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PRAA  New Technology: Plasma Accelerators |

Funded by the
European Union

Overcome high-field limitations of metallic walls with dynamic plasma structures (undestructible)

New idea in 1979 by Tajima and Dawson: Wakefields inside a e _
homogenous plasma can convert IR O M

Laser Electron Accelerator

T. Tedima and J. M: Dawson . 5
transverse forces into longitudinal accelerating fields b L A i

An intense electromagoetic pulse can create a wesak of plasms oselllations through the
" 4

action of the P force. x trapped (n the wake can be ac-
celerated to high eoergy. Existing glass lasers of power density 10*w/om® shone on plas-
mas of densities 10" cm™* can yleld glgaelectronvolts of electron energy per centimeter
of acceleration distanco. This is ated through
simulation. Applications to accelerators and pulsers are examined.

i . . Collective plasma accelerators have recently the wavelength of the plasma waves in the wake:

Ponderomotive force Space Charge force of a ACCEIeratlng gradlents of received considerable theoretical and experi- L=\ /2=r¢/w, 2)
mental investigation. Earlier Fermi' and McMil- L hidt

Of a |aser pu |Se and or Charged pa rtlcle bunch 10 GeV/m to lan” considered cosmic-ray particle accelera- An alternative way of exciting the plasmon is to

tion by moving magnetic fields' or electromag- inject two laser beams with slightly different

restoring force of ion (e_ p+) and restoring 1,000 GeV/m netic waves.? In terms of the realizable labora- frequencies (with frequency difference Aw~w,)

0 . ’ tory technology for collective accelerators, S0 that the beat dist: of the packet
channel force of ion channel

Options for driving wakefields:

* Lasers: Industrially available, steep progress, path to low cost
Limited energy per drive pulse (up to 50 J)

* Electron bunch:  Short bunches (need um) available, need long RF accelerator
More energy per drive pulse (up to 500 J)

* Proton bunch: Only long (inefficient) bunches, need very long RF accelerator
Maximum energy per drive pulse (up to 100,000 J)

Courtesy M. Kaluza
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PRA AéA New Technology: Plasma Accelerators Il

Funded by the
European Union

This accelerator fits tnto a humawn hair ’

Bubble (€, ~ 100Gv/m)

Trapped electron beam

Laser Pulse (E. ~ Tv/m)

transv

L Tud T BT O A NTE AT
-.".‘:‘!:‘f--.'-::,o. Q-.-'. "‘ . "

LR, : 7 3y Like wakes left behind
::.;.:-"":\-::?V'.:'2;.';{."":'3,"". . Y ~-:‘.Z etes ' by a boat in water
~25 um | .'::-E.:..'.:z-".:'.‘.. FARE < SEL TN 3

~35 um

\
Plasma electrons
(120 fs) (plasma cell, ~10' cm?)
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PRA,IA Plasma Accelerator: Natural Photon Source

Wiggling electrons emit X rays = a plasma accelerator as accelerator and undulator at once

Electrons travel in the ion channel of the " '-
FWHM= 4.0 mm
plasma accelerator:

—> experience ultra-strong transverse focusing 30 _ Betatron
forces, they oscillate and emit photons ' X-Rays

Can enhance with beta mismatch oscillations of

the beam size or offsets. 20

mm

. Bending Magnet
We studied this in 2002 at SLAC. . <— Radiation

10

VOLUME 88, NUMBER 13 PHYSICAL REVIEW LETTERS 1 ApRIL 2002

X-Ray Emission from Betatron Motion in a Plasma Wiggler

Shuogin Wang,' C.E. Clayton,! B.E. Blue,' E.S. Dodd,' K. A. Marsh," W.B. Mori,' C. Joshi,' S. Lee,> P. Muggli,?
T. Katsouleas,? F.J. Decker,® M. J. Hogan,® R. H. Iverson,* P. Raimondi,* D. Walz,* R. Siemann,® and R. Assmann*
University of California, Los Angeles, California 90095

2University of Southern California, Los Angeles, California 90089 0
3Stanford Linear Accelerator Center, Stanford, California 94309
4CERN, Switzerland
(Received 8 October 2001; published 19 March 2002)
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Maximum Beam Energy

