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Energy of colliders is plotted in terms of the laboratory

energy of particles colliding with a proton at rest to reach
the same center of mass energy.




Electrostatic Accelerator: Van de Graff

collecting

metal spheff+ +/ &

*=9% 7 MV Van de Graaf at MIT
: (1933)

voltage  comb

Electric charges are transported mechanically on an insulating belt
e Stable, continuous beams, practical limit 10 - 15 MV




Possible Higher energy DC accelerator?




Forbidden by Maxwell

or in integral form
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.'. There is no acceleration
without time-varying magnetic flux
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B can vary in a RF cavity

Note that inside the cavity
dB/dt # 0

However,

"F' RF-cavity Synchronism condition:
AT‘rev =N /frf

E,=EyJo(k,r) cos ot

E
By = -——C—OJl(k,.r) sin ot
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Figure 1.17 Fields for a TMg o mode of a cylindrical (pillbox]-covity resonator.



I| I' = 28 MeV Microtron at HEP Laboratory
L University College London




Microtron - Synchronization




Energy gain/revolution

At = ti+l T = 2? (Ei+l o Ei): 2? AE
ec’B ec’ B
2 ‘B
NN, AE = k—
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* |n a microtron, due to the electrons' increasing momentum, the
particle paths are different for each pass. The time needed for
that must be an integer multiple k of the RF period. The allowed
energy gain/pass must fulfill the above condition.



The Lawrence Cyclotron




The Cyclotron concept
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Closed He system
4x 1.5 W@4K

Profon source

superconducting coils =>
24-38T

4 RF-cavities:
72 MHz ~80 kV

Cyclotrons for Particle Therapy Marco Schippers, PSI




The Synchrotron concept

The main principle is to keep separated the bending and focusing devices
(magnets of various types) from the ones that accelerates (resonant cavities).
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There is main difference from cyclotrons: the particles always ride on the same
orbit. Therefore:
* the cavities field must be synchronous with particle crossing and

* the bending magnet field must change in order to keep constant the radius of
curvature.




Phase stability and longitudinal focusing

p(m)=3.34 (1 G:V/c) (é) (%)

In a certain energy range, acceleration by RF field results in early arrival of
particle at next turn: for stability, this particle should undergo less acceleration

Operating point P2 is unstable
— Late particle N2 sees lower acceleration and gets even later
— Early particle M2 sees higher acceleration and gets even earlier

Operating point P1 is stable




Dipoli: deflessione

Consentono di curvare la traiettoria delle particelle. Possono essere realizzati con magneti permanenti o
elettromagneti (poli ferro con avvolgimenti percorsi da corrente).
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Ziﬂalettorla circolare

Raggio di curvatura

Searn Conductor [m] _ P _ w
plm =
Bgp cqB
Rigidita magnetica del fascio di particelle e definita come Bp BP[Tm] S T
q q
| dipoli elettromagnetici vengono usati per produrre B non oltre 1-2 T.

Per campi magnetici piu intensi si ricorre a magneti superconduttori Per particelle
ultra-relativistich



MAGNETIC QUADRUPOLE

Quadrupoles are used to focalize the beam in the transverse
plane. It is a 4 poles magnet:

—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 =Gy {F =gvG -y Electromagnetic quadrupoles G <50-100 T/m
by y
B, =G-x F.=-gqvG-x FB(IT):FE(3OOM)@ﬂ=1
T & =V = "
G = quadrupole gradient {;} Fy F,(IT)=F, (3 Mj@ £ =001
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injection

smotronat BNL
weak focussing, combined function magnets

strong focussing, separated function magnets



Fermi’s Globatron: ~5000 TeV Proton beam
1954 the ultimate synchrotron

B, .. 2 Tesla
p 8000 km
fixed target
3 TeV c.m.
170 G$
1994




Touschek’s Anello Di Accumulazione (ADA)
1961 the first e+e- Collider

Available
Energy

29 GeV

(450 GeV) (450 GeV)




LHC few data
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Synchrotron Radiation

GE Synchrotron
New York State

First light observed
1947
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Future goals
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VoLuME 43, NUMBER 4 PHYSICAL REVIEW LETTERS 23 Jury 1979

Laser Electron Accelerator

T. Tajima and J. M. Dawson
Department of Physics, University of California, Los Angeles, California 90024
(Received 9 March 1979)

An intense electromagnetic pulse can create a weak of plasma oscillations through the
action of the nonlinear ponderomotive force. Electrons trapped in the wake can be ac-
celerated to high energy. Existing glass lasers of power density 10'®W/cm? shone on plas-
mas of densities 10'® em™? can yield gigaelectronvolts of electron energy per centimeter
of acceleration distance. This acceleration mechanism is demonstrated through computer
simulation. Applications to accelerators and pulsers are examined.

