Recirculating loop (Arc), made by Double Bend Achromats (DBA),
hosting the light sources and bringing back the beam to the two-way zone. On left branch of the
arc: Fabry-Pérot (FP) cavity with Inverse Compton Scattering (ICS) source. On right branch of he
arc: Free-Electron Laser (FEL).

way to bring back the beam to the Superconducting modules. The arc lattice is constituted by 7
DBA (Double Bend Achromat). In the straight parts, it will host two experimental areas devoted
to ICS and THz FEL without any additional magnetic elements. BriXSinO’s beams travel the
cavity sequence twice, back and forth, and in different phase conditions. BriXSinO can therefore
operates in two different working modes. The first is the ERL working mode: an ad hoc path length
adjustment system synchronizes the coming back beam with the decelerating RF wave crest: the
electron beam is decelerated giving up its energy to the cavity radiofrequency. The second working
mode is the two-pass two-way acceleration mode fundamental for operation à la MariX [16]. The
beam is re-injected in the linac by the arc transport line, where the beam can be also compressed
avoiding emittance dilution [17]. This novel working mode, that will be tested in BriXSinO for the
first time, permits to save precious space while improving the efficiency by doubling the energy
exchange in the linac. All start-to-end beam dynamics simulations have been done by using the
codes ASTRA [18] and Elegant [19] coupled with the genetic algorithm GIOTTO [20]. BriXSinO’s
beams will possess similar levels of high brightness as other (non-ERL) Linacs, enough to drive
FELs and/or ICS, i.e. rms transverse normalized emittances in the µm range and relative energy
spreads in the 103 range. A list of BriXSinO’s electron beam characteristics, summarized in Tables
1 and 2, emphasizes different cases of operations, namely the ERL operation to demonstrate the
two-way acceleration foreseen in MariX (Table 1), the application to drive ICS at very large photon
flux (1012 photons/s) (Table 2, second column) and a kW-class THz FEL (Table 2, third column). A
further operation mode for BriXSinO is the use of its injector for fixed target experiments performed
with maximum electron energy of 10 MeV and 5 mA average current. The availability of such a
high intensity beam (50 kW) enables both experiments of flash therapy tests using electrons, with a
capability to irradiate samples with a delivered total charge in a 200 ms time interval up to 1 mC, as

3. An Injector for 5 mA - 100 MHz electron beam

The BriXSinO injector aims to provide a high power and high brightness CW beam. The Injector
has to provide different bunch charges at different repetition rate and energies, as presented in the
introduction and summarized in Table 3.1.

Table 3.1: Request for Injector Beam generation.

Experiment Charge Rep. rate Average current
(pC) (MHz) (mA)

ICS 50 - 200 0.9286 - 92.85 5
THz FEL 50 - 100 46 - 92.86 5
2-way 5 1 0.005
Fixed Target 25 - 50 <92.86 <5

To achieve these parameters, we have done an extensive simulation activity as presented in the
dedicated section to select optimal components and their characteristics to get the design goals.

Under these assumptions, the Injector is composed of different elements that can be grouped
into the following sections:

• The DC gun with focusing solenoids.
• The two 650 MHz sub-harmonic bunchers.
• Transport optics.
• Injector Superconducting Booster.
• Dogleg and matching section into the main ERL SC accelerating module.
The general layout of the Injector is based on a laser-driven photoemission DC gun running at

nearly 100 MHz where the electrons are accelerated at 300 keV. The long bunch so generated is
compressed and further accelerated in two Normal Conducting (NC) buncher cavities, operated
at 650 MHz with b = 0.74 and b = 0.904 to optimize the bunching and acceleration efficiency
due to the non-relativistic properties of the beam. Finally, the electron bunch is accelerated in a
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The general layout of the Injector is based on a laser-driven photoemission DC gun running at nearly 100 MHz where the electrons
are accelerated at 350 keV. 

The long bunch so generated is compressed and further accelerated in two Normal Conducting (NC) buncher cavities, operated at
650 MHz with β = 0.74 and β = 0.904 to optimize the bunching and acceleration efficiency due to the non-relativistic properties of the 
beam. 

The electron bunch is accelerated in a SC Booster Cryomodule that hosts three 1.3 GHz two-cell Nb cavities operated at 2 K. 

The energy at the exit of the SC module is in the range 5-10 MeV. 

Afterwards, a transport system consisting of a dogleg and a matching section brings the beam into the main ERL module.

12

Figure 3: BriXSinO general layout. From left: injector with DC gun, bunchers and radiofrequency
cavities. Low-energy (LE) dogleg with quadrupoles in red and dipoles in green. Two-way (or
ERL zone) SC linac that can be operated in the two-pass two-way acceleration or ERL mode.
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arc: Fabry-Pérot (FP) cavity with Inverse Compton Scattering (ICS) source. On right branch of he
arc: Free-Electron Laser (FEL).

way to bring back the beam to the Superconducting modules. The arc lattice is constituted by 7
DBA (Double Bend Achromat). In the straight parts, it will host two experimental areas devoted
to ICS and THz FEL without any additional magnetic elements. BriXSinO’s beams travel the
cavity sequence twice, back and forth, and in different phase conditions. BriXSinO can therefore
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avoiding emittance dilution [17]. This novel working mode, that will be tested in BriXSinO for the
first time, permits to save precious space while improving the efficiency by doubling the energy
exchange in the linac. All start-to-end beam dynamics simulations have been done by using the
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introduction and summarized in Table 3.1.
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• Injector Superconducting Booster.
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nearly 100 MHz where the electrons are accelerated at 300 keV. The long bunch so generated is
compressed and further accelerated in two Normal Conducting (NC) buncher cavities, operated
at 650 MHz with b = 0.74 and b = 0.904 to optimize the bunching and acceleration efficiency
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The HV DC Gun will be developed within the frame of 
an already signed user agreement with Jlab.

The collaboration has been in progress since a 
few months and is based on regular meetings
and the share of technical drawings and bill of 
materials.
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while delivering up to 8 mA from a bulk GaAs photo-
cathode for the Jefferson Lab free electron laser (FEL),
which set many records including the highest optical output
power from an FEL at millimeter, infrared and ultraviolet
wavelengths, and achieving at the time the highest average
beam current in an energy recovery linac from a dc high
voltage photogun [16]. Another example is the Cornell
photogun in Ref. [17] which demonstrated a world record
65 mA average current employing a vertically mounted
cylindrical insulator, thus allowing the use of a load-
lock system to exchange photocathodes. A copy of the
Cornell photogun is in operation at Brookhaven National
Laboratory and routinely delivers tens of milliamperes
average current for the LEReC experiment [7], while a
similar photogun design at KEK in Japan has recently
demonstrated sustained ∼1 mA cw electron beam from
GaAs photocathodes biased at −500 kV [18].

II. EXPERIMENTAL SETUP

A. Photogun

In contrast to these designs, a photogun with an inverted
insulator geometry was chosen to support R&D related to
the Jefferson Lab Electron Ion Collider recirculator-cooler
project [19], specifically aimed at studying the production
of magnetized electron beam with nano-Coulomb bunch
charge and at high average current. This new photogun is a
larger version of the −130 kV CEBAF load-locked photo-
gun that has functioned reliably for years [20]. The
inverted-insulator design was chosen for several technical
reasons: it provides a small volume which can result in
better achievable vacuum since there is less surface area
contributing gas load, the insulator serves as the electrode
support structure which means there is less metal biased at
high voltage contributing to field emission [21], and lastly
high voltage is applied to the cathode electrode using a
commercial high voltage cable with a termination designed
to mate with the inverted geometry insulator, which means
there is no exposed high voltage and thus, an SF6 tank is not
required to suppress corona discharge at the photogun.
There were also practical considerations related to the
choice of the ceramic insulator. The comparatively small
ceramic insulators are considerably less expensive than the
large segmented cylindrical insulators used on other photo-
guns, and because the photogun is smaller and connected to
the power supply with a cable, the photogun and high
voltage power supply can be positioned relatively inde-
pendently of each other.
This contribution discusses the photogun electrostatic

