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Abstract: We present a conceptual design for a compact X-ray Source BriXS (Bright and compact
X-ray Source). BriXSs, the first stage of the Marix project, is an Inverse Compton Source (ICS) of
X-ray based on superconducting cavities technology for the electron beam with energy recirculation
and on a laser system in Fabry-Pérot cavity at a repetition rate of 100 MHz, producing 20-180 keV
monochromatic X-Rays devoted mainly to medical applications. An energy recovery scheme based on
a modified folded push-pull CW-5C twin Energy Recovery Linac (ERL) ensemble allows us to sustain
an MW-class beam power with almost one hundred kW active power dissipation/consumption.

Keywords: brixs; compton X-ray source; energy recovery

1. Introduction

BriXS (Bright and compact X-ray Source) [1] is a twin Compton X-ray source based on
superconductive cavities technology for the electron beam with energy recirculation and on a laser
system in Fabry-Pérot cavity at a repetition rate of 100 MHz, producing 20-180 keV radiation.

It has been conceived as the first acceleration stage of the X-ray FEL MariX [2]. MariX is an X-rays
FEL based on the innovative design of a two-pass two-way superconducting linear electron accelerator,
equipped with an arc compressor to be operated in CW mode at 1 MHz.

The double Compton X-ray sources will operate at a very high repetition rate of 100 MHz,
with 200 pC electron bunches, which means a very high average current of 20 mA.

These Compton sources are designed to operate with an electron energy range of 30-100 MeV,
which for a 20 mA of current means 2 MW. Such a high beam power cannot be dumped without
deceleration, and together with the CW (Continuous Wave) regime, it justifies foreseeing an ERL
(Energy Recovery Linac) machine, like in the CBETA ERL project [3].

The Compton source BriXs will serve a multitude of users in many fields of science and its
scientific case is described in detail in Reference [1].

Instruments 2019, 3, 49; do0i:10.3390/instruments3030049 www.mdpi.com/journal/instruments


http://www.mdpi.com/journal/instruments
http://www.mdpi.com
https://orcid.org/0000-0002-3037-7605
https://orcid.org/0000-0002-1305-6201
https://orcid.org/0000-0001-9160-8895
https://orcid.org/0000-0001-6606-4304
https://orcid.org/0000-0002-3022-3286
https://orcid.org/0000-0002-5767-3850
https://orcid.org/0000-0002-6216-8664
https://orcid.org/0000-0001-9409-0008
https://orcid.org/0000-0002-5695-698X
https://orcid.org/0000-0002-2494-8993
http://www.mdpi.com/2410-390X/3/3/49?type=check_update&version=1
http://dx.doi.org/10.3390/instruments3030049
http://www.mdpi.com/journal/instruments

Instruments 2019, 3, 49 2of 14

The focus on enabled applications by such an energy range and brilliance is on medical oriented
research/investigations, mainly in the radio-diagnostics and radiotherapy fields [4], exploiting the
unique features of monochromatic X-rays, as well as in micro-biological studies and within this,
mainstream, material studies, crystallography and museology for cultural heritage investigations.
In this paper, the layout and the typical parameters of the BriXS X-ray source will be discussed.

2. Machine Layout

The BriXS layout, shown in Figure 1, consists of two symmetric beam lines fed by two independent
photoinjectors, where two equal and coupled Energy Recovery Linacs (ERL) accelerate the electron
beams. Electron trains are extracted from the photo-cathodes Inj1 and Inj2 at the left side of Figure 1.
The two ERLs (named ERL1 and ERL2 in the Figure) accelerate and decelerate the electron trains
in an unconventional push-and-pull scheme. Bunches from Guns and travelling right away in the
Figure are accelerated, those coming back from the interaction points (IPs) are decelerated during the
energy recovery phase and brought simultaneously to a single beam-dump. Each Linac is therefore
traversed by two counter-propagating trains of electron beams, both gaining and yielding energy.
This push-and-pull coupled scheme permits the concurrent driving of two Compton X-ray sources with
the same degrees of freedom—in terms of energy and electron beam quality—as a Linac driven source,
with the advantage that the coupled ERLs scheme, fed by two independent RF systems, is more stable.
Due to the superconducting technology of the Linacs, the infrastructure works at a repetition rate of
100 MHz, corresponding to average currents up to 20 mA. CW electron Guns, capable of producing
such an average beam current, are not yet state of the art. Some of the most promising photo cathode
Guns [5] such as the Cornell DC Gun [6] and the RF CW Apex Gun [7] have been therefore compared
by simulations. Partial modifications of the beam lines to host additional Compton interaction points
are under study. BriXs should be considered a single folded ERL running two beams. This scheme
is more compact than two independent ERLs, with the necessity of fewer magnetic elements and,
therefore, a minor cost. An important advantage is that the present scheme provides two knobs for
adjusting the phases at the entrance of the linacs in the recovery stage, thus circumventing the necessity
of additional matching lines for running one single ERL at different energies.