VOLUME 54, NUMBER 7 PHYSICAL REVIEW LETTERS 18 FEBRUARY 1985

Acceleration of Electrons by the Interaction of a Bunched Electron Beam with a Plasma

Pisin Chen‘®
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305

and

J. M. Dawson, Robert W. Huff, and T. Katsouleas

Department of Physics, University of California, Los Angeles, California 90024
(Received 20 December 1984)

A new scheme for accelerating electrons, employing a bunched relativistic electron beam in a
cold plasma, is analyzed. We show that energy gradients can exceed 1 GeV/m and that the driven
electrons can be accelerated from yomc? to 3yomc? before the driving beam slows down enough to
degrade the plasma wave. If the driving electrons are removed before they cause the collapse of the
plasma wave, energies up to 4y§mc? are possible. A noncollinear injection scheme is suggested in

order that the driving electrons can be removed.




Surface charge density

Surface electric field

E, = —0/ep = —endx/ey

Restoring force

d26x

m 5
dt?

.
=eby=—muw, dx

Plasma frequency

Plasma oscillations

Ox = (dx)o cos (wy, t)




Principle of plasma, acceleration

» n,=10Ycm3 =» A,=100pum ~330fs
< —

Trailing pulse

Directionoftravel

==

J
&

Laser Wakefield Accelerator
(LWFA):
Drive beam = laser beam

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




Principle of plasma, acceleration

From Maxwell’s equations, the electric field
in a (positively) charged sphere with uniform
density n; at location ris

The field is increasing inside the sphere

Let’s put some numbers

=1016 -3
n, cm "» E~10 ﬂ
r=A,/2=150 pm m

Break-Down Limit?
— Wave-Breaking field:

E,, ~100[GeV /m],n,[cm” ]




Horizon2020

PRAA IA Plasma Wake-Acceleration

~ TV/m)
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Laser Pulse (200 TW, ~30fs, E
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Plasma electrons

(plasma cell, ~10" cm?)



Horizon2020

PRAAGA Plasma Wake-Acceleration

Bubble
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Plasma electrons

(plasma cell, ~10' cm?)



PRAA( A Plasma Wake-Acceleration

Horizon2020

Bubble (. ~ 10 GV/m)

long

Laser Pulse (E.  ~ TV/m)

transv
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Plasma electrons
(plasma cell, ~10' cm™)



PRAA( A Plasma Wake-Acceleration

Horizon2020

~25 um

Bubble (€, ~ 10 Gv/m)

Laser Pulse (E._ ~ Tv/m)

transv
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~100 UM Plasma electrons
(~330 fs) (plasma cell, ~10"” cm?)

This accelerator fits into a human hair!



Electron beam

Plasma electrons
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Plasma electrons

(plasma cell, ~10" cm?)




Principle of plasma acceleration

Driven by Radiation Pressure

Linear Regime

™\ h, Beam Loading

v

LWFA limitations: Diff
PWFA limitations: Hea




Diffraction - Self injection - Dephasing — Depletion

20
N, [10%° 1/cm]

10 20 30 40 50 B0
Z [pm]
0 0.5 1 15 2
E_[10""/m]
2

Electrons/hie

40 60 80 100 120
Energy [MeV]




Colliding Laser Pulses Scheme

The first laser creates the accelerating structure, a second laser beam is used to heat electrons

Injection
beam .

Wakefield

Break-Down Limit? 3
= Wave-Breaking field: E,, =100 [Ge v/ m] \/ n, [Cm

"r”&‘lndum. @ ENSTA

lundi 3 juin 13



Colliding Laser Pulses Scheme

The first laser creates the accelerating structure, a second laser beam is used to heat electrons

Beatwave

Injection phase

Theory : E. Esarey et al, PRL 79,2682 (1997), H. Kotaki et al., PoP 11 (2004)
Experiments : ). Faure et al,, Nature 444, 737 (2006)
192
“%fntum:‘n"‘l' :ENS TA

[ele Ist European Advanced Accelerator Concepts Workshop, La Biodola, Isola d’Elba - Italy, June 2-7 (2013) I I
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Colliding Laser Pulses Scheme

Trapped electzs,

SR

Acceleration phase

Theory :E. Esarey et al, PRL 79,2682 (1997), H. Kotaki et al, PoP 11 (2004)
Experiments : . Faure et al., Nature 444, 737 (2006)
AQ2
" il

