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High Gradient path

» X-band Technology for FEL's (Compact Light Project)
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INTRODUCTION

d An  Accelerator system accelerates
charged particles by means of electrical
and /or magnetic fields

(1 Two basic categories are available:

() Linear Accelerators

1 Circular Accelerators
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LINEAR ACCELERATORS

follow a straight trajectory ending
with fixed target or interaction
points with co-propating or
counter propagating beams, or
coherent radiation sources like
magnetic undulators

In Linear Accelerators the particles

/

The longitudinal extension of a
linear accelerator can range
between few centimeters and

desidered final energy and the
application

some kilometers depending on the

/




In Circular Accelerators the
particles follow a circular path,
typically at very high energies and
can circulate for very long time

/

The path along a circular
accelerator can be very long, up
to tenths of kilometers, and
particles of opposite charge travel
in opposite directions, eventually
colliding in specific experimental

zones

/

CIRCULAR ACCELERATORS




LINEAR
ACCELERATORS
APPLICATIONS

* Colliders and Synchrotron /

Injectors

[3]

* Free Electron Lasers
* Spallation Sources
* Medical Applications

[7]
* National Security —— [N

* Industrial Applications: |

* lon Implantation, Material —

(FMIF LIPAc: Linear IFMIF Prototype Accelerator R A
Deuteron beam: I=125 mA P=1.125 MW [9]

treatment, Food Treatment ——

Testing for Fusion Reactors
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BRIEF HISTORICAL OVERVIEW

Electrostatic Accelerators

X-ray tubes: David Coolidge
achieved 900 keV electron
beam energy with three X-
ray tubes in series (Coolidge
Tube)

Cockroft-Walton accelerators
reached 400 kV for the first
nuclear man induced
transmutation: p + Li — 2 He.

Maximum achievable voltage
~ 1MeV

Van de Graaff developed the
electrostatic charging

accelerator. Today the maximum

achievable voltage is ~ 25MeV
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BRIEF HISTORICAL OVERVIEW

Electrostatic Accelerators

Tungsten Anode

* 1926 X-ray tubes: David Coolidge
achieved 900 keV electron
beam energy with three X-

ray tubes in series (Coolidge
Tube)

* 1930  Cockroft-Walton accelerators
reached 400 kV for the first
nuclear man induced
transmutation: p + Li — 2 He.

Maximum achievable voltage
~ 1MeV

* 1931  Van de Graaff developed the
electrostatic charging
accelerator. Today the maximum
achievable voltage is ~ 25MeV




BRIEF HISTORICAL OVERVIEW

Electrostatic Accelerators Radio-Frequency Accelerators

. . July 6, 1954 . 2,683,216
* 1928 Based on the G. Ising idea (1924) of ™" wumpdil e mee

REVERSING POTENTIAL FIELDS
Filed Aug. 6, 1947 2 Sheets-Sheet 1

particle  accelerated by means of -
alternating radio-frequency fields,
R.Wiederoe realised the first RF
Tube) - accelerator applying a sine-wave voltage to
a series of drift tubes by means of a 1
MHz, 25-kV oscillator, producing 50-kV
potassium ions

* 1926 X-ray tubes: David Coolidge
achieved 900 keV electron
beam energy with three X-
ray tubes in series (Coolidge
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* 1930  Cockroft-Walton accelerators
reached 400 kV for the first
nuclear man induced
transmutation: p + Li — 2 He.

Maximum achievable voltage
~ 1MeV

1932  Lawrence’s cyclotron produced 1.25
MeV protons

1948 L. Alvarez-WKH. Panofsky constructed
the first 32 MV drift-tube linac for protons

1950-1990 Thanks to the RF technology progress
since the |l World War end in producing
magnetron and klystron amplifiers up to
1 MW at 3 GHz the Stanford Linear
Accelerator reached 1.2 GeV in early
1950 and with the 3.2 km linac project
completed in 1966, the final energy of 50
GeV was reached in 1989

* 1931  Van de Graaff developed the
electrostatic charging
accelerator. Today the maximum
achievable voltage is ~ 25MeV




BASIC EQUATIONS: THE LORENTZ FORCE

d — p = momentum
_p — (E + «D’ X E)) U = velocity
dt = ( m = mass

q = charge

Acceleration = Longitudinal Beam Dynamics Bending/Focusing = Transverse Beam Dynamics

o




MAIN COMPONENTS 1.PARTICLE SOURCE

1.1.1 Thermionic Gun

Filament current
x|~ Supply

WehFlt N =
<. Bias
‘ ‘ 'Si\resistor
O high
voltage
[ ] " “supply
Filament Cross-over
anode
N | —

In the simplest configuration (above) the cathode of a
hairpin W filament is electrically heated (2800K) in
vacuum (103 Pa) so as to emit thermoelectrons. The
emitted electrons are accelerated by a high voltage
applied to the anode up to a desired energy. The
electric current is controlled by a bias voltage applied
to the Wehnelt electrode.

1.1.2 Field Emission Gun

Flashing power supply

1

Extraction|voltage

+
Emitter

Extraction anode A

Acceleration anode I '

Acceleration voltage

A single crystal W tip is used as the cathode (emitter)
of the field-emission electron gun (FEG). The strong
electric field is generated around the emitter tip for
the electrons in the solid to emit from the solid
surface. The gun is operated in an ultra-high vacuum of
10-8 Pa to avoid contamination of the tip due to residual
gases. Since the emitter is operated at room
temperature, this is called a cold-cathode emitter.



MAIN COMPONENTS 1.PARTICLE SOURCE

Beam quality key Parameters: \

1.2 - Photo Guns Perveance P = A , I is the current in A, and U, the
U 2
ELECTRON SOURCES: RF PHOTO-GUNS ¢ : :
accelerating voltage in V
RF guns are used in the first stage of electron beam generation in FEL and
acceleration. Brightness B = —~ , ¢ is the transverse space beam emittance
*  Multi cell: typically 2-3 cells T
* SW t mode cavities

* operate in the range of 60-120 MV/m cathode peak accelerating field
with up to 10 MW input power.

* Typically in L-band- S-band (1-3 GHz) at 10-100 Hz.

*  Single or multi bunch (L-band)

* Different type of cathodes (copper,...)