Figure 1. Pictorial view of the BriXs layout: From the left side: Injl and Inj2: photocathodes. ERL1
and ERL2: Superconducting Linacs. FP1 and FP2: Fabri-Pérot cavities. IP1 and IP2: interaction points.
X-rayl and X-ray2: X rays beams, going towards Compton users areas.

3. Injector

Two twin injectors are present in BriXS. The injector layout of the BriXS/MariX common
acceleration beam-line, as sketched in Figure 2, is composed of the following accelerating and focusing
elements: 1. The CW RF Gun; 2. Two focusing solenoids; 3. One RF buncher; 4. Two linear accelerators
(linacs); 5. One RF linearizing RF cavity. Being two identical beamlines, we show and discuss only one
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from here on, for simplicity. The RF power source for each component of the BriXS injector operates in
Continuous-Wave (CW), since the high repetition rate (100 MHz) electron beam reaches an average
power of 120 kW at the exit, that is, energy up to 6 MeV and an average current of 20 mA. Therefore,
the choice of the RF system is based on the maximum average RF power that can be handled by the
RF devices. The CW RF-Gun and the RF Buncher are based on normal conducting (NC) technology
(copper structures), since the RF power dissipated inside the cavities, required to accelerate and to
bunch the electron beam with an energy of about 800 keV at the beginning, can still be handled by
using standard water-cooling systems. As a matter of fact, the APEX CW-RF Gun has already shown
operation at about 87 kW of average dissipated RF power with the possibility of operating up to
100 kW. As for the two linacs and the RF linearizer, where the high rep-rate beam is accelerated up to at
least 6 MeV, we have decided to use superconducting (SC) technology, since standard copper structures
are not able to dissipate the high average RF power that would be required. Indeed, the cavity wall
power consumption inside an SC structure is lower than an NC one by a factor of 10°~10°. The RF
power required by the injector elements represents the major part of the RF power needed for the
whole MariX machine. The main reason is the fact that the injector is a one-way acceleration beamline
and therefore no energy recovery scheme is employed.

CW RF-GUN nl:inic m:u:ccm
Linearizer
Solenoid Solencid (3.9 GHZ)
.[q . - C] ......
] ]
RF buncher Linac (1.3 GH2) Linac (1.3 GH2)
(1.3 GHz)

830 keV [ — > 6/7 MeV
Z=0cm Z=100cm Z=200cm Z=300cm Z=400cm

Figure 2. Injector layout for 1 beam-line, SuperFish 2D model.
4. Accelerator Section

The requirement for a CW beam structure imposes the choice of the Superconducting technology
for the accelerating section, in order to save on capital and operational costs because we want to
operate at an accelerating gradient of at least 15 MV /m. This technology has been developed over the
past thirty years and has now reached a mature status. The latest most important high repetition rate
or CW accelerator facilities (E-XFEL, LCLS-II, ESS, etc.) are now based on this consolidated technology.

The operation of the BriXS accelerator system requires a 100 MeV beam maximum energy at the
entrance of the beam line leading to the ICS photon machine. The BriXS beam is CW with a 20 mA
current (200 pC at 100 MHz) for each of the branches of the push-pull layout that allow operation of
this machine in energy recovery mode.

To provide the required 100 MeV energy boost, we need to consider two important aspects for
the selection of the accelerating structure, namely the requirement for RF operation and the effect of
the induced High Order Modes on the beam quality. The choice of the BriXS accelerating structure is
determined by the above considerations and by the performance already achieved in structures used
in installations similar to BriXS. We have evaluated, for this case, two experimentally tested different
cavity /module designs:

e ERL(KEK), 100 mA current target still to be demonstrated. The based accelerating unit is
a cryomodule with two 9-cells cavity design to suppress HOM-BBU up to the nominal current
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(theoretical limit is 200 mA). It has demonstrated an up to 1 mA CW operation with a 100.0 £ 0.03%
energy recovery and providing a 15 MV /m accelerating gradient. The TESLA-geometry cavity has
been modified to accommodate two HOM absorbers able to dissipate up to 150 W. These cavities
are operated at 2.0 K.

e  CBETA (Cornell), multi-pass ERL demonstrator, linac module tested, Design Report. Each module
consists of six 7-cell cavities, designed to operate in CW mode at 16 MV/m with a HOM-BBU
limit at 100 mA. Specifically designed HOM absorbers installed on both sides are able to handle
up to 400 W of dissipated power. These absorbers are isolated from the cavity and they are
eventually cooled with liquid nitrogen. The module has been successfully tested and has reached
the designed performances. The cryogenic operation temperature for this project is 1.8 K.