[e]e Ist European Advanced Accelerator Concepts Workshop, La Biodola, Isola d'Elba - Italy, June 2-7 (2013) I l
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Stable Laser Plasma Accelerators

>
v 12
S | Eyc2B ey
< 101 | AE=00MeV
o) 8 - ‘ 03}:=17.4 pC
oo I
SRy 'I '
X 49 A
W 24 '~.
Z 0 -4 | T | E— ~
50 100 200 400 T 50 {00 (50 200 250 300
E (MeV) E(MeV)
\ loc Ist European Advanced Accelerator Concepts Workshop, La Biodola, Isola d’Elba - Italy, June 2-7 (2013) I l D
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Inverse Compton Scattering : New scheme

He gas jet

X rays
—-—*
S50TW /30 fs -
laser Foil, blade G
as

Back reflected laser pulse Plasma mirror

solid foil

A single laser pulse

A plasma mirror reflects the laser beam - MI

The back reflected laser collides with the
accelerated electrons High energy

X ray beam

No alignment : the laser and the electron
beams naturally overlap

Save the laser energy !

'x,\ loc Ist European Advanced Accelerator Concepts Workshop, La Biodola, Isola d'Elba - Italy, June 2-7 (2013) I I

http://loa.ensta.fi UMR 7639 E E

3. ensta.in u&‘nt(mxlut FNS]U}

lundi 3 juin 13



BELLA: BErkeley Lab Laser Accelerator

BELLA Facility: state-of-the-art 1.3 PW-laser for laser accelerator science:
>42 ) in <40 fs (> 1PW) at 1 Hz laser and supporting infrastructure at LBNL

Critical HEP experiments:

« 10 GeV electron beam from <1 m LPA
« Staging LPAs

» Positron acceleration




Experiments at LBNL use the BELLA laser focused by a 14 m focal length

off-axis paraboloid onto gas jet or capillary discharge targets

' g BELLA laser
Single shot spectra 30 MeV - 11 GeV g '_ \\

Magnetic spectrometer

Calorimeter Wedge with hole ICT
[ .\. ) e -
I_ T, o
I T I : ‘
: Off-axis paraboloid

CCD array

Spectrometer - ‘ ." p - "
' . Capillary discharge waveguide
FROG L :
/ : l Hydrogen Hydrogen

| ,
. Cebunch |
‘!GE& je{ ‘ ‘ | ; r

ov

‘\' f"] U.8. DEPARTMENT OF Office of T T 3 : [3
wingsiic S ENERGY Science APPLIED PHYSICS DIVISION A TA P/




4.25 GeV beams have been obtained from 9 cm plasma channel powered

by 310 TW laser pulses (15 J)

30
Electron beam spectrum INE&RNO simulation®
nCISRI(MeVic) P
000" 20
Q
O
Pt
(i1}
o
S 10}
g
Beam energy [GeV]
O aA 1 I I
oSl 3 5 10
E [GeV]
. a ’ ner : e 2 e
- Measured) longitudinal profile (T = 40 fs) -
- Measured far field mode (w, =53 pm) AE/E 5% 3.2%
* Plasma: parabolic plasma channel (length 9 cm, Charge ~20pC  23pC
n0~6'7X1017 cm?) Divergence 0.3mrad 0.6 mrad

W.P. Leemans et al.,PRL 2014

—‘\‘ A U.S. DEPARTMENT OF Office of 3
....... ! ALCELERAIOR TECHNGLOGY & |
mmuu @ EN ERGY ’ Science :':w;xu_: PHYSICS DIVISION A TA R// @




PLASMA RESEARCH
ACCELERATOR WITH Eu PR A) ( A
EXCELLENCE IN
APPLICATIONS

EuPRAXIA Design Study started on Novemebr 2015
Approved as HORIZON 2020 INFRADEYV, 4 years, 3 M€
Coordinator: Ralph Assmann (DESY)

-IJ%E IJ-




PRA A Motivations

Horizon2020

PRESENT EXPERIMENTS

Demonstrating EuPRAXIA INFRASTRUCTURE
100 GV/m routinely

Demonstrating GeV
electron beams

Engineering a high PRODUCTION FACILITIES

quality, compact
plasma accelerator

Plasma-based linear

5 GeV electron beam | collider in 20407
for the 2020’s Plasma-based FEL in

Demonstrating user 2030
readiness Medical, industrial

applications soon

Demonstrating basic
quality

Pilot users from FEL,
HEP, medicine, ...