design which incorporates a triple-point junction shield
used to linearize the potential across the length of the
insulator [22], the performance of barrel-polished electro-
des [23], the alkali-antimonide photocathode deposition
chamber and load-lock features that permit rapid photo-
cathode replacement, the diagnostic beam line and

emittance measurement techniques used to measure geo-
metric emittance of the beam produced across the full
active area of the photocathode and to evaluate the intrinsic
thermal emittance of CsxKySb photocathodes fabricated on
GaAs substrates [24,25], and an rf-pulsed green-light drive
laser that employs an extremely versatile and reliable gain-
switched diode laser master oscillator and fiber amplifiers.
Importantly, this contribution describes a highly successful
method to prolong photocathode QE lifetime using a biased
anode to minimize ion bombardment of the photocathode
by repelling ions produced in the beam line. At sufficient
voltage, the biased anode completely eliminated high
voltage micro-arc discharges that resulted in significant
stepwise QE decay. Simulations are presented that explain
the benefits of the biased anode in terms of diminished ion
bombardment of the photocathode.
A schematic of the −300 kV photogun is shown in Fig. 1

together with a photograph of the cathode electrode
attached to the narrow end of a tapered conical insulator.
The spherical cathode includes a specially designed screen-
ing electrode that reduces the field strength at the triple-
point junction where arcing is thought to originate [22].
The cathode electrode was made of two 15.2 cm diameter
hydroformed hemispherical shells (316L stainless steel)
welded together. The assembly composed of spherical body
and screening electrode was barrel polished to achieve a
mirrorlike surface finish using two types of abrasives, with
total polishing time of just a few hours [23]. Another key
feature of the photogun design is the manner in which the
drive laser beam is delivered to the photocathode. Rather
than illuminating the photocathode at nearly normal inci-
dence which is typical of most photogun systems, the drive
laser beam passes through entrance and exit holes in the

FIG. 1. Left: Cross-section view of the −300 kV photogun with
inverted geometry ceramic insulator (dark grey). The photo-
cathode (purple) and puck (blue) sit inside the spherical cathode
electrode with Pierce focusing element. The laser light is shown
in the vertical plane but, in practice, the laser light illuminates the
photocathode in the horizontal plane. Right: Photograph of the
centrifugal barrel-polished cathode assembly (spherical and
screening electrodes) mounted to a doped alumina inverted
insulator on a 25 cm diameter ConFlat® flange.

C. HERNANDEZ-GARCIA et al. PHYS. REV. ACCEL. BEAMS 22, 113401 (2019)

113401-2
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The DC Gun generated electron bunches have long longitudinal profile to avoid emi4ance dilu6on but, to minimize

nonlinear energy spreading due to RF waveform in the main superconduc6ng Linac, bunches need to be 
compressed to shorter length a?er the gun and before entering the BriXSinO SC Booster. As the beam is s6ll non-

rela6vis6c at this point, the simplest method of bunch compression is the velocity bunching for which we choose

sub-harmonic bunching solu6on, employing two β < 1, 650 MHz spherical reentrant shape copper cavi6es. The 

beam energy before entering the first cavity is assumed to be 300 keV and 638 keV before entering the second. 
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arc: Free-Electron Laser (FEL).

way to bring back the beam to the Superconducting modules. The arc lattice is constituted by 7
DBA (Double Bend Achromat). In the straight parts, it will host two experimental areas devoted
to ICS and THz FEL without any additional magnetic elements. BriXSinO’s beams travel the
cavity sequence twice, back and forth, and in different phase conditions. BriXSinO can therefore
operates in two different working modes. The first is the ERL working mode: an ad hoc path length
adjustment system synchronizes the coming back beam with the decelerating RF wave crest: the
electron beam is decelerated giving up its energy to the cavity radiofrequency. The second working
mode is the two-pass two-way acceleration mode fundamental for operation à la MariX [16]. The
beam is re-injected in the linac by the arc transport line, where the beam can be also compressed
avoiding emittance dilution [17]. This novel working mode, that will be tested in BriXSinO for the
first time, permits to save precious space while improving the efficiency by doubling the energy
exchange in the linac. All start-to-end beam dynamics simulations have been done by using the
codes ASTRA [18] and Elegant [19] coupled with the genetic algorithm GIOTTO [20]. BriXSinO’s
beams will possess similar levels of high brightness as other (non-ERL) Linacs, enough to drive
FELs and/or ICS, i.e. rms transverse normalized emittances in the µm range and relative energy
spreads in the 103 range. A list of BriXSinO’s electron beam characteristics, summarized in Tables
1 and 2, emphasizes different cases of operations, namely the ERL operation to demonstrate the
two-way acceleration foreseen in MariX (Table 1), the application to drive ICS at very large photon
flux (1012 photons/s) (Table 2, second column) and a kW-class THz FEL (Table 2, third column). A
further operation mode for BriXSinO is the use of its injector for fixed target experiments performed
with maximum electron energy of 10 MeV and 5 mA average current. The availability of such a
high intensity beam (50 kW) enables both experiments of flash therapy tests using electrons, with a
capability to irradiate samples with a delivered total charge in a 200 ms time interval up to 1 mC, as
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Table 3.3: Buncher cavities parameters.

Buncher 1 Buncher 2

Resonant frequency (p-mode) (MHz) 650
b (v/c) 0.74 0.906
Accelerating voltage (MV) 0.45 0.424
Beam phase (°) -30 -17
Input beam energy (MeV) 0.3 0.638
Electric field amplitude (MV/m) 3.4
Cell per cavity 1
Active cavity length (m) 0.171 0.209
Cavity quality factor Q0 3.2⇥104 3.67⇥104

Nominal external quality factor Qext 3.02⇥104 3.24⇥104

R/Q (W) 195.7 223
Cavity geometry factor G (W) 211 244.4
Epeak/Eacc 3.07 3.88
Bpeak/Epeak (mT/(MV/m)) 0.96 0.96
Bpeak/Eacc (mT/(MV/m)) 2.94 3.73

Table 3.4: Power requirements for the two buncher cavities.

Buncher 1 Buncher 2

Nominal incident power (kW) 36.4 23.6
15% Margin (losses) (kW) 41.9 27.1
Power to beam (kW) 2.0 2.2
Efficiency (Solid State Amp.) (%) 40
Plug Power @ nominal Eacc (kW) 104.5 67.7

SSA efficiency, being the worst-case scenario (klystron efficiency is > 50%) to determine the AC
power required to operate the buncher amplifiers.

A scheme of the RF power system for the buncher cavity is shown in figure Figure 3.2.

3.3 The transport optics

The compressed and accelerated beam needs to be transported to the Injector Superconducting
Booster (ISB) preserving the electron beam characteristics. Moreover, in this section we need also
to fully characterize the beam parameter space. For this reason, the section in between the last
buncher and the entrance of the ISB is equipped with different stations for diagnostic as presented
in the dedicated section. The goal is to have here the full 6D-space characterization of the beam
both for optimizing the previous section of the injector and for proper matching into the ISB.