RF PHOTO-GUNS: EXAMPLES

LCLS
Frequency = 2,856 MHz PITZ L-band Gun
Gradient = 120 MV/m Frequency = 1,300 MHz
Exit energy = 6 MeV Gradient = up to 60 MV/m
Copper photocathode Exit energy = 6.5 MeV
RF pulse length ~2 ps Rep. rate 10 Hz
Bunch repetition rate = 120 Hz Cs,Te photocathode
Norm. rms emittance RF pulse length ~1 ms
0.4 mm-mrad at 250 pC 800 bunches per macropulse

Normalized rms emittance
1nC0.70 mm-mrad
0.1 nC0.21 mm-mrad

LCLS RF Gun: Beam Side

The electrons are emitted on
the cathode through a laser
that hit the surface. They are 1
then accelerated trough the

electric field that has a

longitudinal component on

axis TMg;q.

Bucking solenoid RFgun Main solenoid
et | L-band (1.3 GHz) Bz_peak~0.2T
ne (o G

[ Photo cathode | cathode taser
(Cs,Te)
QE~05-5%

262nm
20ps (FWHM)

0 20 40 60 8 100 120 140

Vacuum
mmor |\

"o 20 40 60 80 100 120 140 Solenoids field are used to
compensate the space charge
effects in low energy guns. The

Coaxial
coupler

Electron bunch

ini configuration is shown in the 1nC. -5-7MeV
Courtesy of D. Alesini [10] S ‘



MAIN COMPONENTS 1.PARTICLE SOURCE

1.3 - lon Source i ECR 4 LEAD SOURCE
FAe, (GANIL)
Basic principle smpLe  1achz FoweER
i Titanium T INPUT
+ Create a plasma L I R— N " 1l
and Opt|m|ze ItS : mmmr — PLASMA CHAMBER -_— -diﬁprl
Conditions I a Al )y S :
(heating, z e
) et EXTRACTION : = INPUT
confinement and N S—

ST?JLIJQRB%E | INSULATION
PUMP == COPPER

loss mechanisms)
to produce the
desired ion type.

* Remove ions from
the plasma via an
aperture and
strong electric
field

MAIN VACULIM
PUMPS

Courtesy of D. Alesini [10]



MAIN COMPONENTS 2.RF CAVITIES

Standing Wave

f=352 MHz f= 548 MHz f=952 MHz

An RF cavity is a piece of conductor enclosing an empty
volume. Solutions of Maxwell’s equations in this volume,
taking into account the boundary conditions on the
conductor surface, allow the existence of electromagnetic
field configurations in the cavity, i.e. the resonant modes

[11]:
EF0 = ) enE@) = ) an(®) - efnE, (7)

where a,, is a complex number and e, (t) is the
field variation with time.

Travelling wave

from RF
Source

Input b
coupler coupler

The electric field travels through the cavity from the input to
the output port. Its phase velocity is matched to the beam
velocity, (as in presence of iris-loaded waveguide). The field
phase is chosen to continuously accelerate the beam and the
periodic field can be expanded in a Fourier series, with
different wave numbers [11].

+ 00
Ez(t,z) = Z ezy - exp(j - (wt — k,2))
n=—oo
where ez, are the space harmonic amplitude and k,, are

2nn
d V4

being

-

the space harmonic wave numbers: k,, = k, +
d the cell period and k, the guide wave number



RF CAVITIES 2.1 CHOICE OF ACCELERATING
STRUCTURE

In general the choice of the accelerating Moreover a given accelerating structure has
structure depends on: also a curve of efficiency (shunt impedance)
with respect to the particle energies and the
= Particle type: mass, charge, energy choice of one structure with respect to another
= Beam current one depends also on this.
—> Duty cycle (pulsed, CW)
= Frequency As example a very general scheme is given in the
— Cost of fabrication and of operation Table (absolutely not exhaustive).
Cavity Type B Range Frequency Particles

RFQ 0.01-0.1 40-500 MHz Protons, lons

DTL 0.05-0.5 100-400 MHz Protons, lons

SCL 0.5-1 600 MHz-3 GHz Protons, Electrons

SC Elliptical > 0.5-0.7 350 MHz-3 GHz Protons, Electrons

TW 1 3-12 GHz Electrons

Courtesy of D. Alesini [10]



RF CAVITIES 2.2 CHOICE OF THE FREQUENCY

linear dimensjons f1

ol 0 S
|l T

U

. frequency f
==

Structure Scales with 1/f —=>Higher frequencies are economically
dimensions convenient (shorter, less RF power,
Shunt impedance | NC structures r increases and this push to adopt higher gradients possible) but the
(efficiency) per unit | higher frequencies oc f1/2 limitation comes from mechanical
Gl SC structures the power losses increases with f2 precision  (tight tolerances are

and, as a consequence, r scales with 1/f this push expensive!) and beam dynamics for ion

to adopt lower frequencies linacs.
Power sources At very high frequencies (>10 GHz) power

sources are commercially not available or

expensive —>Electron linacs tend to use higher
Mechanical Cavity fabrication at very high frequency requires frequencies (1-12 GHz) than ion linacs.
realization higher precision but, on the other hand, at low

frequencies one needs more material and larger
machines/brazing oven

Bunch length

short bunches are easier with higher f (FEL)

RF defocusing (ion

Increases with frequency (o f)

Courtesy of D. Alesini [10]

SW SC: 500 MHz-1500 MHz
& —

=>Proton linacs use lower frequencies
(100-800 MHz), increasing with energy

linacs) (ex.: 350-700 MHz): compromise
Cell length (BARF) 1/f betweerT focu:smg, cost and size.

Heavy ion linacs tend to use low
Wakefields more critical at high frequency (w/oc f> woc f3) frequencies (30-200 MHz)



TRANSPORT SYSTEM:
BENDING MAGNETS




TRANSPORT SYSTEM:
QUADRUPOLE AND SOLENOID MAGNETS

MAGNETIC QUADRUPOLE SOLENOID

Quadrupoles are used to focalize the beam in the transverse e

plane. It is a 4 poles magnet: T\ / Also solenoids can be used for focalization of
i beams (in particular electron beams).

—=B=0 in the center of the quadrupole

—The B intensity increases linearly with the off-axis
displacement.

=If the quadrupole is focusing in one plane is defocusing in the
other plane

{B.\- =G-y {F‘ =qvG-y Electromagnetic quadrupoles G <50-100 T/m

B,=G-x F,.=—-qvG-x B F,(1T)= FE(3OO—]@,B=1
m
7

. R
G = quadrupole gradient [;} Fy F,(T)= FE(.%ﬂ]@ B =001
m

X

Useful for beam emittance
compensation at low
energies
Conductor
Particles that enter into a solenoidal field with a transverse component of the

Adobe Acrobat velocity (¢ aqope acrobat 2t to spiralize describing circular trajectories .