In order to contain the overall module footprint, a solution adopting a single cryomodule hosting
the required number of cavities is preferable. This would suggest exploring the opportunities offered
by the six-cavities CBETA cryomodule given its demonstrated performance. However, with a 0.81 m
single cavity active length, the CBETA cryomodule would yield a 77.8 MeV energy gain when operated
at 16 MV /m accelerating gradient. An eight 7-cells cavities geometry CBETA cryomodule appears to be
needed to fulfill the energy gain requirements for BriXS. It is clear that, while the CBETA cryomodule
remains a reference design (see Figure 3), dedicated developments are needed for the current project.

Figure 3. Layout of the CBETA cryomodule with six 7-cells cavities. The overall length is about 9 m.

Dealing with the cryogenics losses, we need to include the dynamic losses as well as the
HOM power. The cryogenic dynamic losses per single cavity, based on the previous parameter
set, are expected to be 9.3 W. For the HOM power, in the non-resonant monopole case, the CBETA
cavity has a longitudinal loss factor of 14.7 V/pC [3]. Based on this parameter, the estimated loss
power is 117 W per cavity. This value can be reasonably handled by a CBETA-like solution for the
HOM absorber made of SiC material and with a cooling jacket held at 80 K.

It is then clear that, if we opt to start from a proofed and operating cavity and cryomodule design,
the CBETA layout guarantees these points and allows a smaller total length with respect to a solution
like cERL. It is worth noting that modifications of the original CBETA design are necessary to reach the
requested 100 MeV energy gain by implementing an 8 cavities per module structure. On the cavity side,
we should keep in mind that the 2 x 10'? unloaded quality factor is achieved by operating the cavity at
1.8 K, while we are now aiming at operating BriXS at 2.0 K. While the CBETA cavity has shown to reach
our specification also at 2.0 K, we are now considering introducing an Electro Polishing process in the
cavity treatment procedure (well established in the XFEL production). This will help BriXS achieve
higher Qg values and will give us more confidence in reaching the design unloaded Q value. In Table 1,
we summarize the BriXS requirements and the accelerating section design parameters. The electron
beam at the Linac exit parameters are shown in the Table 2.



Instruments 2019, 3, 49 5o0f 14

Table 1. BriXS cavity operational parameters.

Parameter Value
Accelerating structure Standing Wave
Accelerating mode TMyq,0 7
Fundamental frequency [GHz] 1.3
Energy gain per cavity [MeV] 12.5
Accelerating gradient Ezec [MV/m] 15.6
Intrinsic quality factor Qg 2 x 1010
Loaded quality factor Qj,.4 3.25 x 107
Cavity half bandwidth at Q;,,s [Hz] 20
Operating temperature [K] 1.8 (2.0)
Number of cells 7
Active length [m] 0.810
R/Q (fundamental mode) [Ohm] 774
RF power per cavity [kW] 2.85
Dynamic cryogenic losses per cavity [W] 9.3
HOM cryogenic losses per cavity [W] 117
Cavity total longitudinal loss factor for ¢ = 0.6 mm [V/pC] 14.7
Q[pC] 200.0
founcn IMHz] 100
Average current [mA] 20

Table 2. Electron beam parameters at the Linac exit.

Electrons average energy [MeV] 30-100
Bunch charge [pC] 100-200
Nominal normalized €px, €4y [mm mrad] 0.6-1.5
Nominal relative energy spread o, % 1.0x1072-1.0 x 10!
Bunch length rms [pum] 400-900
Repetition rate [MHz] 100

5. Electron Beam Lines

The top view projection of the BriXs scheme in the present configuration with two interaction

points (IP) and the floor position of the magnetic elements is shown in Figure 4. Each branch of the
two BriXs beam lines, depicted in Figure 5, includes the following sections:

1.

a quadrupole triplet (Q1, Qp, Q3 in Figure 4), located downstream the SC Linac ERL1, matches the
beam to the first chicane and allows for quadrupole-scan emittance diagnostic; electron bunches
travel through these elements in both directions, outgoing from the accelerator or backwards
from the specular path;

a dog-leg chicane, composed of two 20° dipoles (BD;, BD,) and three quadrupole lenses (QD1,
QD;, QD3 in Figure 4) closing the chicane dispersion, transports the beam to the IP line;

the IP region includes two strong focusing triplets (QIP;,QIP,,QIP; and QIP;,QIP5,QIPs in
Figure 4), symmetrically installed w.r.t. the IP, and the 1 m long Fabri-Pérot Optical Cavity.
This section has identity transport matrix, so different focusing settings at IP can be adopted
without affecting the magnetic elements downstream. The electron beam rms transverse
dimensions from the Linac exit to the interaction point are shown in Figure 6;

a double bend achromat (DBA) section with two 90° dipoles (BDA; and BDAj) and three
quadrupoles (QDBA;1, QDBAj, QDBA3) deflects the beam by 180° and closes the dispersion at
its end;

a long dog-leg chicane with two 20° dipoles (BD3; and BDjy, similar to BD; and BD;) translates
the beam to the second SC Linac; the QLD;, QLD,, QLDs triplets provide control the clearance
of the first quads to avoid interference at the X-cross of the two beam lines;

the triplets “1” in Figure 5 are identical and specular structures.
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Figure 4. BriXs top view with floor coordinates of the beam line magnetic elements.