A specific characteristic of this beam line is our requirements to have UHV vacuum level to
protect the SC cavities and avoid any back-bombardments towards the sensitive cathode installed in
the DC gun.
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The BriXSinO Proposal – The Injector

The superconduc9ng sec9on of the injector complex
is a cryomodule that hosts three CBETA like 1.3 GHz 
2 cell SC cavi9es
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Figure 3: BriXSinO general layout. From left: injector with DC gun, bunchers and radiofrequency
cavities. Low-energy (LE) dogleg with quadrupoles in red and dipoles in green. Two-way (or
ERL zone) SC linac that can be operated in the two-pass two-way acceleration or ERL mode.
High-energy (HE) dogleg. Recirculating loop (Arc), made by Double Bend Achromats (DBA),
hosting the light sources and bringing back the beam to the two-way zone. On left branch of the
arc: Fabry-Pérot (FP) cavity with Inverse Compton Scattering (ICS) source. On right branch of he
arc: Free-Electron Laser (FEL).

way to bring back the beam to the Superconducting modules. The arc lattice is constituted by 7
DBA (Double Bend Achromat). In the straight parts, it will host two experimental areas devoted
to ICS and THz FEL without any additional magnetic elements. BriXSinO’s beams travel the
cavity sequence twice, back and forth, and in different phase conditions. BriXSinO can therefore
operates in two different working modes. The first is the ERL working mode: an ad hoc path length
adjustment system synchronizes the coming back beam with the decelerating RF wave crest: the
electron beam is decelerated giving up its energy to the cavity radiofrequency. The second working
mode is the two-pass two-way acceleration mode fundamental for operation à la MariX [16]. The
beam is re-injected in the linac by the arc transport line, where the beam can be also compressed
avoiding emittance dilution [17]. This novel working mode, that will be tested in BriXSinO for the
first time, permits to save precious space while improving the efficiency by doubling the energy
exchange in the linac. All start-to-end beam dynamics simulations have been done by using the
codes ASTRA [18] and Elegant [19] coupled with the genetic algorithm GIOTTO [20]. BriXSinO’s
beams will possess similar levels of high brightness as other (non-ERL) Linacs, enough to drive
FELs and/or ICS, i.e. rms transverse normalized emittances in the µm range and relative energy
spreads in the 103 range. A list of BriXSinO’s electron beam characteristics, summarized in Tables
1 and 2, emphasizes different cases of operations, namely the ERL operation to demonstrate the
two-way acceleration foreseen in MariX (Table 1), the application to drive ICS at very large photon
flux (1012 photons/s) (Table 2, second column) and a kW-class THz FEL (Table 2, third column). A
further operation mode for BriXSinO is the use of its injector for fixed target experiments performed
with maximum electron energy of 10 MeV and 5 mA average current. The availability of such a
high intensity beam (50 kW) enables both experiments of flash therapy tests using electrons, with a
capability to irradiate samples with a delivered total charge in a 200 ms time interval up to 1 mC, as
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Figure 3.2: Scheme of the RF power chain for the buncher cavities.

3.4 Injector Superconducting Booster (ISB)

The Superconducting section of the Injector complex is a cryomodule (see Chapter 9 for details)
that hosts three CBETA like 1.3 GHz 2 cell SC cavities [6] as shown in Figure 3.3, to boost the
beam energy before entering the ERL section up to a maximum of 5 MeV.

Figure 3.3: IBS cryomodule schematic view. Each cavity is powered by two couplers to minimize
kick to beam. HOM absorbers are foreseen between cavities.

The Injector cavity main parameters are summarized in Table 3.5.
The loaded quality Factor QL is determined after the following equation:

QL =
Eacc

Ibeam
R
Q
, (3.1)

with Ibeam = 5 mA. To achieve a maximum Eacc = 7.5 MV/m we need to feed the cavity with about
8.2 kW RF forward power. As in CBETA, injector cavity is equipped with two identical antenna
type couplers symmetrically attached to the beam pipe of the cavity. This is a remedy to reduce
the transverse kick to the beam [7]. Cavity geometry showing electric field lines and details of the
coupling antennas of CBETA injector cavity are shown in Figure 3.4. The power coupler is the
modified TTF III device [8].

The frequency tuner for the 2-cell injector cavities has been adopted from the INFN LASA
blade tuner design. Short piezo-electric actuators have been integrated in the frequency tuner
mechanism to allow for fast microphonics compensation [9].

The simplified injector power scheme is shown in Figure 3.5, were like in the ERL Linac a 10
kW commercial solid state amplifier solution has been chosen to power each cavity separately.

The BriXSinO Injector can also be used as a standalone accelerator to supply a 10 MeV beam
for fixed target experiments such as cell irradiation experiments or Flash Therapy. Beyond the
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Table 3.5: BriXSinO ISB cavity parameters.

Resonant frequency (p-mode) (GHz) 1.3
Accelerating voltage (MV) 1.64
Accelerating gradient Eacc (MV/m) 7.5
Cells per cavity 2
R/Q (W) 222
Cavity geometry factor G (W) 261
Cavity quality factor Q0 2⇥1010

Nominal external quality factor Qext 1.5⇥106

Cell-to-cell coupling (%) 0.7
Epeak/Eacc 1.94
Bpeak/Eacc (mT/(MV/m)) 4.28
Small beam pipe diameter (mm) 78
Large beam pipe diameter (mm) 106
Inner iris diameter (mm) 70
Active cavity length (m) 0.218
Cavity length flange-to-flange (m) 0.536

actual impact on heat-loads and related cryogenic budget, the accelerating gradient would be raised
to 15 MV/m for these applications while keeping the beam power still below 25 kW.

Table 3.6 reports the RF and plug power needed for both ERL and fixed target injector setups.

3.5 Dogleg and matching section into the main ERL SC accelerating module.
The 5 MeV beam is finally transported to the ERL SC Module (ESM). To allow for beam dumping
after its second way through ESM, a dogleg scheme is adopted. After the dogleg, a matching section
is foreseen for proper injection of the beam into the accelerating module. The dogleg scheme is
shown in Figure 3.6.

To allow also the low charge-high energy experiment, a straight line is foreseen after IBS and
before the dogleg to extract the beam and transport to the experimental station.

The complicated beam dynamic solutions and challenges needed to include these different
modes of operations are reported in the dedicated Chapter 2.

This section, as the transport line between the DC gun and IBS, is used for full beam characteri-
zation. For this reason, we plan here to have a diagnostic section for beam matching and dispersive
sections for energy beam characterization. Being this line in between the two superconducting
modules, it will be considered, from a cleaning and vacuum point of view, UHV-clean room
preparation grade. This involves, as for the Injector transport line, the need for transportable clean
room to allow for proper conditions for components installation.

3.5 Dogleg and matching section into the main ERL SC accelerating module. 73

Figure 3.4: CBETA IBS SC cavity antenna power coupler. To compensate for coupler kicks, two
symmetrical couplers are installed for each cavity. E-field profile is in the left picture, the right
picture shows instead a detailed view on the antenna coupler optimized shape.

Figure 3.5: BriXSinO IBS SC cavity RF power scheme. A similar scheme is used for the ERL
Cryomodule cavities.

Table 3.6: RF power requirements for two different mode operation of the Injector Superconducting
Booster.

High Charge Low Charge
Low Energy High Energy

Beam current Ibeam (mA) 5 2.5
Eacc (MV/m) 7.5 15
Accelerating voltage Vcav (MV) 1.64 3.49
Nominal Incident Power Pfor (kW) 8.2 8.2
Power from amplifier 15% loss (kW) 9.4 9.4
Power coupler Max Power Pcoupler (kW) 5 5
Max energy gain (MeV) 5 10
#cav, # solid state amps (40% efficiency) 3 3
Plug Power @ nominal Eacc, Pplug (kW) 70.5 70.5

Figure 3.6: Dogleg and matching section sketch from IBS to ESM. The straight line for low-energy
high energy experiments is shown too.
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The BriXSinO Proposal – The ERL Main SC-Linac

The ERL Main SC-Linac hosts three superconduc=ng 7-
cell cavi6es and has an overall length of 5 m, providing 40 
MeV energy gain to the beam. 
The cavity design, based on the CBETA ERL resonator, is
characterized by a cell shape op6mized to have a high 
beam-break-up (BBU) limit for the beam current. Also, 
with 5 mA beam current combined with the short bunch
opera6on, an efficient damping of the Higher Order 
Modes (HOMs) is needed, leading to the installa6on of 
radiofrequency (RF) power absorbers between cavi6es. 
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Figure 3: BriXSinO general layout. From left: injector with DC gun, bunchers and radiofrequency
cavities. Low-energy (LE) dogleg with quadrupoles in red and dipoles in green. Two-way (or
ERL zone) SC linac that can be operated in the two-pass two-way acceleration or ERL mode.
High-energy (HE) dogleg. Recirculating loop (Arc), made by Double Bend Achromats (DBA),
hosting the light sources and bringing back the beam to the two-way zone. On left branch of the
arc: Fabry-Pérot (FP) cavity with Inverse Compton Scattering (ICS) source. On right branch of he
arc: Free-Electron Laser (FEL).