EXAMPLES 1:

[12]

EUROPEAN XFEL

G=2mm | [0,=1mm Tﬁ= U': k"Lm ™ i Nominal Energy GeV 11.5
lea=50A | [loca= 100 A = T
pogk peak Beam pulse length ms 0.60
» £ 8 5. Repetition rate Hz 10
£ 98 £ gL E 83 ®S
. £ 23 E 5 é ~§, £¢ ETB Max. # of bunches per pulse 2700
s> e = . = Q £5 30 = :
gg 2By § é g-? % - @ g 8[ Undulator Min. bunch spacing ns 220
c%o 8 2 3] 8 <
: E& a9l B == §§ o ) © | ——— Bunch charge nC 1
) 'J-EB IR g A= pt—f =) Bunch length, o, Hm <20
4 i = t t Emittance (slice) at undulator Hrad <14
=SMeV I AR el Energy spread (slice) at undulator MeV 1
E = 120 MeV = 5 GeV ey 600 ps 100 fs
Slice energy spread: 50 keV € energy spread: 1 Me m — —
Slice emittance: €, ,~1urad Slice emittance: ¢, ~1.4 prad ‘Im ||||‘ 220ns |7
g,, <0.8mm :

25 RF stations
5.2 MW each

800 accelerating cavities
1.3 GHz / 23.6 MV/m

HOM coupler 1283.4 mm HOM coupler




SWISSFEL LINAC (PSI)

2.5-3.4GeV, 3kA

402m 166 m
Crergy tuni a
C baan%y(s X gg m) Athos Undulators
max28.5 MV/im,0° 12x 4 m;gap 24 - 6.5 mm
Ny=40 1, Ke 1 -32, L= 58
0=42° Rese Res=-20.7 mm Athos Linay
o -~ &,

0 05=1.07% 0s=05/% witch l@ e
5 Yard Defkclr v ./~ £1im, 10U HZ 360 pJ
43 5C1 HiHcot BC 2 Linac 2 AhosBeamSIopper Ao Beam Cump 1o s i

Gun Boosler 1 Boosler 2 Cband 36 ’I;;"z C band (16 X% m) [ L 2 288 uCrhour; 3.8 GeV

»

V4

H Deflecter 255 Wmﬁ 275 MV,
S hand ._!ha!_ﬂ g ‘ /

< Shand  Xband e Aramis Undulators B%~ 2 :sfo&'nvz,ﬁ 5040
100MVim  (2x4 m) (4x4m) (2x075m) BC2 Beam Stopper Energy turing B 3x4m gap32-55mm e
51 °from 14/16 MV/m 15MVim  1EMV/im Injecter / Linac 1 Beam Dump uChour, GeV max. Chbard (52 x2'm) Aramss Beam hy=15mm, K- 1.2, L= 53 n|  Aramis Beam Dump
0 crossing 0/0° 24° 11760 248 Gihour, 1 GeV. x 285 MVim,0°  Stopper 288 uChhour 7 GeV'
9 uC/hour : 7 Ge! 568 1m
265m max.

z=18m;E=150MeV, |=20A 8Um 210m 3.0 GeV 510m

0,= 871 um (29 ps) 320 MeV, 154 A 2.1GeV; 3kA 0,=0.34% 2.1-5.8GeV, 3 kA

05-0.15% 0,— 124 uym (413 fs) g, -6 pm (21 fs) €y prg, = V.47 M g,- G.2pum (21fs)

£y gice = 0.27 ym

! 5= 0.006 %
Cnoroj, = 027 um

Cnsice = 020 um

C-band- Klystron Malo LINAG #
5.7 GHz, 50 MW, 3 ps, 100 Hz LINAC modules %
- Modulator 26
50 MW kiystron, 3pspuise | I Kiystron 26
300 (B weeks conditioning] Model !
PY h Measurement| Pulse compressor 26
[ J 250 1 Accelereting structures | 104
E 200m oo ‘K" | |- Wavegude splitter 78
1 3 E ‘ \ Wavegude loads 104
s 150 ‘
[ ] b 4 BOC Pulse
50 : 1 Compressor
Pl | Lt |
0 05 1 15 2 5 35 4 45 L]

2 3
Time (us]

J-Coupler input

Courtesy T. Garvey

Srymamrmirres =
Tyt R |

/' J-Coupler output

Section through structure —

double rounded cups cooling




HIGH GRADIENT PATH

X- BAND TECHNOLOGY FOR FEL’S

PLASMA ACCELERATION




 Synchrotron Radiation (SR) is a

fundamental and indispensable .
- xperimental Hall

research tool in a wide spectrum C t;} \
Of scientific and ‘rechnological Ompac Photon Beamlines
fields. The latest generation of =
SR sources is based on Fr'ee Undulator Hall
Electron Lasers (FELs) driven by el
l inacs. (Upper level)

« These facilities, with sub- (Un::‘rzcrgj:givel) \
picosecond pulse-lengths and
wavelengths down to the hard X- " e et \
ray range, feature unprecedented \
performance in terms of peak
brilliance, exceeding by many

orders of magnitude that of
third generation synchrotrons.