Figure 5. Scheme of the magnetic elements of a single BriXs beam line.
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Figure 6. Transverse rms size 0y (mm) (in blue) and ¢y (mm) (in red) as a function of the distance s
from the Linac exit.
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Each of the electron beam lines has been designed so that the dispersion is closed at the IP region
(see Figure 7, top left), at the exit of the DBA (4), where a diagnostic station will be installed and at the
exit of the second chicane (5) in order to optimize the beam injection in the recovery Linac. Figure 7
shows the transverse dispersions (top left box), the normalized emittance (top right box), the beta
functions (bottom left box), and the transverse sizes (bottom right box) as a function of the distance
s along the beam line from the Linac exit. The quadrupole strengths K1 of the various elements are
reported in Table 3 for an electron energy of 100 MeV beam energy.

x1 0’

. . %
First triplet
1.5} ; First chicane

—n,

Second chicane :
; iSecond triplet

LR B

llP regioﬁ ‘DBA’“

—_
W
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(=)

8nxagny (Il’l rad)
=]
W

0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
s (m) s (m)
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5000 o 10
_gx
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—_ = 2
g u H £
N’ >
> 0 el i ; © 0
el | ;‘ |
9] ©
= ol
-4 :T
.
-5000 LA S ! -6 I S N !
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

s (m) s (m)

Figure 7. Transverse dispersions (top left box), normalized emittances (top right box), beta functions
(bottom left box), and transverse sizes (bottom right box) as a function of the distance s along the beam
line from the Linac exit.

Table 3. Quadrupole parameters set.

First Triplet IP line DBA
Quadrupole K1 (1/m?) Quadrupole K1 (1/m?) Quadrupole K1 (1/m?)
Q1 6.83 QIpy —21.00 QDBA; —2.24
Q2 —15.78 QIP, 31.97 QDBA, 8.74
Q3 12.71 QIPs —29.55 QDBA; —6.35
First chicane QIP, —10.55 Second chicane
QDy -9.21 QIPs 21.88 QLD; 6.33
QD, 18.68 QIP, —10.59 QLD, —5.35

QD; -10 QLD; 6.33
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The transport of the electron beam from the exit of the first ERL, through the IP to the entrance of
the second ERL has been performed by Elegant [8] and is part of start to end simulations.
The main electron beam parameters at the IP are collected in Table 4.

Table 4. Electron beam parameters at the Compton IP.

Electrons mean energy [MeV] 100
Bunch charge [pC] 200
Nominal normalized €y, €ny [mm mrad] 1.2-1.2
Nominal relative energy spread o, % 1.6 x 102
Focal spot size oy,0y [um] % 19.4-23.4
Bunch length rms [pum)] 440

Table 5. Table of laser parameters.

Laser pulse energy (m]) 7.5
Laser pulse length [psec] 2
Laser focal spot size w0 RMS [pm] 50
Laser parameter a, 0.2
Collision angle [deg] 7-10