way to bring back the beam to the Superconducting modules. The arc lattice is constituted by 7
DBA (Double Bend Achromat). In the straight parts, it will host two experimental areas devoted
to ICS and THz FEL without any additional magnetic elements. BriXSinO’s beams travel the
cavity sequence twice, back and forth, and in different phase conditions. BriXSinO can therefore
operates in two different working modes. The first is the ERL working mode: an ad hoc path length
adjustment system synchronizes the coming back beam with the decelerating RF wave crest: the
electron beam is decelerated giving up its energy to the cavity radiofrequency. The second working
mode is the two-pass two-way acceleration mode fundamental for operation à la MariX [16]. The
beam is re-injected in the linac by the arc transport line, where the beam can be also compressed
avoiding emittance dilution [17]. This novel working mode, that will be tested in BriXSinO for the
first time, permits to save precious space while improving the efficiency by doubling the energy
exchange in the linac. All start-to-end beam dynamics simulations have been done by using the
codes ASTRA [18] and Elegant [19] coupled with the genetic algorithm GIOTTO [20]. BriXSinO’s
beams will possess similar levels of high brightness as other (non-ERL) Linacs, enough to drive
FELs and/or ICS, i.e. rms transverse normalized emittances in the µm range and relative energy
spreads in the 103 range. A list of BriXSinO’s electron beam characteristics, summarized in Tables
1 and 2, emphasizes different cases of operations, namely the ERL operation to demonstrate the
two-way acceleration foreseen in MariX (Table 1), the application to drive ICS at very large photon
flux (1012 photons/s) (Table 2, second column) and a kW-class THz FEL (Table 2, third column). A
further operation mode for BriXSinO is the use of its injector for fixed target experiments performed
with maximum electron energy of 10 MeV and 5 mA average current. The availability of such a
high intensity beam (50 kW) enables both experiments of flash therapy tests using electrons, with a
capability to irradiate samples with a delivered total charge in a 200 ms time interval up to 1 mC, as
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Figure 4.1: Layout of the ERL Superconducting Linac Module

dynamic ponderomotive effects. The second term d fS is the static detuning due to static Lorentz
force detuning, mechanical tuners, etc.

If we conservatively assume d f = 20 Hz rms (almost double than CBETA) we get an optimal
value of about 3.25⇥107. To determine the required amplifier output power [2], we can use the
general expression for the forward RF power of a resonating cavity driven by a power source

Pf =
(b +1)L
4bQL

r
Q

"
(Eacc + IbeamrL cosYb)

2 +

✓
2QL

d f
f0

Eacc + IbeamrL sinYb

◆2
#

(4.2)

where Pf is the RF forward power in [W], Eacc is the cavity accelerating gradient [V/m], (r/Q) is
the shunt impedance per unit length, [W/m], rL = QL(r/Q) is the (coupled) shunt impedance per
unit length [W/m], b is the cavity coupling factor (b = (Q0 �QL)/QL � 1), Ibeam is the magnitude
of the vector sum of the beam currents in the cavity and Yb is the phase of the vector sum of the
currents (Yb = 0 is defined as being the beam on crest).

Using the above equation we get Pf ⇡ 3.6 kW. After including a 15% power margin to cope
with transmission losses about 4.1 kW forward power would be required for each cavity, but
additional margin is required by the specific needs of operation in energy recovery mode. Since
perfect energy recovery means perfect beam current cancellation, the recovery efficiency parameter
is defined by the residual net beam current amplitude after cancellation. Figure 4.2 shows the
minimal RF power requirements for different beam currents and recovery efficiencies.

For a technology demonstrator such as BriXSinO, the baseline choice of a 10 kW RF Solid
State Amplifier (SSA), following CBETA choice [3], is therefore the result of a trade-off between
the will to benefit from the ERL scheme by lowering RF amplifier capital cost and allow for not
ideal recovery efficiency, anyhow restricted to not less than (90%).

The expected AC (plug) to RF efficiency for the SSAs is about 40% which results in AC plug
power requirement of 30.7 kW for the 3 amplifiers needed for the full Linac, in case of full recovery.
The RF and AC plug powers in case of perfect and 95% recovery efficiencies are shown in Table
4.2.

Each SSA unit will be cooled down by water (or other coolant like ethylene glycol) chillers
working at 30 �C water temperature and a flux up to 30 L/min. The amplifier requested bandwidth
is 1.3 GHz ± 20 MHz.

This configuration can also handle two-way acceleration with 5 µA beam current up to 80 MeV
final energy.
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Table 4.1: BriXSinO ERL cavity main parameters

Parameter Value

Type of accelerating structure Standing wave
Accelerating mode TM010 p-mode

Fundamental frequency (MHz) 1300
Design gradient (MV/m) 16.5
Intrinsic quality factor Q0 2⇥1010

Loaded quality factor QEXT 3.25⇥107

Active length (m) 0.81
Cell to cell coupling (%) 2.2

Iris diameter (mm) 72
Beam tube diameter (mm) 110

R/Q (W) 774
Geometric factor G (W) 271

Epeak/Eacc 2.06
Bpeak/Eacc (mT/MV/m) 4.196

D f/D l (kHz/mm) 350
Lorentz force detuning constant (Hz(MV/m)2) 1

Cavity bandwidth d f = f/(2QEXT) (Hz) HWHM 20
Total longitudinal loss factor kk (V/pC), s=2.2 mm 3.5

4.2 Power coupler

The main coupler needs to provide at least about 3.6 kW CW RF to the cavity for perfect ERL
operation and 20 Hz detuning operation, but must withstand up to 10 kW CW to also allow not
perfect ERL efficiency. As reported in the previous paragraph, the coupler external-Q is 3.25⇥107

(with the option to adjust it using a waveguide three-stub tuner) in order to minimize the RF power
requirements taking into account the preview microphonics noise. The BERLinPro modified TTF
III [4] power coupler is the suitable solution for our design: modifying the cooling of the coupler
inner conductor, CW power capability has been raised from 5 kW to 10 kW. The coupler consists of
a cold section mounted on the cavity in the clean-room and sealed by a ’cold’ ceramic window, and
a warm section incorporating a transition from the evacuated coaxial line to the air-filled waveguide.
The warm coaxial line is sealed by a ’warm’ ceramic window. Both windows are made of alumina
ceramics and have anti-multipacting titanium nitride coating.

The scheme 10 kW SSA and TTF III power coupler is also previewed for three two cell CBETA
cavities of BriXSinO Injector SC Booster (ISB), so that we can afford a single power coupler
design for all SC cavities. The modified TTF III coupler installed on the 2-cells cavity of the
BERLinPro booster is shown in Figure 4.3 as a reference.

The RF power distribution from the power amplifier to the resonator employs R12 (WR770) or
R14 (WR650) standard waveguides. A conceptual diagram of the RF system is shown in Figure
4.4.
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The BriXSinO Proposal – The ERL Main SC-Linac
The cryomodule design has been guided by the ILC 
cryomodule while necessary modifica2ons have been
made to allow ConCnuous Wave (CW) opera2on, with 
correspondingly higher dynamic cryogenic loads. All
components within the cryomodule will be suspended
from the Helium Gas Return Pipe (HGRP). 

The main coupler needs to provide at least about 3.6 kW 
CW RF to the cavity for perfect ERL operaCon and 20 Hz 
detuning operaCon, but must withstand up to 10 kW CW 
to also allow not perfect ERL efficiency. 