X-BAND TECHNOLOGY FOR FEL’S

483.6 m

>



Funded by the
European Union

The CompactLight Collaboration

(-
Compact

PROJECT

Participant Organisation Name Country
1 | ST (Coord.) [Elettra - Sincrotrone Trieste S.Cp.A. aly
2 | cerN  JcerN - European Organization for Nuclear Research International
3 | stic [science and Technology Facilities Council - Daresbury Laboratory | United Kingdom
4 | siNAP [shanghai Inst. of Applied Physics, Chinese Academy of Sciences China
5 IASA  [Institute of Accelerating Systems and Applications Greece
6| wu  [uppsala Universitet Sweden
7 UoM The University of Melbourne Australia
. 8 | ANSTO |Australian Nuclear Science and Tecnology Organisation Australia
Com PaCtnght 9 | uA-AT |ankara University Institute of A:celerat:: Te’c‘hnolngi:s Turkey
10 ULANC [Lancaster University United Kingdom
(http://www_compactlight.eu) 11| VDLETG VDL Enabling Technology Group Eindhaven BY Netherlands
12| Tu/e [Technische Universiteit Eindhaven Netherlands
H 13 INFN lIstituto Nazionale di Fisica Nucleare Italy
A dESIgn StUdy funded bv EU 14 Kyma [Kyma S.r.l. Italy
15 | SAPIENZA |[University of Rome "La Sapienza” haly
under the Horizon2020 enala Naz. per le Nuiove Techologie, TEnergia ¢ 1o SvIRppo
18] ¥ leconomico sostenibile (R
Research & Innovation Programme | |17 |swacius |§:Tﬂ'§!:§f.ﬂ: Grmon Bty St [ oo
18 CNRS [Centre National de la Recherche Scientifigue CNRS France
GA No. 777431 19 KT [Karlsruher Instritut fiir Technologie Germany
20| pSI__|Paul Scherrer Institut PSI Switzerland
Total budget 3ME 21 csiC Ag-en:‘la‘ Estatal Ea-ns-giu Sup-en:ol d:e Inves!iga:in‘nzsCienliﬁ:ias -Spiin
22| UH/HIP  |University of Helsinki - Helsinki Institute of Physics Finland
23] WU |VU University Amsterdam Netherlands
24| _USTR__|University of Strathclyde United Kingdom.
25| uniTov  |university of Tor Vergata Italy
26 USTR  |Bilfinger Noell GmbH Germany
Third Parties Organisation Name Country
ap1] 0sL0  |universitetet i Oslo - University of Oslo Norway
ap2| ARCNL |Advanced Research Center for Nanolithography Netherlands
AP3 NTUA National Technical University of Athens Greece
AP4 AUEB |Athens University Economics & Business Greece
KyTe KYMA TEHN. DOO SJD\I[‘Hiv)

+»»

-

COMPACT LIGHT
XLS

23 International Labs./Universities
3 Private companies
5 Associated partners

Italy 6

Neth. 3+1 Ass, Part.

UK 3

Spain 2

Australia 2

China 1

Greece 1+2 Ass. Part.

Sweden 1

Turkey 1

France 1

Germany 2 ) .

i1 W Collirtesy of G. D’Auria 2023
Norway 1 Ass.Fart. ifdico.elettra.eu/event/29/overvicHE g -x-N
Internat. 1 ' o

o

o
XLS Objectives Compact

The key objective of the CompactLight Design Study was to demonstrate the feasibility of a compact and cost-effective
FEL facility using innovative accelerator technologies based on:

» High brightness electron photo-injectors
» Very high gradient accelerating structures
» Novel short period undulators

The FEL specifications have been driven by its potential users, taking into account the photon characteristics needed for
their current and desired future experiments.

Users’ wish list:
» High FEL stability in pulse energy and pulse duration

» FEL synchronization better than 10 fs

» Photon pulse duration less than 50 fs

» A repetition rate from 1 Hz up to 1 kHz

» FEL pump-probe capabilities with a large photon energy difference
» Small focused spot size

» Variable polarization, linear and elliptical

» Tunability up to higher photon energies

» Two-bunch operation
Two-color pulse generation

- A soft X-ray (SXR) FEL able to deliver
photons from 5.0 nm to 0.6 nm (0.25 keV
to 2 keV) operating up to 1 kHz repetition
rate (high rep rate);

- A hard X-ray FEL source (HXR) ranging
from 6.0 A to 0.8 A (2 keV to 16 keV) with
maximum 100 Hz repetition rate (low rep
rate).




S Facility dimensions & costs CompaCt;}

European Union

Experimental Hall

&

Photon Beamlines

Undulator Hall

Klystron Gallery
(Upper level)

Linac Tunnel
(Underground level)

Front-End Building
(2 floors)

Building dimensions
Name XLS SwissFEL

Linac Tunnel/Undulator Hall 329 594

Experimental Hall 155 146
484 740

Footprint — =~ 35% shorter than SwissFEL
Complexity & macro-components design as "building blocks” or “standard units” to assemble for a vast number of applications

Efficiency — normal-conducting facilities that can operate at high rep. rates, (kHz regimes)
Cost — ~ 25% cost reduction




Funded by the
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European Union compaCtnght |ay0ut compaCt

Soft X-ray (SXR) FEL able to deliver photons from 5.0nm to 0.6nm (0.25 keV to 2 keV)
+

Hard X-ray FEL source (HXR) ranging from 6.0A to 0.8 A (2 keV to 16 keV)

0.97 to 1.95 GeV @ 100 Hz (SXR/HXR)

Com pa Ctﬁ UPGRADE 2

. EEHG
Schematic MODS FIXED POL. VAR FOL.

- FEL-1 AB-1 = :---’ SXR
S STATIONS
. FIXED POL. VAR POL.
HXR

LINACO LINAC1 FEL-2 E—
v STATIONS

SPLIT SELF SEEDING
Pl LASER

Operating modes

v' 0.97 to 1.95 GeV @ 1000 Hz (SXR/SXR) 2 klystrons x Linac module:

* CPI VKX-8311 @ 50 MW
v 2.75t0 5.5 GeV @ 100 Hz (HXR/HXR) + CPI (Canon E37113%) @ 10 MW
+

v’ 2.75to 5.5 GeV @ 100Hz (SXR/HXR at the same time)

<E,.>=65MV/m @ 100 Hz
<E,.>=30.4 MV/m @ 1 kHz




Funded by the

European Union com paCtLight |ay0ut Compa Ct

Soft X-ray (SXR) FEL able to deliver photons from 5.0nm to 0.6nm (0.25 keV to 2 keV)
+

Hard X-ray FEL source (HXR) ranging from 6.0A to 0.8 A (2 keV to 16 keV)

(- 0.97 to 1.95 GeV @ 100 Hz (SXR/HXR
Compact ;’c':‘i“':::fcz £ (s.m )
+0.45 GeV EEHG MODS FIXED POL. VAR POL.
SXR BYPASS LINE So -~
£2.0 GeV SPE,H R FIXED POL. VAR POL. S L\ ||