PRA ,GA Progress in Particle Accelerators: New Technology

Funded by the
European Union

Higgs & Englert Uy Future goals
Nobel Prize Physics 2013 Ly
100 TeV ' ; FCC-hh
e T T T v -l T ' T
, “Discovery ' LHC ; 1SPPC
i 7 Physics : ]
electron-driven e”
Tevatron
plasma accelerator . ic 4
1TeVt Precision Physics | Cciic Bob Siemann,
LEP, SLC, LEP2 X G FCC-ee SLAC
3 SIS HI2 0 AL 3CEPC .
. E167 collaboration
p storage rings ) ] SLAC, UCLA, USC
| EuPRAXIA |. Blumenfeld et al v ?
GeV [ | ESFRI Project b o) Doubling energy in a plasma wake
1GeV ! 3 (2007)
3 et /e accelerators proton-driven e 5 A
(storage rings, linacs) plasiin seceiarator B 0 e R
| i Exceeding 8 GeV
laser-driven e”
1 MeV 3 plasma accelerator E High energy laser guiding o
' ' ' ) High energy electron beams: up to 8 GeV
L1 Tajima & | | | Mourou & Nobel prize  f& R ]
Ising & Dawson | | | Strickland (CPA) Physics 2018 /.
' Widerse I | ! Nobel Prize Physics 2018
1 O kev L] 1 L 1 L] 1 Il 1
LBNL and collaborators
Gonsalves et al, PRL 122, 084801 (2019
Year o
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PRA /‘GA

Nobel Prize Physics 2013

100 TeV ' : ,

A Dlscovery
d Physics

electron-driven e~

mlmmmam mmamaAlAacabaw

Shows potential of plasma
acceleration for very high
energies - HEP

Tevati

Precision Phys:cs
LEP, SLC, LEP2

B EuPRAXIA
ESFRI Project

m / ' E
:E: L e+/e' accelerators proton-driven e” J
= (storage rings, linacs) plasma accelerator
X laser-driven e~
g 1 MeV L plasma accelerator ]

L ! Tajima & | | | Mourou & Nobel prize ]

| Ising & Dawson ! : Strickland (CPA) Physics 2018
Widerée | Nobel Prize Physics 2018
10 keV L% o 1 - '
1940 1960 1980 2000 2020 2040
Year
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CLIC
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JCEPC
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PRA /‘6;\ Progress in Particle Accelerators: New Technology

.Y Future goals
Nobel Prize Physics 2013 Ly

100 TeV ' . ' : . Y
. Discovery " LHC SPPC
7 Physics ! 7]

> electron-driven e Tevatron

mlmmmam mmamaAlAacaban.

) Bracielon Bhveleck 4ILC
Shows potential of plasma ey} - ae

Skt e e it ! iCEPC

acceleration for very high
energies - HEP

~ B EuPRAXIA :
n. ESFRI Project

Plasma acc. today in regime proton-driven e~
. : plasma accelerator
required for FEL's
- Photon Science!

laser-driven e”
plasma accelerator

I Mourou & Nobel prize | :
Ising & | Strickland (CPA) Physics 2018 W/ - I
' Widerse I Nobel Prize Physics 2018
1 1 1 1

10 keV

1940 1960 1980 2000 2020 2040

Year
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PRA /@\ Progress in Particle Accelerators: New Technology

p-
Higgs & Englert ) Fture goals
1

TeV Nobel Prize Physics 2013 : -
100 Te , , [ -
“Discovery : / isppC
’ i ' LHC ’
7 Physics Fa
& Sedrn VAR TavaER
: Precision Physics ' JILC
Shows potential of plasma i e e o | 2
acceleration for very high """"""""" CEPC
energies 2> HEP EuPRAXIA
ESFRI Project 1
Plasma dcCcC. tOday in I’egime protontdriven e” -
required for FEL’s PleamsEecesion R e e e ot
i ~dri 3
- Photon Science! el o "“ ==

, 1N BCECE Acceleration length (new
Ising & Dawson ! | ! Strickland
" Wideroe A BCElG versus conventional):

1940 1960 1980 2(

10 keV

9 cm versus 100 m

Year
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PRA 1A

2021:
LWFA
FEL

PRA IA

nature

Major Experimental Demonstrations o
for both laser-driven (LWFA) and beam-driven (PWFA) plasma acc.