The BERLinPro modified TTF III power coupler is the 
suitable soluCon for our design: modifying the cooling of 
the coupler inner conductor, CW power capability has
been raised from 5 kW to 10 kW. 
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Figure 3: BriXSinO general layout. From left: injector with DC gun, bunchers and radiofrequency
cavities. Low-energy (LE) dogleg with quadrupoles in red and dipoles in green. Two-way (or
ERL zone) SC linac that can be operated in the two-pass two-way acceleration or ERL mode.
High-energy (HE) dogleg. Recirculating loop (Arc), made by Double Bend Achromats (DBA),
hosting the light sources and bringing back the beam to the two-way zone. On left branch of the
arc: Fabry-Pérot (FP) cavity with Inverse Compton Scattering (ICS) source. On right branch of he
arc: Free-Electron Laser (FEL).

way to bring back the beam to the Superconducting modules. The arc lattice is constituted by 7
DBA (Double Bend Achromat). In the straight parts, it will host two experimental areas devoted
to ICS and THz FEL without any additional magnetic elements. BriXSinO’s beams travel the
cavity sequence twice, back and forth, and in different phase conditions. BriXSinO can therefore
operates in two different working modes. The first is the ERL working mode: an ad hoc path length
adjustment system synchronizes the coming back beam with the decelerating RF wave crest: the
electron beam is decelerated giving up its energy to the cavity radiofrequency. The second working
mode is the two-pass two-way acceleration mode fundamental for operation à la MariX [16]. The
beam is re-injected in the linac by the arc transport line, where the beam can be also compressed
avoiding emittance dilution [17]. This novel working mode, that will be tested in BriXSinO for the
first time, permits to save precious space while improving the efficiency by doubling the energy
exchange in the linac. All start-to-end beam dynamics simulations have been done by using the
codes ASTRA [18] and Elegant [19] coupled with the genetic algorithm GIOTTO [20]. BriXSinO’s
beams will possess similar levels of high brightness as other (non-ERL) Linacs, enough to drive
FELs and/or ICS, i.e. rms transverse normalized emittances in the µm range and relative energy
spreads in the 103 range. A list of BriXSinO’s electron beam characteristics, summarized in Tables
1 and 2, emphasizes different cases of operations, namely the ERL operation to demonstrate the
two-way acceleration foreseen in MariX (Table 1), the application to drive ICS at very large photon
flux (1012 photons/s) (Table 2, second column) and a kW-class THz FEL (Table 2, third column). A
further operation mode for BriXSinO is the use of its injector for fixed target experiments performed
with maximum electron energy of 10 MeV and 5 mA average current. The availability of such a
high intensity beam (50 kW) enables both experiments of flash therapy tests using electrons, with a
capability to irradiate samples with a delivered total charge in a 200 ms time interval up to 1 mC, as
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Figure 4.7: ERL LLRF scheme.

operated with a high loaded QL, of several 107 for efficient operation. The LLRF system must
include low noise field I/Q detection, low latency field control, advanced feedforward-feedback
cavity frequency control with a fast piezo-driven frequency tuner, and a state-machine for start-up
and trip-recovery. Finally, since for beam acceleration, but above all for the feasibility of the ERL
operation, the LLRF system must provide the monitoring of the beam (forward and backward)
phases with respect to the RF field.

A general architecture scheme for a LLRF to be used for BriXSinO operation is shown in
Figure 4.7.

Input signals are cavity input, reflected and transmitted powers, together with resonant frequency,
beam current and power amplifier level. An interlock card processes alarm signals and switches the
RF power off.

4.6 SC cavity construction and characterization
INFN LASA [8] has great experience in realizing accelerating structures involving industry, that in
the last years led to the delivery of half of the 1.3 GHz 800 resonators to EXFEL and 38 cavities
for the medium beta section of ESS. The construction process has many intermediate steps, from
deep drawing of niobium sheets to form half-cells to the final resonator. After each construction
step, components and full cavity must pass frequency, dimension and geometry controls. A rigid
quality control protocol, based on the exchange and analysis of certificates during all the phases of
cavity construction together with inspections of the companies facilities, successfully used during
EXFEL and ESS cavity production, will be issued to be sure to fulfill all design specs during the
resonator manufacturing.

Cavity qualification test is done at LASA vertical test facility, checking the resonator specs
(Q0 � 2⇥1010 @ Eacc = 16.5 MV/m) with a power test at T = 2 K temperature.
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The BriXSinO Proposal – The Cryogenic Subsystem

The cryogenic plant of the BriXSinO complex will integrate the 
central LASA cryogenic plant in order to support: 
• controlled cool-down and warm-up of the two BriXSinO
superconduc<ng cavi<es cryomodules from room temperature or 
from an intermediate parking temperature stable stand-by 
cryogenic configura<ons at an intermediate temperature for the 
<me windows in between cold run,
• sufficient cooling capacity to enable robust opera<on of all
BriXSinO cryogenic components. The lowest end of such ranges
being the superconduc<ng resonators whose opera<ng
temperature is 2.0 K, achieved by evapora<ve cooling in boiling
superfluid helium II at a saturated vapor pressure of 32 mbar. 
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Figure 3: BriXSinO general layout. From left: injector with DC gun, bunchers and radiofrequency
cavities. Low-energy (LE) dogleg with quadrupoles in red and dipoles in green. Two-way (or
ERL zone) SC linac that can be operated in the two-pass two-way acceleration or ERL mode.
High-energy (HE) dogleg. Recirculating loop (Arc), made by Double Bend Achromats (DBA),
hosting the light sources and bringing back the beam to the two-way zone. On left branch of the
arc: Fabry-Pérot (FP) cavity with Inverse Compton Scattering (ICS) source. On right branch of he
arc: Free-Electron Laser (FEL).

way to bring back the beam to the Superconducting modules. The arc lattice is constituted by 7
DBA (Double Bend Achromat). In the straight parts, it will host two experimental areas devoted
to ICS and THz FEL without any additional magnetic elements. BriXSinO’s beams travel the
cavity sequence twice, back and forth, and in different phase conditions. BriXSinO can therefore
operates in two different working modes. The first is the ERL working mode: an ad hoc path length
adjustment system synchronizes the coming back beam with the decelerating RF wave crest: the
electron beam is decelerated giving up its energy to the cavity radiofrequency. The second working
mode is the two-pass two-way acceleration mode fundamental for operation à la MariX [16]. The
beam is re-injected in the linac by the arc transport line, where the beam can be also compressed
avoiding emittance dilution [17]. This novel working mode, that will be tested in BriXSinO for the
first time, permits to save precious space while improving the efficiency by doubling the energy
exchange in the linac. All start-to-end beam dynamics simulations have been done by using the
codes ASTRA [18] and Elegant [19] coupled with the genetic algorithm GIOTTO [20]. BriXSinO’s
beams will possess similar levels of high brightness as other (non-ERL) Linacs, enough to drive
FELs and/or ICS, i.e. rms transverse normalized emittances in the µm range and relative energy
spreads in the 103 range. A list of BriXSinO’s electron beam characteristics, summarized in Tables
1 and 2, emphasizes different cases of operations, namely the ERL operation to demonstrate the
two-way acceleration foreseen in MariX (Table 1), the application to drive ICS at very large photon
flux (1012 photons/s) (Table 2, second column) and a kW-class THz FEL (Table 2, third column). A
further operation mode for BriXSinO is the use of its injector for fixed target experiments performed
with maximum electron energy of 10 MeV and 5 mA average current. The availability of such a
high intensity beam (50 kW) enables both experiments of flash therapy tests using electrons, with a
capability to irradiate samples with a delivered total charge in a 200 ms time interval up to 1 mC, as
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• A BriXSinO central coldbox will be installed in the closest proximity and on the same floor
level of the linacs bunker and it will feature:

- Bi-phasic helium reservoir serving a phase separator for the saturated flow as well as to
cool this flow down to 4.5 K before be forwarded to cryomodules.

- Bi-phasic helium level control during machine runs through the external liquid helium
storage dewar in order to equalize an imbalance between peak thermal load at the
modules and available mass-flow from the LASA liquefier / refrigerator. During
machine stops the cold-box can be configured to provide refilling of the storage dewar.

- Generation of pressurized gas closed loop to serve 80 K thermal intercept.
- Liquid nitrogen internal reservoir with heat-exchanger to cool-down pressurized helium

gas flow of 80 K thermal intercepts.
- All the required hardware, including dedicated heat-exchangers to liquid nitrogen, to

handle all the machine transients. These scenarios will include pre-cooling and cool-
down (with cool-down rate at SC transition defined by cavity treatment recipe and up
to 3 K/min), warm-up and a long-term stand-by mode to be set in between runs to keep
linacs at a "parking"”" temperature defined to be safe to vacuum fittings and SC cavities
and minimize the number of thermal cycles to those strictly needed for maintenance.