_C e LNACH Parameter Value
LT p —1 Max energy 5.5GeV @100 Hz
PI LASER Peak current SKA
e beam | Normalised emittance 0.2 mm.mrad
i (HXR) Bunch charge < 100 pC
Operating modes —1 RMS slice energy spread 10+
v’ 0.97 to 1.95 GeV @ 1000 Hz (SXR/SXR) 2k Max photon energy 16 keV
v oCl FEL tuning range at fixed energy X2
2.75t0 5.5 GeV @ 100 Hz (HXR/HXR) oCl Peak spectral brightness @16 keV 103 ph/s/mm?/mrad?/0.1%bw
" |8
v 2.75to 5.5 Ge‘/@ 100Hz (SXR/HXR at the same timE} Parameter Unit Soft.x.ray FEL Hard.x.ray FEL
— Photon energy keV 0.25-2.0 2.0-16.0
Wavelength nm 5.0-0.6 0.6 -0.08
FEL Repetition rate Hz 1000 100
Pulse durafion fs 0.1-50 1-50
Polarization Variable, selectable Variable, selectable
Two-pulse delay fs +100 +100

G. D’Auria Two-colour separation % 20 10
“The CompactLight(XLS) Project Objectives & Results”, LEDS 2023, 03-05 ott 2023, ENEA Frascaé)'mgfﬁmﬁation i <10 <10



Cband
klystron

Linac hall

T w o=
prototypes : -l ; L The XLS
under y soen 1 7Y K,-band linearizer Collaboration
construction : _ is also strongly
in the context 1" Input window & coupler Superconducting promoting with
2 the.I.FAST C-band accelerating module R - e L i
project ‘ development of
C- and X-band
T o high power RF
sources that can
operate

up to 1 KHz

C-band photoinjector

120cm  Gyro-klystron

Multi-beam klystron

X-band accelerating module
K,-band RF sources

Helical SC Undulator 30 cmm model
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European Union XI-S C'ba nd phOtOlnjector compact

17.5 MW, 300 ns

2.5 accelerating cells
RF ports: B
Q\; \‘-.\ \

Twin  bunches, sitting in near
consecutive RF buckets (hundred’s of ps
separation), for the simultaneous
operation of the two FEL lines (pump-
probe exp.)

Pumping ports

TiSa
Full C-band injector

Courtesy D. Alesini

Same injector for High and Low repetition rate operations (1 KHz and 100 Hz)

| I R - R e e BB i W B L |

KEY SUB-SYSTEMS
1.

Possible replacement of the last 6 C-band stuctures
with 4 X-band structures @30 MV/m for the 1 KHz operation



KEY SUB-SYSTEMS

p

XLS accelerating structure

RF couplers

.

Single cell with
cooling pipes

Funded by the

&
kb U Key sub-systems and ial i Compact

X-band high power RF sources:
RF couplers

Great effort is under way by industry and research laboratories to develop the next generation
of high power and high efficiency RF power sources (l. Syratchev, CERN).

Canon, with the support of CERN, has already developed a 10 MW high-efficiency klystron.

In addition, Canon is already on the market with medium power high repetition rate X-band
klystrons, at 20 MW and 25 MW, with a repetition rate up to 400 Hz.

CPI is now producing a prototype of a high-efficiency version of its 5S0MW klystron with the
support of |. Syratchev. They have also plans to develop medium power tubes (20-25 MW).

Recently, Thales has also shown interest in developing medium-power, high-repetition-rate
X-band RF sources.

Funded by the

Eurapean Union 36 GHz linearizer

Parameter

.
e

“normalized to £, = 1 MV /m
A 30 cm structure provides the required voltage (12.75 MV) with the 15 MW
of RF power supplied by the RF source and pulse compressor.

* Accelerating gradient: 41.7 MV/m

* Maximum surface E field: 108 MV/m

Courtesy by G. Burt and A. Castilla
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A New European High-Tech User Facility

PRA A

FEATURE EuPRAXIA

European Excellenceln
Applications
a European project “which aims to develop the first dedicated research

infrastructure based on novel plasma-acceleration concepts”

Surf's up Simulation of electron-driven plasma wakefield acceleration, showing the drive electron beam (orange/purple), the plasma electron
wake (grey) and wakefield-ionised electrons forming a witness beam (orange).

EUROPE TARGETS
A USER FACILITY FOR
PLASMA ACCELERATION

Ralph Assmann, Massimo Ferrario and Carsten Welsch describe the status of
the ESFRI project EUPRAXIA, which aims to develop the first dedicated research
infrastructure based on novel plasma-acceleration concepts.

[Building a facility with very high field plasma accelerator ,\
driven by lasers or beams

1—100 GV/m accelerating field

\ Shrink down the facility size j

/ Provide a practical path to more research facilities and \
ultimately to higher beam energies for the same
investment in terms of size and costs
Enable frontier science in new regions and parameter

\ regimes /

nergetic beams of particles are used to explore the
E fundamental forces of nature, produce known and

unknown particles such as the Higgs boson at the
LHC, and generate new forms of matter, for example at the
future FAIR facility. Photon science also relies on particle
beams: electron beams that emit pulses of intense syn-
chrotron light, including soft and hard X-rays, in either
circular or linear machines. Such light sources enable
time-resolved measurements of biological, chemical and
physical structures on the molecular down to the atomic
scale, allowing a diverse global community of users to
investigate systems ranging from viruses and bacteria
to materials science, planetary science, environmental
science, nanotechnology and archaeology. Last but not
least, particle beams for industry and health support many
societal applications ranging from the X-ray inspection
of cargo containers to food sterilisation, and from chip
manufacturing to cancer therapy.

CERN COURIER MAY/JUNE 2023

This scientific success story has been made possible
through a continuous cycle of innovation in the physics
and technology of particle accelerators, driven for many
decades by exploratory research in nuclear and particle
physics. The invention of radio-frequency (RF) technology
in the 1920s opened the path to an energy gain of several
tens of MeV per metre. Very-high-energy acceleratorswere
constructed with RF technology, entering the GeV and
finally the TeV energy scales at the Tevatron and the LHC.
New collision schemes were developed, for example the
mini “beta squeeze” in the 1970s, advancing luminosity
and collision rates by orders of magnitudes. The invention
of stochastic cooling at CERN enabled the discovery of
the Wand Z bosons 40 years ago.

However, intrinsic technological and conceptual limits
mean that the size and cost of RF-based particle accel-
erators are increasing as researchers seek higher beam
energies. Colliders for particle physics have reached a

THEAUTHORS

Ralph Assmann
DESYandINFN,
Massimo Ferrario
INFN, Carsten
‘Welsch University
of Liverpool/INFN.

25

https://cerncourier.com/a/europe-targets-
a-user-facility-for-plasma-acceleration/

https://www.eupraxia-facility.org/ A. Giribono — LEDS2023 Workshop - 3 Oct 2023



Principle of plasma acceleration

o

Trailing pulse — -

.