2021 Plasma FEL Feasibility Proven: Laser-driven

Horizon Eurape

R COMPACT
Shanghai, gMME
China “
Nature “
Recent ground-breaking result in China
500 MeV electron beam from a laser wakefield accelerator
\N‘,,,:,[“l';i ':;;":;‘;’, o FEL lasing amplification of 100 reached at 27 nm wavelength (average
radiation energy 70 nJ, peak up to 150 nJ)
2021: pRA/éA First Beam Driven SEEDED - FEL Lasing at SPARC_LAB (June 2021)
PW FA —*1 ~1uJ (SEED)
102 //,,://‘ 1
seed ed - _—1{~30n (sasE)
= T & i PHYSICAL REVIEW LETTERS 129, 234801 (2022)
FEL L R Wy
s B //
LNF/INFN i s
10
Italy TR TR I
P R L z(m Seeded FEL radiation

Experiment

70 790 500 810 820 B30 B4 850 860 870
Wavelongth (vm)

v Pulse

vergy increased 2 order of magnitud

MS fluctuations over 909

6 uls: gy Rl
shot respect to 17% over 30% of shot for SASE

e respect to

of successful
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|

2021:
PWFA
FEL
LNF/INFN
Italy
Nature

2022:
LWFA
seeded
FEL
HZDR,
Soleil, ...
Germany
France
Nat.
Phot.

Funded by the
European Union

pRAl‘éA 2021 Plasma FEL Feasibility Proven: Electron-driven “

e Single Spike SASE
Recgnt ground. SRt Lt 4 )
breaking results in =4 4
. 35+ .2
Frascati: .
First FEL lasing from e -
102

a beam-driven & Data

plasma accelerator 10" ——Fit

i

oy

—~ |~ % - simulation i
£ 100 s
Pompili et al., Nature 605, > 10 A //
659-662 (2022) ‘g, 1071 A
o — w B /
[ | 102 ) -
T 4 =

2 3 4 5 6 7 8 9 10 11 12 13

Horizon

lrope.

PRAIA  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

et iii: FEL  iv: isolated FEL
0w oo o om0 aio

H

010
0.05
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PRAI‘GA The EuPRAXIA Project

http://www.eupraxia-project.eu/

Funded by the
European Union

15t ever design of a plasma accelerator facility. 15t ESFRI Ihe Enropean Physical Journal  volume - numbar st Dacambar 2t

plasma acc. project. 1t ESFRI acc. project since 2016.

Conceptual Design Report for a distributed research
infrastructure funded by EU Horizon2020 program.
Completed by 16+25 institutes.

Challenges addressed by EUPRAXIA since 2015:

e Can plasma accelerators produce usable electron beams?

* For what can we use those beams

Next phase consortium: > 50 institutes
Preparatory Phase project: 2022 — 2026 (ongoing)

Start of 1%t operation: 2028

FLS23: EUPRAXIA | Ralph Assmann [ 28 Aug 2023

Special Topics

EuPRAXIA Conceptual Design Report

Ralph Assmann and Maria Weikum (Eds.)

eé/r)sciences @ Springer

600+ page CDR, 240 scientists contributed



A New European High-Tech Research Facility
Delivering Frontier Science

PRA A

Building a facility with very high field plasma
accelerators, driven by lasers or beams
1 — 100 GV/m accelerating field

Shrink down the facility size

PLASMA RESEARCH
ACCELERATOR WITH
EXCELLENCE IN
APPLICATIONS

High Quality

FLS23: EUPRAXIA | Ralph Assmann | 28 Aug 2023 http://www.eupraxia-project.eu/
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PRAIA  EUPRAXIA Facility Size: COMPACT

Funded by the
European Union

- accelerator (plasma or RF)

I : high-power laser

I  undulators + photon beamline

user areas with possibly multiple
experimental stations

Conventional (SRF, 1.25 GeV)

—=i 5

Conventional (C-band, 5.8 GeV)

740 m
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European Union

prAA  EUPRAXIA Facility Size: COMPACT

- accelerator (plasma or RF)

I : high-power laser

I  undulators + photon beamline

user areas with possibly multiple
experimental stations

Conventional (SRF, 1.25 GeV)

—=i 5

Conventional (C-band, 5.8 GeV)

740 m
i elerators
rticle AcC i
ROF oPearat'\ona\ _ many serve for H
> 30,000 op 30 MV per meterf et : { ! | | | : !
om story for + ,
f success
RF: 90 ears O
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PRA /,6A

r—————————1

EuPRAXIA (1 -5 GEV) I - accelerator (plasma or RF)
Eu PRAXIA at :_________: high-power laser
‘_'< i';‘;F:.ldesign 0 1GeV Fra Scati I U ndulators + photon beamline
I user areas with possibly multiple
experimental stations
LWFA design to 5 GeV
-_ : 180 m 3
.k ~ _ EuPRAXIA at ELI-Beamlines or EPAC
i | I or Pisa or Salamanca or ?