6. Laser System

The optical system of MariX is designed to guide both the Compton and the FEL sources with
the use of a single laser oscillator. Concerning the Compton source, the laser system delivers the two
100 MHz outputs at 257.5 nm for the two RF-guns and that at 1030 nm for the high finesse cavity.
The whole laser is based on Yb-fiber active medium in order to reach the high mean power due to
the 100MHz reprate of the system. This system allows for direct pumping with semiconductor lasers
at 975 nm, resulting in a high overall efficiency, relatively low cooling requirements and a compact
footprint. The output dedicated for the FEL is based on the same technology but the repetition rate is
reduced at IMHz by a commercial amplitude modulator based on a integrated-optical wave guides
Mach-Zender interferometer. In Figure 8 the scheme of the laser system is shown. The oscillator is
a commercial mode-locked Yb-fiber laser that delivers a train of pulses at 100 MHz and 1030 nm.
Then we have three amplifier systems respectively dedicated to the high finesse cavity, the two RF-guns
for the Compton and the line for the FEL system that drives one of the two RF-guns. The amplifiers are
based on the CPA (chirped pulse amplification) scheme. The stretcher and the compressor are made by
two CVBG (chirped volume Bragg grating) devices and the gain medium is based on a LMA (large
mode area) fiber doped with Yb. With this scheme it is possible to reach the required mean power
of 200 W with very high stability. The fiber technology, beside the thermal advantages, allows us to
obtain both optimal spatial quality and pointing stability, and this is of fundamental importance to
coupling efficiently the high finesse cavity and to drive the RF-guns. In order to generate the electron
bunches by photo-emission the amplified radiation is upconverted up to the 4th harmonic (257.5 nm)
by two non-linear crystals, one LBO crystal in non-critical phase matching configuration, and a couple
of CLBO crystals. Both the temporal and the spatial shaping of the laser pulse are implemented in
order to reach the minimum level of the emittance in the electron bunches. The temporal shaping is
obtained by the stacking method [9] with three alpha-BBO crystals and the spatial shaping is based
on a commercial pi-shaper device and an imaging system. The repetition rate of the laser oscillator
is stabilized with respect to an external reference by a feedback system. In the case of the Compton,
the external reference could be an RF reference but in the case of a pump and probe experiment
with the FEL system, due to the demand of a timing at fs level [10], we need to stabilize the laser by
a balanced cross correlator [10] with respect to an optical master oscillator. A second feedback system
is needed in order to stabilize the high finesse cavity with respect to the laser oscillator. This second
feedback is based on the PDH (Pound Drevel Hall) [11] method and a f2f system [12]. The first one is
exploited in order to stabilize the repetition rate of the high finesse cavity and the second one in order
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to remove the carrier-envelop-offset from the oscillator spectral comb and in turn to superimpose the
oscillator spectral comb with that of the cavity.

’
Ext. ref Amplifier 1

e ) N
Yb-LMA fiber 4 mirrors
Feedbacksys.1 200W, 100MHz Bow-tie cavity
_ J Y,
Oscillator l T Amplifier 2 FP-cavity
( () (Tem oral RIS
Yb-fiber, 1030nm Yb-LMA fiber E 5
14w [>| spatial c
100MHz 200W, 100MHz ) | . S
shaping b7
\ J L
100mHz  Amplifier 3 257.5nm
e N\ () N
b-LMA fiber Temporal |
AM ) >4 [>| spatial —>m
1MHz LW M2 shaping
& J LJ \

Figure 8. General layout of the optical system.

7. High Finesse Cavity

The high finesse cavity we are planning to use for the Compton is a 4 mirrors bow-tie cavity in
the crossed configuration (see Figure 9).

M4 M3

X-Rays

M2 M1

Figure 9. Scheme of the 4-mirrors bow-tie cavity.

The mirrors M1 and M4 are plane and the mirrors M2 and M3 are concave with a radius of
curvature of 750 mm. This kind of cavity allows us to obtain a very high mechanical stability and
also provides high flexibility for the adjustments of the cavity round trip frequency (witch must be
matched to that of the electrons, that is fixed at 100 MHz) and the laser beam waist. Indeed, it turns
out that a length variation between the two flat mirrors changes the cavity round trip length without
noticeably changing the laser beam waist. The laser beam waist can thus be set by tuning the distance
between the two spherical mirrors independently of the cavity round-trip length. Moreover, when this
cavity operates near the edge of the confocal configuration we obtain at the same time the minimum
dimension in the focal point and the maximum dimension on all the 4 mirrors allowing the working
at the very high mean power required for the Compton, staying below the damage threshold of the
mirrors. We plan to inject the cavity with 200 W in order to obtain an internal mean power of 500 kW
by a gain factor of 2500. In order to minimize the thermal deformation [13], and in turn the variation
of the mirrors radius of curvature, the substrate of the mirrors M2, M3, M4 is made of ULE (ultra low
expansion material) and that of the M1 mirror of Sapphire to transmit efficiently the input beam.
Due to the mirror’s encumbrance the collision angle will be around 7 degrees and this introduces
an ellipticity in the cavity as a function of spatial shift §H between two curved mirrors (M2 and M3)
mode as shown in Figure 9 due to the incidence angle on the curved mirrors. The parameters of the
laser at IP are shown in the Table 5.
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8. Expected Performance

The working point is the result of a full start-to-end simulation along all the BriXs electron beam
line, from the photocathode to the radiation detector. The electron bunch parameters at IP used in this
simulation, as well as the laser and the radiation characteristics, are presented in the first seven lines of
Table 6. The Compton emission has been simulated using the Monte Carlo code CAIN [14].

Table 6. Parameters of start to end simulations for the high energy WP.