Directionoftravel
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- -
-
Laser Wakefield Accelerator
(LWFA):

Drive beam = laser beam

Plasma
Plasma WakeField
Accelerator (PWFA):
Drive beam = high energy

electron or proton beam




PRA, (A The Livingstone Diagram

100 TeV s . ~FCC-hh
. discovery ' ;' ISsPPC
 physics , LHC ’
electron-driven e~ Tevat;'on
plasma accelerator I
1TeV precision physics ! I(I)_I?IC
'@ LEP, SLC, LEP2 ! joimimsa FCC-ee
8 """" ISR CEPC
(<) p storage rings i
S T "7 W EuPRAXIA
@© : ESFRI project
() i
2 1GeV :
g e* /e~ accelerators proton-driven e~
o : (storage rings, linacs) plasma accelerator
% _! laser-driven e~
: lasma accelerator
€ 1 Mev P
1OkeV3

I I I I T |
1940 1960 1980 2000 2020 2040
year

Updated Livingston plot for accelerators, showing the maximum reach in
beam energy versus time. Grey bands visualize accelerator applications

A. Giribono — LEDS2023 Workshop - 3 Oct 2023

Plasma Accelerator Achievements

e Gradients up to 100 GV/m

e Acceleration > 10 GeV of
electron beams

e Basic beam quality for FEL
demonstrated

-

The most demanding in
terms of beam brightness,
stability and control



Horizon Europe Horizon Europe

PRA ,\GA 2021 Plasma FEL Feasibility Proven: Laser-driven - PRA ,\dA 2021 Plasma FEL Feasibility Proven: Electron-driven -

5
Single Spike SASE

= " K | et Recent ground- s 51 .
nature -&s 7 . breaking results in i @
gHMPAﬂ Q 2l 7 Frascati: N ’

_ IIRCEM‘ e R First FEL lasing from ket i)

a beam-driven $ Data

Fit
plasma accelerator |-& - Simulation|

9

: 3 . Pompili et al., Nature 605,
Recent ground-breaking result in China 659-662 (2022)

500 MeV electron beam from a laser wakefield accelerator

W. T. Wang. K. Feng, et al.. . -~ .
Nature, 595, 561 (2021). FEL lasing amplification of 100 reached at 27 nm wavelength (average

radiation energy 70 nJ, peak up to 150 nJ)

Horizon Europe

PRACIA  Seeded UV free-electron laser driven by LWFA

Collaboration Soleil/HZ Dresden, published on
Nat. Photon. (2022). https://doi.org/10.1038/s41566-022-01104-w __—"1 ~1uJ (SEED)

1 ~30nJ (SASE)

PHYSICAL REVIEW LETTERS 129, 234801 (2022)

\mag"d WY
doub\?'-spe(uo'“"‘c( iii: FEL iv: isolated FEL
e K ik * Data SEED
—Fit SEED
¢ Data SASE Stable Operation of a Free-Electron Laser Driven by a Plasma Accelerator
—Fit SASE
SASE sim

SEED sim

20 -0 o0d8 000 005 00

Quadrupdt®

]
4 -lu —
il Wi S
e’ N i
Q}Mm A L ) ey e :‘
s I
: [ 4 1 S .

wiptet

0.10
F0.05 - ‘ v o 1ergy increased 2 order of magnitude respect to
L | 0.00 Experiment diation

FIC. 1. Experimental layout. The electron beam generated in the LPA is first characterized using a removable electron ) 265 270 275 280 265 270 275 280 3 oy : Sl AT : s "
spectrometer and then sent through a triplet of quadrupoles (QUAPEVAs) for beam transport to the undulator and FEL Wavelength (nm)  Wavelength (nm) v’ 6% pulse energy RMS fluctuations over 90% of successfu
radiation generation. ICTs: Integrated Current Transformers. Non-labelled elements: dipoles (red blocks), optical lenses i° shot respect to 17% over 30% of shot for SASE

(blue), mirrors (grey circled black d Inset a: Particle-in-Cell simulation renders of the accelerating structure driven by the

laser pulse (red), the electron cavity sheet formed from the plasma medium (light blue) is visible in purple and the accelerated

clectron bunch visible in green. Insets b,e,d: Electron beam transverse distribution measured at LPA exit (b), at undulator

entrance (e) and at undulator exit (d)
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PrRA,{a Headquarter and Site 1: EUPRAXIA@SPARC_LAB

b Sl

P G : , 3 '-',' (L

Frascati's future facility
> 130 M€ invest funding
* Beam-driven plasma
accelerator - PWFA
 Europe’s most compact
and most southern FEL
~* The world’s most
compact RF accelerator
X band with CERN

haly~ ;
VAN

Credit: INFN and Mythos — consorzio stabile s.c.a.r.l.
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PRAI\GA A Beam-Driven Plasma Wake-field Accelerator

A. Giribono — LEDS2023 Workshop - 3 Oct 2023

4 N\

* EuPRAXIA@SPARC_LAB is a multi-GeV plasma-based accelerator with RMS e- beam parameters @plasma module entrance
outstanding beam quality to drive a user facility whose main Single _
application concerns the operation of a soft X-ray FEL (3-5 nm) bunch Comb beam operation

. . . . (WoP2) (WoP1)

e The FEL is driven by a 1 GeV high brightness electron beam, that
turns into less than 1 mm-mrad emittance and up to 2 kAmps peak Witness Driver
current. Q (pC) 200-500 || 30-50 | 200 -500

* The accelerator is based on the unique combination of an E (GeV) up to 1.0 Up 10 0.650 GeV

- Avy/y (%) <0.10
and a plasma-beam driven accelerator -

- Beam dynamics in the EUPRAXIA@SPARC_LAB machine has been |(mmmrad) <109} 05-101 2.0-50
studied by means of start to end simulations from the cathode |o, . (um) 20 - 50 <6 < 65
including the FEL emission | eorciice (KA) 1.0-2.0 > 1.5

. J
. ) E,c.c = 60MV/m .
Photolnjector Linac1 | 290 cem / Linac 2
A | A
X-band 1 | ) 1,
o
| J f Y 'i \
|
Laser I Plasma 1
4 S-band 8 X-band Bunch 8 X-band
Heater Compressor MOdUIE
0.5-1.0 GeV 1-2GeV