Conventional (SRF, 1.25 GeV)

Figure 3.6: Comparison of the expected EuPRAXIA machine length with parameters for facilities
of equivalent beam energies based on conventional RF-technologies [152, 153]. The transverse size

is not to scale. It is noted that such facilities tend to offer FEL performance parameters which are

315m

not achievable with the EuPRAXIA design. Gains in size must therefore be put into the context of
performance limitations with the EuPRAXIA approach.

Conventional (C-band, 5.8 GeV)

ors

- t
RF Particle Accelera or Health

rve f
> 30,000 operat'\ona\ —many sé

e

per meter ] 1

740 m
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EuPRAXIA Facility Size: COMPACT

Funded by the
European Union

Distributed

2 Construction Sites
Several Excellence
Centers

IMPORTANT:

EuPRAXIA design includes
innovative concepts &
solutions

but also lab space, RF
injectors, transfer lines,
undulator lines, shielding, ...

(the real space needed)




PRA A

r—_—_—_—_—1

I EuPRAXIA (1 - 5 GeV) I
] ‘—-< PWFA design to 1 GeV
135m
Plasma particle |
Accelerators \WFA desgn to 5 Gev
c i 180

first user facility to be realized Am |

100,000 MV per ) :

meter

- accelerator (plasma or RF)
EuPRAXIA at o
Frascati

high-power laser

I U ndulators + photon beamline

user areas with possibly multiple
experimental stations

EuPRAXIA at ELI-Beamlines or EPAC
or Pisa or Salamanca or ?

Conventional (SRF, 1.25 GeV)

315m

Figure 3.6: Comparison of the expected EuPRAXIA machine length with parameters for facilities
of equivalent beam energies based on conventional RF-technologies [152, 153]. The transverse size
is not to scale. It is noted that such facilities tend to offer FEL performance parameters which are
not achievable with the EuPRAXIA design. Gains in size must therefore be put into the context of
performance limitations with the EuPRAXIA approach.

Conventional (C-band, 5.8 GeV)

erators
serve for Health

RF Particle Accel

tional — many
> 30,000 opera per meter

740 m

| | J | | l | J
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EuPRAXIA Facility Size: COMPACT

Funded by the
European Union

Distributed

2 Construction Sites
Several Excellence
Centers

IMPORTANT:

EuPRAXIA design includes
innovative concepts &
solutions

but also lab space, RF
injectors, transfer lines,

undulator lines, shielding, ...
(the real space needed)







A New European High-Tech Research Facility
Delivering Frontier Science

Building a facility with very high field plasma
accelerators, driven by lasers or beams
1 1 — 100 GV/m accelerating field

Shrink down the facility size

Experimental techniques and typology of samples

e Producing particle and photon pulses to
neemeene © support several urgent and timely science

X-ray absorption spectroscopy L | Ca SeS

Raman spectroscopy

Enable frontier science in new regions and
Photo-fragmentation of molecules t& g’ ig‘ parameter regimes

FLS23: EUPRAXIA | Ralph Assmann | 28 Aug 2023



European Plasma Research Accelerator with eXcellence In Applications

Versatile — Designed for Users in Multiple Science Fields

Delivers 10-100 Hz ultra-

. Nl o N : ; hor /
S %Eﬂ ?Eif ‘ acclrtor Sh Table-top short puises
Al * Electrons
i \ : (0.1-5 GeV, 30 pC)
ichre PHOTON ACCELERATOR! IGH-ENERG :
SCIENCE SCIENCE PHYSICS * Positrons
,, (0.5-10 MeV, 106)
Time- INSPECTION - Indu-slrisllsai: H
- MEDICAL INDUSTRI dl .
i swaremal | NI Appucmo;g- oot Positrons (GeV source)
analysis accelerators o I_a Se rs
High energy E-beamn T 9 Novel laser (100 ‘]' 50 fS, 10-100 HZ)

density technology

machining concepts

physics

* Betatron X rays
(1-110 keV, 1019)

Topics of research: proteins, viruses, bacteria, cells, '_,«”" J * FELlight
metals, semiconductors, superconductors, magnetic vlg' (0.2-36 nm, 10°-10%3)
materials, organic molecules :;f

ey
T
FLS23: EuPRAXIA | Ralph Assmann | 28 Aug 2023 HT -



PRA A

European Plasma Research Accelerator with eXcellence In Applications

Solve external timing for laser-driven plasma acc.