Electron Beam Parameters

Electrons mean energy (MeV) 100
Bunch charge (pC) 200
Normalized emittance €xyx, €ny (emitt) 12,12
Relative energy spread og/E 1.6 x 1072
Bunch length rms (um) 440
Focal spot size oy, 0y (pm) 194,234
Repetition rate (MHz) 100
Laser Parameters
Laser pulse energy (m]) 7.5
Laser wavelength (nm) 1030
Laser pulse length (ps) 2
Laser focal spot size wp, (um) 40
Laser focal spot size wp, (um) 80
Collision angle (deg) 7
y-ray Photon Beam Parameters
Relative bandwidth rms % 1 5 10
Absolute bandwidth rms (keV) 1.98 8.66 16.01
Absolute bandwidth FWHM (keV) 3.51 22.7 47.67
Collimation angle 6,5 (mrad) 0.6 2.08 3.3
Peak photon energy (keV) 183.4 182.4 180.4
Mean photon energy (keV) 181.0 170.4 158.7
Photon number per shot Nt,; 25 % 10°
Photon number per shot after collimation Ny, 5 x 105 47 x10* 8.4 x 10*
Source rms size 0y, oqy atIP (um) 19.6,16.7
Source rms divergence o, x/,0+y (rad) 0.3,0.3 1.0,1.0 1.6,1.3
Source rms divergence 0,5 (urad) 0.42 141 2.08
Spot Size at 10 m (mm) 3.0,3.0 105,944 16.3,13.0
Rad. pulse length o, (ps) 1.35

The distribution of the scattered photon total number is presented in Figure 10 as a function of the
photon energy Ep;. In all cases, the emission of X-rays photons at a maximum value of 180 keV does
not deteriorate the quality of the electron beam, because the electron recoil is negligible with respect
to the initial energy spread. In any way, this effect is taken into account in all simulations. The total
number of emitted photons in the full solid angle attains 2.5 x 10° per shot. Due to the boosted nature
of the Compton back scattering process,

B 2E;9? (1 + cosag)

ph = 1+ 1202 ’
where 1 is the electron Lorentz factor, ag is the interaction angle, 6 is the emission angle, the radiation
exhibits an energy-angle correlation with the most energetic photons emitted on axis, while the outer
regions are occupied by low energy photons. This feature makes it possible to get monochromatic
radiation by inserting irides or collimators along the path of the radiation, selecting therefore only the
photons within a given collimation angle 6,4y.

)

Figure 11 presents the spectrum of the radiation collimated respectively in the angles: 8,,,x = 0.6
mrad, leading to a bandwidth of 1%, 6,y = 2.9 mrad with bw = 5% and 0,y = 3.9 mrad with
a corresponding bandwidth of 10%. The number of collimated photons per shot, about 5 x 10° in 1%
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bandwidth, increases to 4.7 x 10* for 5% of bandwidth and to 8.4 x 10* for 10% of bandwidth, giving
respectively 5 x 101, 4.7 x 10'2 and 8.4 x 10'? photons per second.

The dependence of the number of the scattered photons N, bandwidth bw and average Stoke
parameter < Sy > on the collimation angle 6,,, is reported in Figure 12. The polarization [15] slightly
decreases with increasing angles but remains always well above 80% in total and even more in the
collimated region. The photon intensity on a screen perpendicular to the electron beam at various

distances are presented in Figure 13.
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Figure 10. Spectrum of uncollimated scattered photons for the high energy case with electron energy
E. =100 MeV.
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Figure 11. Spectrum of collimated scattered photons for the high energy case E. = 100 MeV.
Violet histogram: bw = 10%, 0,0y = 3.3 mrad; magenta histogram: bw = 5%, 00 = 2.08 mrad;

grey histogram: bw = 1%, 00y = 0.6 mrad.
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Figure 12. High energy case E. = 100 MeV. (a) Number scattered photons, (b) bandwidth and (c)
average Stoke parameter as function of collimator angular aperture 6,4x.
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Figure 13. Photon intensity on a screen perpendicular to the electron beam. (a): at the interaction point
(IP); (b): at 10 m from the source; (c) at 100 m. The red circle delimits the region inside the 6 =1/
acceptance angle.

The electron beam parameters, as well as the laser and radiation characteristics, are reported
in Table 7 for the low energy working point. Consistent with the results from the injector and Linac
simulations, we assumed for this case an E, = 33.5 MeV electron beam, an emittance slightly larger
than the previous case and a higher energy spread, with therefore an overall lower quality. The focusing
was slightly increased, reaching values of 0y, ~ um, to compensate for those characteristics. However,
the bandwidth is dominated toward the lower values by the larger emittance and energy spread and
cannot be lowered below 2 — 3%. The total number of photons turns out to be 3.2 x 10°, while the
collimated photons in # = 5.4 mrad and in 6 = 9.55 mrad (corresponding to 5% and 10% of bandwidth)
are respectively 4.7 x 10* and 10° per shot. Regarding the photon flux, we have 4.7 x 10'2 for 5% of
bandwidth and 10'3 for 10%. Important applications require two color operation and therefore all
Compton sources, based on both operation in Fabry-Perot cavities and on single laser shot, consider
various different techniques for producing such radiation. As per Equation (1), the energy of scattered
photons also depends on the initial collision angle &(. This dependence can be exploited, conceiving
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a two color radiation scheme based on the use of two laser pulses impinging on the same electron
beam at two different angles [16]. The potentialities of this scheme can be improved by using laser
pulses carrying different polarizations. Furthermore, the extension to the production of a sequence
of two different colors and time separated X-ray pulses is important for adjusting the time needed
by the detectors to record and load two images at two different colors, which is mandatory for
digital subtraction.