The Consortium Members for th Next Phase
(from 16 to 40) Horizon 2020

40 Member institutions in:

= |taly (INFN, CNR, Elettra, ENEA, Sapienza Universita di
Roma, Universita degli Studi di Roma “Tor Vergata”)
= France (CEA, SOLEIL, CNRS)

= Switzerland (EMPA, Ecole Polytechnique Fédérale de

PRA /\GA

PRA {IAMEMBERS L

Lund University

Institute of Applied Physics,
A Q.1

y of

University of Strathclyde {

Joint Institute for High Temperatures,
Rt of Sci

University of York {
Forschungszentrum Ferdinand-Braun-
Jidlich J Institut Lausanne)
The Queen's / i i
HolmholaZa e = Germany (DESY, Ferdinand-Braun-Institut, Fraunhofer

University Belfast Fraunhofer Institute ' { K
] "

for Laser Technology Dresden-Rossendorf

Institute for Laser Technology, Forschungszentrum Jiilich,
HZDR, KIT, LMU Munchen)

= United Kingdom (Imperial College London, Queen’s
University of Belfast, STFC, University of Liverpool,
University of Manchester, University of Oxford, University
of Strathclyde, University of York)

= Poland (Institute of Plasma Physics and Laser
Microfusion, Lodz University of Technology, Military
University of Technology, NCBJ, Warsaw University of
Technology)

= Portugal (1sT)

&

Lodz University
| of Technology

Warsaw University
of Technology

Military University
of Technology

University of Manchester

Institute of Plasma Physics
and Laser Microfusion

University of Liverpool

University of Oxford |

Science and Facilities
Technology Council (UKRI)

National Centre for

Imperial College London | | Nuclear Research (NCBJ)

CNRS | ELIBeamlines

CEA ‘ Wigner Research
Centre for Physics " ;
Synchrotron | . ®* Hungary (Wigner Research Centre for Physics)
SOLEIL Ludwig-Maximilians-
) : l Universitit Minchen | = Sweden (Lund University)
Karisruhe Institute | 4
of Technology ~w4| Elettra Sincrotrone = |srael (Hebrew University of Jerusalem)
1 Trieste .

Instituto Superior = Russia (Institute of Applied Physics, Joint Institute for

Ecole Polytechnique

|
£ Universita degli Studi di
Técnico l Fédérale de Lausanne l

Roma ‘Tor Vergata'

R | High Temperatures)
| | sapienza Universita di = United States (ucLa)

INFN | Roma

. Swiss Federal Laboratories for
Materials Science and | q J - CERN
University of California, Technology Il cNR ! ENEA Hewbrew University of
Los A I -
os Angeles B L] Jerusalem ™ EL' Beamllnes

|




The Consortium Observers for the Next Phase -

PRA ,dA

(from 25 to 10, Consortium Agreement signed) Horizon 2020
Helmholtz University of |
Institute Jena | Warsaw !
l——_

RIKEN SPring-8
I Center

Institute for

Amplitude | Molecular Science

Technologies |

Kansai Photon

Lawrence Berkeley ! 1
National Laboratory Thales LAS Science Institute |
Ence Shanghai Jiao

Tong University Osaka University

10 Observer institutions in:

®* France (Amplitude Technologies, Thales LAS France SAS)
= Germany (Helmholtz-Institut Jena)

= Poland (University of Warsaw)

= United States (LBNL)
= China (Shanghai Jiao Tong University)
= Japan (Institute for Molecular Science, Osaka University, Kansai
PRA/\GA OBSERVERS Photon Science Institute, RIKEN SPring-8 Center)

New Particle Acceleration Methads for Hiah Fnerav Phvsics | Raloh Assmann | RWTH Seminar 07/2021



... and Builds a European Distributed Facility

Position Europe as a Leader in the Global Context

1. Lean overall EUPRAXIA management

2. Ten clusters: Collaborations of institutes on E“PRA}GA ,-' |
specific problems, developing solutions,
technical designs, driving developments with
EuPRAXIA generated funding = expertise of
Helmholtz centers required - opportunities

3. Five excellence centers at existing facilities:
Using pre-investment, support tests,
prototyping, production with EUPRAXIA

generated funding - DESY excellence center

4. One or two construction sites at existing
facilities with EUPRAXIA generated funding:

+ Beam-driven at Frascati (ltaly).