European Plasma Research

External injection into a laser-driven plasma
accelerator with sub-femtosecond timing jitter

CERN/PS/85-65 (AA)
LR ! and A inez de CLIC Note No. 3
! DESY, 22607 Hamburg, Germany
? Universitiit Hamburg, 22761 Hamburg, Germany 1985 van der Meer
E-mail: angel.ferran.pousadesy.de

I —

e beam
RELINAC & —

-

# — Quadrupoles

[ — Dipoles

— Mirrors

van der Meer: Nobel Prize Physics for
invention of stochastic cooling > SppS

Figure 1. Sct collider at CERN

ic view of the synct stage.
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\ccelerator with e

Achieved with Technical Innovations

ellence In Applications

Try to finally realize low energy spread...

IMPROVING THE POWER EFFICIENCY

OF THE
Beam loading,
energy spread
and efficiency

PLASMA WAKEFIELD ACCELERATOR

S. van der Meer

Ef

/\A/L
VoV VY

T 5

P

Funded by the
European Union

i gt s rdng P Cupesn
Un 1 2020 resasch and povatin
o snder g st o 653182

European Plasma Research Accelerator with

2 |n Applications
Compact Multi-Stage Plasma-Based Accelerator

Electron beam

Combined RF plus
optical scheme

Assmann
PHYSICAL REVIEW LETTERS 123, 054801 (2019) PRL 123, 054801 (2019)

Laser 1

“uropean Plasma Research Accelerator with eXcellenc

ReL.: Ferran Pousa, Martinez de la Ossa, Brinkmann,

n Applications

Compact Multi-Stage Plasma-Based Accelerator

Not to scale. Compact setup 1.5 m.

Coherent Synchrotron Plasma mirror
. . d Space- (coupling of laser 2)
Compact Multistage Plasma-Based Accelerator Design for * 1.5mlong Radiation (CSR) "‘“d dp plasma accel
Correlated Energy Spread Compensation Plasma mirror Charge include stage2
o v (laser 1 removal) ive plasma lens
A. Feran Pousa.*" A. Martinez de la Ossa.' R. Brinkmann,' and R. W, Assmann’ 5.5Ge "“.-—-‘
"Deutsches Elekironen-Synchrotron DESY. burg, Germany

*institut jiir Experimentaiphysik, Universitat Hamburg, Hamburg, Germany

anaos .
0.03% siice
energy spread

0.12 % total
energy spread

® (Received 20 November 2018; revised manuscript received 10 June 2019; published 31 July 2019)

by pl th

source of correl

es. Howener, they
which severely P
th sceleaion process o o plsna Sages joined by a magnetic chicane in ) which the energy
correlation induced in the first stag s inverted such that it can be naturally compensated in the second.
Simultions of a particular 1.5-m-long setup show that 5.5 GeV beams with relatve energy spreads of
1.2 x 107 (total) and 2.8 x 10~* (slice) could " Thisis
Tt one order of magnitude below the current state of the art and would enable applications such as
compac fre-lectron lasers

sub-micron
emittance

DOI: 10.1103/PhysRevLet.123.054801

Tt ot caved g e oo
romanme oo 1 speement No 55752
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Laser 2
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and many
others...




Why Another Photon Science

Fa Cl I |ty? (smaller size, lower power, less performance intially)

—aMakerit Fit!
- Enab.lte Additional Science!

EGPRA)}( A |



Funded by the
European Union

pRA/gA EuPRAXIA: Enabling Additional Science

Visible

light .

* Beautiful and highly optimized
masterpieces of science.

* Go here for best possible
performance.

* |Issue: Only few FEL's can be
built due to their size and cost.

— - ' ] Access to beam time is strongly
Soft X Rays " FEL: OF EUROPE limited.
In addition: Compact Hard X Rays

plasma-based FEL's
r —
PRA A

l————————_—J

Ultraviolet light

Gamma Rays

1um 100 nm 10 nm 1nm 100pm 10 pm 1pm 100 fm 10 fm

FLS23: EUPRAXIA | Ralph Assmann [ 28 Aug 2023



“Unlimited” Number of Study Objects with T
Strong Impacts on Our Lives ——

PRA /\6A

Visible

light .