• A feedbox for each module will be installed in direct proximity of each linac vessel inside
the bunker and will feature Joule-Thomson valve, heat-exchanger and the needed piping and
controls to regulate 4.5 K and 2.0 K flows and levels.

• A low-loss transfer line will connect the coldbox to the modules feedboxes through bunker
walls.

As a result, a potential technical layout of the BriXSinO cryogenic plant is schematically
represented in Figure 9.3:

Figure 9.3: Schematic layout of the BriXSinO cryogenic plant.

9.5 BriXSinO operational workload for the LASA plant
Additional numerical evaluations of cryogenic requirements of the BriXSinO plant are resumed in
the following Tables 9.3 and 9.4 and are based on the above showed layout and expected heat-loads
for the two lower temperature circuits residing on liquid helium coolant only. For these evaluations,
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Figure 9.1: Schematic representation of technical interfaces between BriXSinO and LASA
cryogenic plants.

loading. As explained, the CBETA experiment for a demonstrator ERL in Cornell (US) and the
bERLinPro project being built in Helmholtz Zenter Berlin (Germany) have been identified as
the most significant technical references for BriXSinO cavity and cryomodule packages design.
Published data in respective design reports [1, 2] and subsequent publications [3, 4] have been
hereby used as a reference for the following estimation of cryogenic heat-loads.

Two superconducting cryomodules are foreseen for BriXSinO:
• An Injector SC Booster (ISB) module, a full beam-loading cryomodule boosting the beam

up to 10 MeV for the injection in the energy-recovered linac. It hosts three 1.3 GHz, 2-cells
SC cavities with double power coupler operating at 2.0 K. In between each cavity there is a
ferrite, coaxial, actively cooled HOM absorber.

• A ERL SC Module (ESM) designed for zero beam-loading operations in Energy-Recovery
mode, it hosts three 1.3 GHz, 7-cells SC cavities operating at 2.0 K and featuring coaxial
HOM absorbers as the injector module. As a baseline, this module will raise the beam energy
to about 45 MeV and subsequently dump-it back down to 5 MeV adsorbing its energy back
according to the folded in ERL scheme.

In the search for optimized and homogeneous solutions, BriXSinO cryomodules will largely
share the cryogenic backbone technical design, schematically depicted in Figure 9.2 taking the
linac module cold-string as a reference. It features:

• Superconducting cavity working point at 2.0 K, 32 mbar, with is associated supply line.
• Lower thermal intercept at about 4.5 K for power coupler cold part thermalization and for

beam-pipe intercepts used to limit conduction heat transfer between cavities and HOM
absorbers.

• Higher thermal intercept at about 80 K for thermal shielding and adsorption of HOM gener-
ated heat load in the ferrite absorbers.

• Modified TTF III type coupler for 10 kW kW CW RF power, two penetrations for each cavity
in the injector module while one only for linac module.
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The BriXSinO Proposal – The Low Phase Noise Laser System
One of the fundamental elements in the BriXSinO
machine is the op=cal system. 

The aims of the op0cal system are both pumping the two
Fabry-Pérot (FP) cavi=es of the inverse Compton 
sca9ering (ICS) X-Ray source and exci=ng the 
photocathode for the genera0on of the electron 
bunches. 

Moreover, the laser oscillator will be used to carry the 
=ming reference to all other BriXSinOcomponents. 
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Figure 3: BriXSinO general layout. From left: injector with DC gun, bunchers and radiofrequency
cavities. Low-energy (LE) dogleg with quadrupoles in red and dipoles in green. Two-way (or
ERL zone) SC linac that can be operated in the two-pass two-way acceleration or ERL mode.
High-energy (HE) dogleg. Recirculating loop (Arc), made by Double Bend Achromats (DBA),
hosting the light sources and bringing back the beam to the two-way zone. On left branch of the
arc: Fabry-Pérot (FP) cavity with Inverse Compton Scattering (ICS) source. On right branch of he
arc: Free-Electron Laser (FEL).

way to bring back the beam to the Superconducting modules. The arc lattice is constituted by 7
DBA (Double Bend Achromat). In the straight parts, it will host two experimental areas devoted
to ICS and THz FEL without any additional magnetic elements. BriXSinO’s beams travel the
cavity sequence twice, back and forth, and in different phase conditions. BriXSinO can therefore
operates in two different working modes. The first is the ERL working mode: an ad hoc path length
adjustment system synchronizes the coming back beam with the decelerating RF wave crest: the
electron beam is decelerated giving up its energy to the cavity radiofrequency. The second working
mode is the two-pass two-way acceleration mode fundamental for operation à la MariX [16]. The
beam is re-injected in the linac by the arc transport line, where the beam can be also compressed
avoiding emittance dilution [17]. This novel working mode, that will be tested in BriXSinO for the
first time, permits to save precious space while improving the efficiency by doubling the energy
exchange in the linac. All start-to-end beam dynamics simulations have been done by using the
codes ASTRA [18] and Elegant [19] coupled with the genetic algorithm GIOTTO [20]. BriXSinO’s
beams will possess similar levels of high brightness as other (non-ERL) Linacs, enough to drive
FELs and/or ICS, i.e. rms transverse normalized emittances in the µm range and relative energy
spreads in the 103 range. A list of BriXSinO’s electron beam characteristics, summarized in Tables
1 and 2, emphasizes different cases of operations, namely the ERL operation to demonstrate the
two-way acceleration foreseen in MariX (Table 1), the application to drive ICS at very large photon
flux (1012 photons/s) (Table 2, second column) and a kW-class THz FEL (Table 2, third column). A
further operation mode for BriXSinO is the use of its injector for fixed target experiments performed
with maximum electron energy of 10 MeV and 5 mA average current. The availability of such a
high intensity beam (50 kW) enables both experiments of flash therapy tests using electrons, with a
capability to irradiate samples with a delivered total charge in a 200 ms time interval up to 1 mC, as
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Figure 5.1: Layout of the optical tables.

amplification stage are needed Faraday isolators (FIs) to avoid self-lasing phenomena and to protect
the oscillator from dangerous reflections.

Once out of the amplifier, the light reaches the FP cavities, which are located inside a UHV
chamber. The cavities are formed by 4-mirrors each in the crossed configuration. Three mirrors are
made by ultra-low expansion (ULE) material while the entrance mirror is made by sapphire. The
cavities are undercoupled, and the Finesse will be about 5000, in order to reach a power around
200 kW. For a FP cavity to be in resonance with an oscillator laser is need a feedback system. The
cavities stabilization system has to fulfill two tasks: lock the round trip path of the cavity to the
repetition rate of the laser and keep the carrier-envelope-phase (CEP) of the oscillator stable. Both
tasks occur using the so-called Pound – Drever – Hall (PDH) technique and the scheme will be
shown in Chapter 23. About the cavities: one of the peculiarity of the BriXSinO ICS source will be
producing a dual-color X-Ray beam with a high repetition rate. To obtain the two-color beam we
need the two FP cavities to be oriented differently with respect to the electron beam. The photons
store in the cavities will collide with the electron bunches at the same interaction point (IP) but with
two different angles. The switch between the two energies can be made by swapping the interaction
laser. The technique proposed for our source involves rotating the curved mirrors by two opposite
angles to translate the optical plane vertically, and will be shown in the Appendix 23. The FP cavity
table will be located inside the ICS room, which will be not accessible during machine operation. It
will therefore be necessary that all the handlings are remotely controllable. Such movements will
be necessary to align the cavity laser beam with the electron beam, to optimize the ICS process.
Furthermore, the cavities will be monitored by an external diagnostic system, which takes part in
the signal coming from the UHV box and allows to secure the laser in case of operating errors or
loss of cavity stabilization.