Table 7. Simulations for the low energy WP.

Electron Beam Parameters

Electrons mean energy (MeV) 335
Bunch charge (pC) 200
Normalized emittance €,x, €ny (mm mrad) 15,15
Relative energy spread o. % 0.2
Bunch length rms(um1) 450
Focal spot size oy, 0y (pm) 15,15
Repetition rate (MHz) 100
Laser Parameters
Laser pulse energy (m]) 7.5
Laser wavelength (nm) 1030
Laser pulse length (ps) 2
Laser focal spot size wo, (1) 40
Laser focal spot size wgy (1) 80
Collision angle (deg) 7
y-ray Photon Beam Parameters
Relative bandwidth rms (%) 5 10
Absolute bandwidth rms (keV) 0.98 1.81
Absolute bandwidth FWHM (keV) 2.51 5.78
Collimation angle 6,5, (urad) 541 9.55
Peak photon energy (keV) 20.7 19.6
Mean photon energy (keV) 19.3 17.9
Photon number per shot Ny, .t 32 x 10°
Photon number per shot after collimation Ny, 4.7 x 10* 10°
Source rms size 0y, 0y at IP (um) 19.5,17.4
Source rms divergence Ty oy (prad) 27,25 19,17
Source rms divergence 0,5 (urad) 3.7 6.0
Spot Size at 10 m (mm) 27.0,25.3 47.0,38.7
Rad. pulse length o, (ps) 1.34

9. Conclusions

In this paper, the conceptual design of the compact X-ray Source BriXS (Bright and compact
X-ray Source) is presented. BriXS, the first stage of the Marix project, is a Compton X-ray source
based on superconducting cavities technology for the electron beam with energy recirculation and on
a laser system in Fabry-Pérot cavity at a repetition rate of 100 MHz, producing 20-180 keV radiation
for medical applications. An energy recovery scheme based on a modified folded push-pull CW-5C
twin Linac ensemble allows us to sustain MW-class beam power with almost one hundred kW
active power dissipation/consumption. 5 x 10*~10° collimated photons per shot in a bandwidth of
5-10% are produced with 10® repetition rate for a total amount of more than 10'3 photons per second,
a performance comparable to the most advanced X-ray sources. An adjoint possibility is the production
of two color radiation for an image application.

Author Contributions: Conceptualization of the source: L.S.,, VP, ARR., A.B. (Alberto Bacci), PM., S.C.;
Conceptualization of the applications and definition of the scientific case: L.S., P.C., M.G., G.M., G.P.,; Methodology:
LD., A.B. (Alberto Bacci). S.C., L.E, D.G. (Dario Giannotti), D.G. (Dario Giove), PM.,LM.,RP, VP, M.RC, ARR,,
AS. ES., LS, Software: L.F,, EP, M.R.C.; Formal analysis: V.P,; Investigation, all authors resources, S.C.; Data

curation, L.E, D.G.,, M.R.C,, ES,, A.S.; Writing—original draft preparation, I.D., V., S.C., L.F,; Writing—review
and editing: all authors; Supervision, L.S., V.P, S.C.; Funding acquisition, L.S.



Instruments 2019, 3, 49 14 of 14

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

MARIX Conceptual Design Report. Available online: www.marix.eu (accessed on 7 September 2019).
Serafini, L.; Bacci, A.; Bellandi, A.;Bertucci, M.; Bolognesi, M.; Bosotti, A.; Broggi, F.; Calandrino, R.;
Camera, F; Canella, F.; et al. MariX, an advanced MHz-class repetition rate X-ray source for linear regime
time-resolved spectroscopy and photon scattering. Nucl. Instrum. Methods Phys. Res. 2019, 930, 167-172.
[CrossRef]

Hoffstaetter, G.; Trbojevic, D.; Mayes, C. CBETA Design Report; BNL-114549-3027-IR; Brookhaven National
Laboratory: Upton, NY, USA, 2017.