. \ . \ U
ol TR Need for access and
" sl screening time - work
AR ™ for students at
‘ many universities

Gamma Rays

100pm 10 pm 1pm 100 fm 10 fm
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54 institutes (in addition > 3 asked to join us presently)

from 18 countries plus CERN

signed on one or several presently active EUPRAXIA consortia:

— ESFRI consortium (funding in-kind)

— Preparatory Phase consortium (funding EU, UK, Switzerland, in-kind)

— Doctoral Network (funding EU, UK, in-kind)

FLS23: EUPRAXIA | Ralph Assmann [ 28 Aug 2023

PRA /@‘ >

o =

N | T
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Funded by the
European Union

University of York

University of Strathclyde Lund
University
nnnnnnn ty of Manchester |




PRA A EuPRAXIA Project Timeline

European Union

: | Headquarter at|LNF/INFN

EuPRAXIA Conceptual Design
(EU, in-kind)

Operational

EuPRAXIA Preparatory Phase EuPRAXIA

(EU, UK, CH, in-kind) European RI

EuPRAXIA Doctoral Network age
(EU, UK, inkind) Facil |tv

EuPRAXIA@SPARCIab (beam

FLS23: EuPRAXIA | Ralph Assmann | 28 Aug 2023



PRA (A  EUPRAXIA: Cost/Budget Status Aug 2023
Cost item
Invest Personnel | Total cost Obtained |Coverage|Missing (§)
(M€) (M€) (M€) (M€) (%) (M€)
Site 1 (*), Frascati 151,0 23,0 174,0 138,8 80% 35,2
Site 2 (**), tbd 149,0 29,0 178,0 0,0 0% 178,0
Termination 1,0 2,0 3,0 0,0 0% 3,0
CDR 0,2 2,8 3,0 3,0 100% 0,0
Preparation, incl.
excellence centers 137,0 74,0 211,0 34,6 16% 176,4
Total 438,2 130,8 569,0 176,4 31% 392,6

(*) includes estimate of 240 FTE-y of personpower from LNF-INFN

(**) cost will be reduced in case of relevant pre-invests (exisiting infrastructure, equipment)
(§) for full implementation, phased EuRAXIA approach allows user operation without full funding

FLS23: EUPRAXIA | Ralph Assmann [ 28 Aug 2023




* X %
* *
* *

PRACIA Distributed Research Infrastructure (June 23)

European Union

Today's status

Excellence centers:
several (6 — 10)
assumed to be

() Beam-driven plasma user facility ,’:
EuPRAXIA Headquarter e
-7l Advanced

@ Laser-driven plasma user facility: ‘ Applications

Plasma Acc. &
High Rep. Rate

candidates Beamlines (UK) .
@ cxcellence Center realized
Technology
Second site will be decided in Preparatory Incubator (CZ - ELI) Second site: one to be
Phase project.

Excellence centers (EC) perform technical
developments, prototyping and component
construction. Number of EC’s, locations,
roles, responsibilities reviewed in Prep.
Phase.

selected
ﬁr Data Center (H)
Laser-Plasma Acc.

& 1 GeV FEL (F) Connect with WP’s to
Horizon Europe and
national funding lines

Beam-driven plasma user facility
EuPRAXIA Headquarter

Theory &
simulations

(P)

PRA 1A ¥
B

Horizon Europe

FLS23: EUPRAXIA | Ralph Assmann [ 28 Aug 2023



Funded by the
European Union

PRA 1A Headquarter and Site 1: EUPRAXIA@SPARC_LAB

* Frascati's future facility
* >130 M£ invest funding
* Beam-driven plasma
accelerator

Europe’s most compact
and most southern FEL
The world’s most
compact RF accelerator
(X band with CERN)

http://www.Inf.infn.it/sis/preprint/pdf/getfile.php?filename=INFN-18-03-LNF.pdf
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pRAl‘éA It Fits the Frascati Site

(also fits sites at a large university, hospital, company, ...) Ty

Directorate building

W Vladimir Shiltsev

viva Eupraxia!