+ Laser-driven at CLF/STFC (UK), CNR/

INFN (ltaly) or ELI-Beamlines. CONSTRUCTION SITE FOR
+ LASER-DRIVEN PLASMA ACCELERATION

to be aeter




EuPRAXIA@SPARC_LAB
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Long undulators chain




A Free Electron Laser is a device that converts a fraction of
the electron Kinetic energy into coherent radiation via a
collective instability in a long undulator

(Tunability - Harmonics)




light wave:

Radiated Power :
destructive interference

—— shotnoise radiation

P oc n, (number of electrons)







electrons:

light wave:

Radiated Power :

P g

5 (number of electrons) constructive interference

n, ~10° -10° —— enhanced emission
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Radiation Simulator — T. Shintake, @ http://www-xfel.spring8.or.jp/Index.htm







LCLS at SLAC- First Lasing 2009
meicts 1515 A

(Linac Coherent Light Source)

Photon

To Electron
———, ol Beam Dump | %

i

—

l ‘L ! I \\— B Factory Rings

X-FEL based on last 1-km of existing SLAC linac




Electron source and acceleration




Beam Driven —




March 2022 - First discharge in EUPRAXIA @ SPARC_LAB
plasma acceleration modumioned o)

Image captured during the formation of plasma in the cap ong and 2 mm in
diameter, installed inside a vacuum chamber specially created to accommodate large plasma
sources. The applied voltage pulse is 9 kV and the peak current reaches about 500 A.

Courtesy Angelo Biagioni




Long undulators chain




Beam separation




Experimental hall (Single Protein Imaging)

http://1cls.slac.stanford.edu/AnimationViewLCLS.aspx



Atomic and
molecular
dynamics occur
at the fsec-scale




XFEL first lasing — Hamburg May 2017
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MolekQistrahl

1. Laserblitz [dst
Reaktion aus 2. Laserblitz macht

Momentauinahme




FEL is a well established teohhdloggy

(But a, widespread use of FEL is partially limited by size costs)

First proposal to build an
XFEL at SLAC (USA)

FLASH (Germany) — first FEL
operating in the XUV and soft
X-ray region — begins user
operation

LCLS (USA) — first hard XFEL
— begins user operation

SACLA (Japan) begins

FERMI@Elettra (Italy) Useroperation

begins user operation

PAL-XFEL (South Korea)

begins user operation
European XFEL (Germany)
begins user operation

Completion of the DCLS
VUV FEL (China) SwissFEL (Switzerland)

begins user operation

SXFEL (China)expected

LCLS-II (USA) expected to begin user operation

to begin operation

Photon energy C

SHINE (China) expected
O Soft X-ray
O Hard X-ray

New facilities are expected to begin is considering the scientific case
operation in the next 5 years in foran XFEL.
the USA and China, and the UK Iulia Georgescu




First Lasing with LWFA at SIOM

Profile 1 Profile 2
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Energy (MeV) Wang, Wentao, et al. "Free-electron lasing at

27 nanometres based on a laser wakefield

Wavelength (nm)
accelerator." Nature 595.7868 (2021): 516-520.

Observation of FEL radiation @ 27 nm using LWFA
Electron beam generated from a 200 TW (I~4x10* W/cm?) laser focused on a gas-jet
Peak energy ~ 490 MeV, 0.5% spread (measured), emittance 0.5 um (estimated)

Radiation energy from 0.5 to 150 nJ
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First Beam Driven SASE-FEL Lasing at SPARC_LAB

(May 2021)
r—
——— = be——— —— EOS
J—— o o . o 4 4 Plasma D W
| 8 » A A LR ) B -
PMQ | | PMQ .
Undulators : ll.i
+ g
5.
45~ 10% ¢ 5,:,,,, UL T
Data o
— ~-4& ~Simulation R i
IS, S o '
3.5 =10} i .,j/ .
= - | T <
3 i ‘ 5171 ;=" R.Pompili, etal.
780 800 820 840 860 880 © I i - OIPI, =]
Wavelength (nm) 10 ﬁ// : submitted 3
. . 1 3L | L i L i L L 1% L L 4
SASE FEL radiation: O, 3 4 5 6 7 8 9 10 11 12 13
z(m)

» peak at 830 nm;
* 6 undulators, ~ 15 m;

» data taken with 6 (S1) photo-diodes,

after each undulator.

Exponential gain of FEL radiation energy

Accepted by Nature

71



Betatron Radiation Source

Laser pulsa
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Photon energy (eV)

Figure 3.3: Caleulated betatron madiation spectra in a plasma column with density of
0 e 3, The electron enery MeV, and oscillation amplitudes are (a) 0.1 pm,

(b) 0.5 pm, and (c) 1.6 um. (d) sho e case of a 100 MeV electron with an oscillation

amplitude of 1.6 pm. ar "N o . - -
10-20 micrometers

EuAPS First Day Meeting, 27/06/2022




~Thank for your attention