About the second optical table, light arrives at low power thanks to an optical fiber. After that,
the light is first pre-amplified up to about 2 W by a polarization-maintaining (PM) Yb-doped fiber,
and then amplified up to 100 W by commercial SC-B high-power fiber amplifier, produced by
the Alphanov Company. The amplifier is pumped forward by a 976 nm Photontec (M976) laser
diode. Then, before reaching the photocathode, the light pulses have to be treated. Starting from
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the IR light at 1035 nm, the 4th harmonic (258.75 nm) is generated to obtain pluses suitable for
the photoemission process. The task is performed using Lithium tri-borate (LiB3O5) and BBO
(BaB2O4) crystals for the second and fourth harmonic generation, respectively.

Since one of the features of BriXSinO is recovering energy from the returning electron beam,
the power that reaches the photocathodes must rise slowly without leaps. In conditions of energy
recovery Linac (ERL) regime there cannot be a significant imbalance in the power of the input
beam compared to the return one, otherwise, the RF guns are not able to provide such discrepancy.
For this reason, the power of the laser beam arriving on the photocathodes must be raised slowly.
Changing the repetition rate after the 4th harmonic generation ensures a smooth rise in power while
keeping the energy per single pulse constant. This task is assigned to a Pockel cell, driven by a
modulator.

Subsequently, the pulses undergo an intensity profile shaping both in temporal and spatial
domain. The stacking method for the temporal shaping exploits birefringent crystals: using n
crystals it is possible generate 2n pulses replicas with alternate polarizations. These replicas add
together to give a rectangular temporal profile.

The so-called p-Shaper, based on the aspheric lens method, will be used instead for the spatial
shaping. A typical scheme for a p-Shaper involving two aspherical lenses: the two lenses rearrange
the Gaussian intensity distribution of the incoming pulse, in order to obtain a spatially rectangular
profile.

The diagnostic on the temporal shape of the pulses is achieved by the cross-correlation between
the 4th harmonic signal and the IR one. Finally, a system provides the required spatial stabilization
on the photocathode target.

The following tables show the parameters of the BriXSinO optical system.

Table 5.1: Harmonics parameters

Harmonic parameters
2nd harmonic 4th harmonic

Wavelength (nm) 517.5 258.75
Repetition rate (MHz) 92.857 92.857
Pulse duration (ps) 1.2 3
Power (W) 37 6

After shaping
Shape Rectangular
Dimension (mm) 0.5
Pulse duration (ps) 22
Rising time (ps) 1
Ripple (%) 10

Table 5.2: Cavity parameters

Free spectral range (MHz) 92.587
Input power (W) 100
Finesse 5000
Gain 2800
Mode width (kHz) 18
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The BriXSinO Proposal – The Recircula6ng Loop
The loop is based on a peculiar single achromatic cell
design, the BriXSinO’s DBA (Double Bend Achromat). 
The choice of a single repeated element within the arc
brings several ad- vantages: the use of common optics
and engineering solutions and fewer beam dynamics
issues to deal with. 

The peculiarity of this DBA is that it has quadrupole 
optics within the dispersed area. 
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Figure 3: BriXSinO general layout. From left: injector with DC gun, bunchers and radiofrequency
cavities. Low-energy (LE) dogleg with quadrupoles in red and dipoles in green. Two-way (or
ERL zone) SC linac that can be operated in the two-pass two-way acceleration or ERL mode.
High-energy (HE) dogleg. Recirculating loop (Arc), made by Double Bend Achromats (DBA),
hosting the light sources and bringing back the beam to the two-way zone. On left branch of the
arc: Fabry-Pérot (FP) cavity with Inverse Compton Scattering (ICS) source. On right branch of he
arc: Free-Electron Laser (FEL).

way to bring back the beam to the Superconducting modules. The arc lattice is constituted by 7
DBA (Double Bend Achromat). In the straight parts, it will host two experimental areas devoted
to ICS and THz FEL without any additional magnetic elements. BriXSinO’s beams travel the
cavity sequence twice, back and forth, and in different phase conditions. BriXSinO can therefore
operates in two different working modes. The first is the ERL working mode: an ad hoc path length
adjustment system synchronizes the coming back beam with the decelerating RF wave crest: the
electron beam is decelerated giving up its energy to the cavity radiofrequency. The second working
mode is the two-pass two-way acceleration mode fundamental for operation à la MariX [16]. The
beam is re-injected in the linac by the arc transport line, where the beam can be also compressed
avoiding emittance dilution [17]. This novel working mode, that will be tested in BriXSinO for the
first time, permits to save precious space while improving the efficiency by doubling the energy
exchange in the linac. All start-to-end beam dynamics simulations have been done by using the
codes ASTRA [18] and Elegant [19] coupled with the genetic algorithm GIOTTO [20]. BriXSinO’s
beams will possess similar levels of high brightness as other (non-ERL) Linacs, enough to drive
FELs and/or ICS, i.e. rms transverse normalized emittances in the µm range and relative energy
spreads in the 103 range. A list of BriXSinO’s electron beam characteristics, summarized in Tables
1 and 2, emphasizes different cases of operations, namely the ERL operation to demonstrate the
two-way acceleration foreseen in MariX (Table 1), the application to drive ICS at very large photon
flux (1012 photons/s) (Table 2, second column) and a kW-class THz FEL (Table 2, third column). A
further operation mode for BriXSinO is the use of its injector for fixed target experiments performed
with maximum electron energy of 10 MeV and 5 mA average current. The availability of such a
high intensity beam (50 kW) enables both experiments of flash therapy tests using electrons, with a
capability to irradiate samples with a delivered total charge in a 200 ms time interval up to 1 mC, as
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Figure 2.6: One BriXSinO’s DBA with its relative platform. The platform and magnets 3D sketch
are not in scale.

The BriXSinO recirculating loop abbreviated with the name of arc and hosting an Inverse
Compton Source (ICS) and a THz FEL radiators (see Figure 2.5) is based on seven DBA and four
quadrupoles after the ERL that represent the beam matching line to the arc itself. It follows a
description of different arc areas:

• The four quadrupoles matching line downstream the ERL is thought to properly control
beams traveling in both the directions backward and forward [13].

• The DBA works with two 30° dipoles and five quadrupoles into the dispersive regions. The
whole DBA length is about 3.1 m long and the peculiar configuration of five quadrupoles
into the dispersive region provides a very flexible tuning from the BD point of view, leaving
fully available the non-dispersive region, of about 0.6 m long, for the installation of different
diagnostic devices and equipment.

• The ICS (Inverse Compton Scattering) X-Ray source, named "Sors" is based on two
quadrupoles triplets, the first to focus the beam on the Interaction Points (IP), the sec-
ond to control its envelop after the IP. The two triplets are separated by a quite long distance
of 1.5 m to host the Fabry-Pérot Optical Cavity. Since these two triples are in mirror sym-
metry (having an identical transport matrix) we are in the condition that if we provide a
different focusing strength of electron beams at IP the out-coming beams will be restored to
the matched parameters at the DBA entrance.

• The THz FEL radiator named "TerRa" is injected by a proper quadruples triplet, as at the
radiators exit a triplet match the beam to the last two DBA’s.

This simulation considers an electron beam at the energy of 43 MeV and the DBA is matched
with the following parameters: bx = by and ax,y = 0. The DBA quadrupoles configuration is
presented in Table 2.4

This choice allows a linear arrangement of the cell
elements (dipoles and quadrupoles) and therefore
their installa@on on a single compact girder. The 
closed dispersion region has been reduced to a 
minimum compa@bly with the presence of beam
diagnos@c sta@ons. 
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The BriXSinO Proposal – The Site
BriXSinO has been conceived to be hosted by the 
Laboratorio Acceleratori e Supercondu;vità Applicata 
(LASA) located in Segrate.

The land where the LASA is located, along with the 
exis>ng buildings, belongs to the Università degli Studi di 
Milano and is presently occupied by the Is>tuto 
Nazionale di Fisica Nucleare (INFN) and hosts several
research ac>vi>es connected with the construc>on and 
the opera>on of par>cles accelerators. 

With the development of advanced technologies for 
superconduc>vity, cryogenics and the produc>ons of high 
intensity DC and RF electromagne>c fields, the 
laboratory has built unique competences that allowed
contribuCng with innovaCve components to large 
internaConal accelerator projects for high energy and 
applied physics. 