PRA A Expected SASE FEL performances

Radiation PWEA Full Electron In the energy region between Oxygen and Carbon
Parameter X-band B Beam K-edge 2.34 nm — 4.4 nm (530 eV -280 eV) water is
—— Parameter almost transparent to radiation while nitrogen and
adiation : .
Wavelength Electron GeV 1-1.2 1 carbon are absorbing (and scattering)
Ener -
Photons per x 1012  0.1- 1 - : i ——
PU|Se 0.25 BunCh pC 30'50 200'500 .§ _\ ~.] |
Charge ﬁé
(o) &S 4
Photon' % 0.1 0.5 Peak KA 1.2 1.2 ¥ |
Bandwith o’
Current e
Umelizizas m 0 RMS Energy % 0.1 0.1 A
Area Length '
Spread
-3
p(1D/3D) X 10 2 2 RMS Bunch  um 6-3 24-20
Length
2
Ph_o'ton mm mzad 1—228>< 1 . RMS norm. um 1 1
Brilliance  bw(0.1%) 10 X 10 Emittance
per shot , .
Slice Energy % <0.05 <0.05 Coherent Imaging of biological samples
Spread protein clusters, VIRUSES and cells
Slice norm mm- 0.5 0.5 living in their native state
Emittance mrad Possibility to study dynamics

~10 1 photons/pulse needed

Courtesy C. Vaccarezza A. Giribono — LEDS2023 Workshop - 3 Oct 2023 Courtesy F. Stellato (UniTov)



The PWFA operation: WoP1
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PRA A

at SPARC_| AB

* Accelerating gradient of the order of GV/m

The PWFA Working Point

* Beside the FEL specifications, the reference working point has been determined by the plasma module

* Weakly non-linear regime (bubble with resonant behaviour)

0.02
0.01
-0.01
-0.02

003

Velocity bunching technique

0.1

0.02

0.01

1. 200-500 pC driver + 30-50 pC witness
2. plasma density of the order of 10%*cm™ (4, = 334

pm)
<

3. Driver-witness separation of around 0.5 ps (i.e. /1p /2)
4. Driver and witness bunches of 200 fs and 10 fs rms

5. Driver and witness spot size of 4 and 1 um with a=1

Strong focusing system
/ Ow=1.0 ym
0.1 QD = 4.0 le

z [m] %1073
Laser con\
technlque

# of Particles

4000

100 MeV

L=10m
Ree=18 mm

250-400 MeV

Linac 2

1( ‘HH’,‘ @650 MeV

0.5-1 GeV

A. Giribono — LEDS2023 Workshop -
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E [MeV]

PRAI\GA The Plasma 5

(Architect)

2.0 —
— & (inj)
i
T 1o --- ex(ext)PE
D AZ — 158 m E _ syi:fxt) Ly
@plasma entrance H P W
542 : . d n,=09- E YA |
101 cm™3
o -1 _— 0 0-0 T T T T T T T 0.0
541 D O = 0-06/0 -20 -15 -10 -5 0 5 10 15 20
d E,=09GV/m b2 T— T R
o ] (including 1 cm 0154 Teny 7 ":I:'\\ g Las
o e . == | (ex A 1'1'.’”': ’:'\",'Lnl
injection ramp) e i
539+ 1 . 0.104 /" g oo b B
 Slice energy spread v
. 0.05 4
s3g| | virtually untouched
d Slight emittance 0.00 +
537} ! increase (to be -
improved with . s
%3800 200 0 200 ramps) 3 Lood s
& [um] O Accelerating length < \ =
56 cm ' o 5 - 0.5
0.96 - 3 i
T T T T T T T - OO
-20 -15 -10 -5 0 5 10 15 20
z ([um])

Witness slice analysis @plasma exit
Courtesy S. Romeo- A. Del Dotto A. Giribono — LEDS2023 Workshop - 3 Oct 2023



PRA A

4 Electron beam at undulator entrance\
Phase space

g
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Courtesy V. Petrillo

The FEL
(Genesis 3D)

103 '_II T [ L LI | LI I T T T s e
B m AL ELELELE B B IR B
10° — Growth —  20x10° | —
s i 10 modul ] . 1.5x10° /\ =
¢ | module __ - .
e b Q@ 1.0x10° = /| =
N R / -
C f -
10° Ay =18cm — soa0'f 'nnl E
— — - - I S W T
| I I | | [ Iqulll i IO|.6li4l [ I (I).I8I4I’| I ﬂ U 5 lu 15 zﬂ
0 5 10 15 20 25 s
z [m] 4x1ﬂ5 :_'I L '| T 1 1 7T '|' T 1 T '| L '|' T
Energy at 25 m J 11.5 10° = F
bandwidth % |04 30" E |
3 S
size m 1.4 10 = 2x10° |
div rad [1.710° | © |
1x10° - } ‘
Photon nhumber 2.2 1011 - / I
=N PR VA W T
wavelength nm 3.975 3.90 3.95 4.00 4.05
A [nm]

Electron beam energy : 1 GeV, matching at 4 nm. Top,left: growth of the radiation power along the
undulator. Bottom, left: table with main parameters of the radiation. Right: power and spectral
distribution of the radiation.
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PRA /\GA EuPRAXIA@SPARC LAB: Plasma sources 5"’36#&( -

1. Integrated capillary Studies on cross-talk effects:

Design of electrodes and HV-circuits to
reduce the interaction among discharges
through plsam ramps

Lens
Ok | Ty

Ext /6,000
230504163736

2. Very long capillary
P 9 9 9 9

< 5

<>

Design of m-scale capillaries for EUPRAXIA project by using segmented
capillaries: design of HV-voltage circuits and discharge synchronization

Design of new geometries for curved channels:
HV-circuits to allow high current pulses

N
S~ uw  Courtesy of A. Biagioni 6th EUPRAXIA@SPARC_LAB TDR Review Committee 21-22November 2023



https://agenda.infn.it/event/38578/

The full X-band operation: WoP2




PRA (A The Photoinjector
4 (Tstep,ASTRA)
The beam dynamics has been studied by means of simulations with the TStep (and ASTRA) code

The photoinjector in this case is operated in a milder velocity bunching scheme in the first S-band cavity to shorten the
RMS beam length from 270 to = 110 um