Mettivier, G.; Drebot, I.; Bacci, A.; Petrillo, V.; Rosetti, M.; Rossi, A.; Serafini, L.; Calandrino, R.; Cattaneo, M.;
Fiorini, C.; et al. [OA192] Kilovoltage rotational radiotheraphy with the marix/brixs source for partial breast
irradiation. Phys. Med. 2018, 52, 74. [CrossRef]

Dunham, B.; Barley, J.; Bartnik, A.; Bazarov, I.; Cultrera, L.; Dobbins, J.; Hoffstaetter, G.; Johnson, B.;
Kaplan, R.; Karkare, S.; et al. Record high-average current from a high-brightness photoinjector. Appl. Phys.
Lett. 2013, 102, 034105. [CrossRef]

Gulliford, C.; Bartnik, A.; Bazarov, I.; Dunham, B.; Cultrera, L. Demonstration of cathode emittance
dominated high bunch charge beams in a DC gun-based photoinjector. Appl. Phys. Lett. 2015, 106, 094101.
[CrossRef]

Sannibale, F; Byrd, J.; Filippetto, D.; Johnson, M.; Li, D.; Luo, T.; Mitchell, C.; Staples, J.; Virostek, S. Upgrade
Options Towards Higher Fields and Beam Energies for Continuous-Wave Room-Temperature VHF RF Guns.
In Proceedings of the 9th International Particle Accelerator Conference, Copenhagen, Denmark, 14-19 May
2017; JACoW: Geneva, Switzerland, 2017; pp. 542-544.

Borland, M. Elegant: A flexible SDDS-compliant code for accelerator simulation. In Proceedings of the
6th International Computational Accelerator Physics Conference (ICAP2000), Darmstadt, Germany, 11-14
September 2000.

Sharma, A K,; Tsang, T.; Rao, T. Theoretical and experimental study of passive spatiotemporal shaping of
picosecond laser pulses. Phys. Rev. ST Accel. Beams 2019, 12, 033501. [CrossRef]

Schulz, S.; Grgura$, I.; Behrens, C.; Bromberger, H.; Costello, ].T.; Czwalinna, M.K.; Felber, M.;
Hoffmann, M.C; Iichen, M.; Liu, H.Y,; et al. Femtosecond all-optical synchronization of an X-ray free-electron
laser. Nat. Comm. 2015, 6, 5938. [CrossRef] [PubMed]

Black, E.D. An introduction to Pound-Drever-Hall laser frequency stabilization. Am. |. Phys. 2001, 69, 79.
[CrossRef]

TelleG, H.R.; Steinmeyer, G.; Dunlop, A.E.; Stenger, J.; Sutter, D.H.; Keller, U. Carrier-envelope offset phase
control: A novel concept for absolute optical frequency measurement and ultrashort pulse generation.
Appl. Phys. B 1999, 69, 327. [CrossRef]

Carstens, H.; Lilienfein, N.; Holzberger, S.; Jocher, C.; Eidam, T.; Limpert, J.; Ttinnermann, A.; Weitenberg,
J.; Yost, D.C.; Alghamdi, A. Megawatt-scale average-power ultrashort pulses in an enhancement cavity.
Opt. Lett. 2014, 39, 2595. [CrossRef] [PubMed]

Chen, P; Horton-Smith, G.; Ohgaki, T.; Weidemann, A.W.; Yokoya, K. CAIN: Conglomerat d’ABEL et
d’Interactions Non-lineaires. Nucl. Instrum. Methods Phys. Res. 1995, 355, 107-110. [CrossRef]

Petrillo, V.; Bacci, A.; Curatolo, C; Drebot, I.; Giribono, A.; Maroli, C.; Rossi, A.R.; Serafini, L.; Tomassini, P,;
Vaccarezza, C.; et al. Polarization of x-gamma radiation produced by a Thomson and Compton inverse
scattering. Phys. Rev. ST Accel. Beams 2015, 18, 110701. [CrossRef]

Drebot, I; Petrillo, V.; Serafini, L. Two-colour X-gamma ray inverse Compton back- scattering source. EPL
2017, 120, 14002. [CrossRef]

® (© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


www.marix.eu
http://dx.doi.org/10.1016/j.nima.2019.03.096
http://dx.doi.org/10.1016/j.ejmp.2018.06.264
http://dx.doi.org/10.1063/1.4789395
http://dx.doi.org/10.1063/1.4913678
http://dx.doi.org/10.1103/PhysRevSTAB.12.033501
http://dx.doi.org/10.1038/ncomms6938
http://www.ncbi.nlm.nih.gov/pubmed/25600823
http://dx.doi.org/10.1119/1.1286663
http://dx.doi.org/10.1007/s003400050813
http://dx.doi.org/10.1364/OL.39.002595
http://www.ncbi.nlm.nih.gov/pubmed/24784054
http://dx.doi.org/10.1016/0168-9002(94)01186-9
http://dx.doi.org/10.1103/PhysRevSTAB.18.110701
http://dx.doi.org/10.1209/0295-5075/120/14002
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Machine Layout
	Injector
	Accelerator Section
	Electron Beam Lines
	Laser System
	High Finesse Cavity
	Expected Performance
	Conclusions
	References