This strong background makes LASA an ideal site for the 
construc>on of an innova>ve research accelerator facility
such as BriXSinO. 

14.1 The underground building 147

Figure 14.2: LASA Aerial picture.

of the bunker door will take place mechanically through a movement system. The type of door seal
will also be defined in the executive design phase of the entire structure. This door will be sealed to
ensure the depression in the environment of the machine.

The experimental area will be separated from the accelerator bunker by a wall of adequate
thickness in which there will be holes through which the X-Rays and the THz radiation produced
by BriXSinO will reach the users experimental equipment.

In addition to the main access door to the bunker, an emergency exit will also be built on the
opposite side. Leaving this side, along a metal staircase, it will be possible to directly reach the
outside of the complex. There will also be a service tunnel on this side of the bunker (not shown in
the figure).

On the other long side of the bunker there will be the main service tunnel inside which some of
the ancillary accelerator devices (RF and cryogenics) will be placed. The dimensions of the bunker
are such as to allow the handling of these devices during the installation of the machine and for
maintenance operations.

The currently planned dimensions of the bunker are 40 m long and 14.5 m wide with an internal
height of 3.5 m. The dimensions of the area dedicated to the experiments are 14 m by 14 m, always
with a height of 3.5 m. Facing the experimental room there is a space of 14 m by 8.5 m usable as a
warehouse, bearing in mind that the arrival of service systems could be expected in this area. The
shaft to access the bunker is planned to have a length of 16.5 m and a width of 7 m.

To access the lower lever it is necessary to go down a flight of stairs and no type of apparatus
has been foreseen that can allow the descent and/or ascent of people in a mechanical way due to
lack of space.
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BriXSinO: Reports on ongoing R&D ac5vity
The activities have involved a total of 40 researchers, PhD students, technicians, organized in Working Groups, 
with a regular exchange of information via group meetings and seminars. 

The research and development activities on BriXSinO have included detailed start-to-end simulations of all aspects
of the project. Extended beam dynamics simulations have been performed using code ASTRA to investigate the 
optimum electron bunch size and its dependence on the laser spot size at the photocathode, the complete 
control of emittance and energy spread, the precision in the re-injection of the beam inside the linac. 

The code GIOTTO was used to drive the scan and the statistics and to optimize the beam both in the interaction
point of the ICS and at the entrance of the TeraHertz undulator. 

The problems connected to the travel of the beam in the arc have also been analyzed. 

A novel numerical tool named HOMEN, developed ad hoc, has been devoted to the study of the effect of the high 
order modes in the accelerator superconductive cavities, an open problem that could affect the 
performances of BriXSinO and, in general, of ERLs.
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BriXSinO: Reports on ongoing R&D ac5vity
The R&D ac5vi5es are not limited only to theore5cal and numerical analyses, but concern also an intense 
experimental program, focused on the Fabry-Pérot cavity and the photocathode. 

Their main objec1ves are to test the high Finesse Fabry-Pérot (FP) op5cal cavity, the amplifica5on system and the 
lines for the RF-Guns (harmonic + temporal and spa1al shaping + spa1al stabiliza1on) and to prove the possibility
of using a Cs2Te photocathode at 100 MHz repe55on rate and high average current (mAs scale). 
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Figure 5: Two color cavity: photo.

Table 3: Laser parameters.

Laser parameter ICS

Pulse energy (mJ) 2.7
Wavelength (nm) 1030
Pulse length (ps) 1.5
Repetition rate (MHz) 1300/14
Focal spot size (x,rms,µm) 90
Focal spot size (y,rms,µm) 80
Laser parameter a0 3.3⇥10�3

Collision angle (°) 7
Collision angle for two colors (°) 30

noise high-resolution cooled digital camera coupled to a high resolution crystal type scintillators to
efficiently convert the 9 - 37 keV photon energy into visible light.

The other zero dispersion region of the arc is occupied by undulators and THz cavity of the
Free-electron Laser Oscillator TerRa [15]. The two undulator sections have variable gaps, linear
polarization, peak magnetic field of about 1 T, periods of 4.5 and 3.5 cm respectively and length
of 1.75 m. The optical cavity embedding the undulators is composed by metal-coated (gold on
copper) mirrors with a total reflectivity of the order of 97% , with length is Lc = 12.92 m and round
trip of 25.84 m. The code GENESIS 1.3 [22] has been used, coupled to a tool for the evaluation
through the Huygens integral of the radiation round trip transport taking into account the details of
the whole optical line [8], to evaluate the radiation power.

Using an electron beam energy E = 40 MeV, the undulators both tuned at l = 20 µm, mirror
loss of 1.5%, extraction at 4%, energy jitters of 0.3%, pointing instability of 100 µm, intra-cavity
energy level of one-few hundreds µJ, leading to 3 - 17 µJ of extra-cavity energy and 0.15 - 0.7 kW
of output average power can be obtained. The radiation parameters are summarized in Table 5.
Figure 8 shows the temporal and spectral distribution of the intra-cavity radiation in single color
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Figure 9: Two color radiation. Top line: power distribution P(W) vs coordinate z(mm) on the left
and spectral amplitude (arbitrary units) vs l (µm) on the right for (a) E = 40 MeV l = 20 µm; (b) E
= 40 MeV, l = 35 µm; Bottom line: the same as in top line for (c) E = 25 MeV, l = 40 µm; (d) E
= 25 MeV l= 50 µm.

Figure 10: Radiation spot.

to shift the focus of the cavity by about 120 µm in 50 ms while keeping the cavity stabilized. The
image of the focus before and after the movement are shown in Figure 10. Figure 11 shows the
pre-amplifier.

The next steps of BriXSinO’s R&D will be the construction and testing of the line for RF-
guns at the LASA laboratory and the high power amplification test RF-Guns Line. The first
amplification stage has been achieved up to 100 W. The high repetition operation mode is the basic
operation mode of BriXSinO and the qualification of the Cs2Te photocathodes at 100 MHz is a
key passage. The main components of the test bench in installation at INFN LASA are: a DC gun
to sustain 100 kV with a dedicated UHV beamline with diagnostic insertions; high voltage and
high power components, in particular a 150 kV (at 3 mA) power supply; different photoemissive
materials produced in the photocathode laboratory at LASA; a high repetition rate laser able to
provide different pulse energies as well as different repetition rates. The state of the laboratory is
documented in Figure 12.
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Figure 11: Preamplifier system. The preamplifier is pumped forward by a 976 nm Photontec
(M976) laser diode, which supplies a maximum power of 60 W. Both pump light and seed pulses
are coupled to the fiber thanks to a Pump Combiner from AFR Company.

Figure 12: LASA laser laboratory: DC gun; 150 kV (at 3 mA) power supply; high repetition rate
laser.

Timetable and costs

The tentative and preliminary timetable of the project is illustrated in Figure 13. Construc-
tion/acquisition and commissioning and operation in R&D and test-mode will overlap for a period
of 3 years. All costs from the project preparation to the commissioning phase (i.e. prior to the start
of operation) are summed up in order to determine the total project cost (TPC). The contributes
to the TPC are summarized in VI (on the price basis of the year 2021) and are: the acquisition
and/or development of main instrumentation parts as described in the previous chapters; the cost for
commissioning the facility with beams; an additional personnel cost (not included in the TPC) cov-
ering allowances for personnel moving to work at LASA; the cost for personnel overheads related
to management and support. Note that recurrent costs during the construction phase (electricity,
water and Helium) are not included in the TPC since they have been assumed to be covered by the
LASA operation budget free of charge to the BriXSinO project. The same applies to the cryogenic
plant. The costs related to a dedicated building have been evaluated but they are not included in the
TPC, leaving this as a possible option compared to others that involve different reconfigurations
of the LASA laboratory. As part of the construction cost evaluation, every item in the budget list
is estimated within an expected lowest and highest price range based on the current knowledge
about the component or system. Using these price ranges, a statistical probability distribution of the
project construction cost can be derived. The estimated prices were chosen such that the estimated
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The BriXSinO Proposal 

Thanks !