@170 MeV . :
o1 Without X-band structure With X-band structure
e =037 d- =067
vodl i+ 2 ERRL R after the gun 1 after the gun
: 0.6 -
= = 5 M — 0 ,=180m| T —— o, =180um
E O - u - = _
= -%: 0 £ 04 ——0,=150pm g 05 ~ 0,=180um
0.05 4l E ——0o10um| £ 9=-170deg
= 02 = 5 =150um
-0.1 oF 0 z
-200 0 200 —O’Z=1 10um
500 2 [
0.54
300 Courtesy
£ 2 A. Giribono
E o 0.27 .
- 5 — A. Bacci
: 0 : \
T [rﬂm] 1 1S [gs] 05 1 -500 0 500 200 0 200
6D phase space of 200 pC electrorn buricit (Upper piots), and _ z [pm] o _ _ z [pum] _ _
transverse distribution and current profile (lower plots) at the Slice analysis at the Photoinjector exit for different compression factor and introducing an
Photoinjector exit. X-band cavity after the gun
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The X-band Linac

PRAI\GA (Elegant)
« The beam dynamics in the X-band linac has been studied by means of .
Elegant simulations o0l 020 £,
— The beam length at photoinjector exit is set to avoid the energy g
spread dilution due to RF curvature degradation effects in the linac 1s0| 015 -
— The X-band linac is set slightly off-crest to control and recover the & |&
correlated energy spread needed for the compression in the < 100| 010
magnetic chicane
— No phase space linearization is applied at this time prior the bunch 50p 005
compression in the chicane since the residual curvature of the
longitudinal phase space distribution of the electron beam present Op 0.0

at the photo-injector exit appears negligible and is quite completely
recovered at the linac L1 exit
0.7 012

0.5 :

30 40 50

£0.08

Charge (pC) 200 59041 50,06
Spot Size (um) 20-30 o

0.02

Bunch length  (um) 16 0 10 20 30 40 50

Emittance (mm-mrad) 0.5 s (m)
Upper plot: Twiss parameters and dispersion function through all the Linac,
Energy (GeV) 1.03

from photo-injector exit to the undulator entrance. Lower plot: Nominal
Energy Spread (%) 0.06 RMS energy spread (blue) and RMS bunch length (red) along the entire
Linac from photo-injector exit at 171 MeV to undulator entrance at 1 GeV

Courtesy C. Vaccarezza A. Giribono — LEDS2023 Workshop - 3 Oct 2023



The FEL
PRA A (Genesis 3D)

F 3
3x10° = (a) =
Parameter Full X-band E 3
Z 2%10° E g
Radiation nm 4 & E E
Wavelength 1x10" £ Ay =15 cm
Photons per Pulse X 1012 1 E : a‘:V _1 '7%
O-’_l T Lianl i1l AL LAl g
_ 0 b 10 15 20 25 30 X 2
Photon Bandwith % 0.5 z (m) L
- ' " : T . r I : T , " I T T i ZTT]\'TTIT'I-I‘ITIY‘IY"YITYY‘I-IYTIUT ]‘T‘IT]TYIYT7"‘_I1TTY1°
Undulator Area m 30 6x10" E | | I ' E 1.2x10 — d -
Length sx10" E (C) ‘ = =~ 10x10° ( 1)7 =
E = 3 = - z=17m -
p(1D/3D) X 1073 p) _4x10'F z=17m | = £ 80x10' [ =
- = 2 £ - .
. 5 5 07 g)’: 3%10" E = £ 60x10' [ ' =
Photon Brilliance (s mm“mrad ) 1 x10 E | & ek .
.’ .0' %‘ —é . ¥ L_ —
per shot bw(0.1%) x - | M| E 2 iE <
1x10" E ﬁit:f' . E =AY = -
by i e Y E 3
0 20 40 60 80 100 284 285 286 287 238 289
s {pem) A (nim)

Electron beam energy : 1 GeV, matching at 4 nm. SASE radiation simulation for the 200 pC beam (WoP2): (a) power growth P(W) as function of the undulator
coordinate z(m). (b): contour plot of the radiated power in the (s; z) plane, with s (mm ) coordinate along the electron beam, (c) power and (d) spectral density
atz=17m.
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PRA ,\GA Conclusions and Perspectives

» Conclusions
* The EUPRAXIA@SPARC_LAB project aims to design and build
* world’s most compact RF accelerator 2 1 GeV X-band RF linac

» First ever FEL user facility driven by a high gradient plasma accelerator module (Europe’s most compact and
most southern FEL)

* The beam physics has been shown by means of start to end simulations (including the radiation generation)
* The studies show a relatively stable accelerator able to drive a radiation source

e The research activity performed at the SPARC_LAB test facility is crucial for the forthcoming EUPRAXIA@SPARC_LAB
project

» Perspectives

* Further manipulation and technology is under investigation for the EuUPRAXIA@SPARC LAB facility to stabilize the e
beam energy and enable a stable FEL emission

* Further beam phase space manipulation is under investigation for the full X-band case
* On the road for the Technical Design Report

This project has received funding from the European Union's Horizon 2020 Research and Innovation programme under grant agreement No
777431 and No. 653782.
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o Finanziato 2~ Ministero

*: :* dall'Unione europea S dell’Universita
e NextGenerationEU Rl e della Ricerca

EuPRAXIA Advanced Photon Sources (EUAPS)

e Supported by PNRR funding
e Collaboration among INFN, CNR, University of Tor Vergata
* EUuPRAXIA -2 laser-driven betatron radiation source @SPARC LAB
- development of high power (up to 1 PW at LNS) and
high repetition rate (up to 100 Hz at CNR Pisa) laser
- pre-cursor for user-facility

1) Ultrafast - laser pulse duration tens of fs useful for time
resolved experiments (XFEL tens of fs, synchrotron tens to
100 ps).

2) Broad energy spectrum - important for X-ray spectroscopy.

3) High brightness - small source size and high photon flux for
fast processes

4) Large market - 50 synchrotron light sources worldwide, 6
hard XFEL’s and 3 soft-ray ones (many accelerators
operational and some under construction).

[taliadomani

Electron beam Energy [MeV] 50-800
Plasma Density [cm3] 1017 - 10%°
Photon Critical Energy [keV] 1-10
Nuber of Photons/pulse 106 —-10°

Figure 3: Principle of betatron X-ray emission from a LWFA. Electrons trapped at the back of the
wakefield are subject to transverse and longitudinal electrical forces, subsequentlythey are
accelerated and wiggled to produce broadband, synchrotron-like radiation in keV energy range [6].

< b

Next Step: ‘plasma-based compact undulators’
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