SPARClab (SEEding g An: Tor Raubenheimer, Ralph Assmann
with plasma aCC.) i 7 A B 15 September 2022 um 12:07

INFN central
administra-
tion

 Tor Raubenheimer

RA (1A s R

(European site 1)

Viadimir Shiltsev, Fermilab National Laboratory, USA- -
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PRA A High Quality Electron Beams

Funded by the
European Union

Parameter Unit Witness | Driver
Charge pC 30 200
Energy MeV 101.5 103.2
RMS energy spread Y% 0.15 0.67
RMS bunch length fs 12 20
RMS norm. emittance | mm mrad 0.69 1.95
Rep. rate Hz 10 10

Table 7.2: Driver and witness beam parameters at the end of photo-injector.
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= 110
ng \ tapering tapering
g1 Frequency [GHz] 11.9942
\ﬁ % Average acc. gradient [MV/m] 60
2] . Structures per module 2
805 o5 = = Iris radius a [mm] 3.85-3.15 3.5
¢ — Tapering angle [deg] 0.04 0
1. E.m. design: done —— | Struct. length L act. Length (flange-to-flange) [m] 0.94 (1.05)
/ [z e eisea No. of cells 112
2. Thermo-mechanical analysis: & g Shunt impedance R MO/ 28907 100
done l Effective shunt Imp. Re ot [MQ/m] 350 347
2 E / = Peak input power per structure [MW] 70
A ) Input power averaged over the pulse [MW] 51
3. Mechanical design: done Lo e Average dissipated power [kW] 1
a} e //—\ Puut/Pin [%] 25
4. Vacuum calculations: done Lo T [Filling time [ns] 130
o =] peak Modified Poynting Vector [W/um?] 3.6 4.3
5. Dark current simulations: done i Peak surface electric field [MV/m] 160 190
) Unloaded SLED/BOC Q-factor Q, 150000
6. Waveguide distribution \ External SLED/BOC Q-factor Q¢ 21300 | 20700
simulation with attenuation Required Kly power per module [MW] 20
calculations: done :::u;i:';;]z] 11:8

PRA ,6A

PARAMETER

with linear

World's Most Compact RF Linac: X Band

w/o
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PRA (1A Plasma Module

Funded by the
European Union

Advantages:
* several independently controllable sections
* Plasma sources larger than 40 cm (m-scale)
' i with HV pulses less than 10 kV

* Longitudinal density modulation
N PR e e e * 5 GeV case for EUPRAXIA (1.5 GV/m m-scale
Courtesy A.Biagioni/R.Pompili  lowgucesiPossongmey capillary - density 10%¢ cm-3)
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Plasma density (cm-3)
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PRA ,éA Radiation Generation: FEL

European Union

Two FEL lines:

1) AQUA: Soft-X ray SASE FEL — Water window optimized for 4 nm (baseline)
— [ - - - 1 1
SASE FEL: 10 UM Modules, 2 m each — 60 cm intraundulator sections.

Two technologies under study: Apple-X PMU (baseline) and planar SCU.
Prototyping in progress

2) ARIA: VUV seeded HGHG FEL beamline for gas phase FERMI FEL-1 Radiator

Modulator Radiators

e

Dispersive section

SEEDED FEL — Modulator 3 m + 4 Radiators APPLE Il — variable pol. 2.2 m each — SEEDED in the
range 290 — 430 nm (see former presentation to the committee and Villa et al. ARIA—A VUV Beamline
for EuPRAXIA@SPARC LAB. Condens. Matter 2022, 7, 11. ) — Undulator based on consolidated technology.

Frascati 06/05/23 — EUPRAXIA TDR e
= 1 I N I_I 1 -
e
.I 1 r‘—F: i — | é
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PRA 1A

Parameter PWFA Full
X-band

Electron Energy

Bunch Charge pC 30- 200-
Peak Current kA 1-2 1-2
RMS Energy Spread % 0.1 0.1
RMS Bunch Length um 6-3 24-20
RMS norm. um 1 1
Emittance

Slice Energy Spread % <0.05 <0.05
Slice norm mm- 0.5 0.5
Emittance mrad

FLS23: EUPRAXIA | Ralph Assmann [ 28 Aug 2023

Parameter PWFA Full
X-band

Radiation

Wavelength

Photons per  x 1012 0.1-
Pulse 0.25
Photon % 0.1
Bandwith

Undulator m

Area Length

p(1D/3D) x 1073 2
Photon mm®mrad 1-2 X

Brilliance per bw(0.1%) 1028

shot

Courtesy C. Vaccarezza

Expected SASE FEL Performance

1

0.5

Funded by the
European Union

In the Energy region between Oxygen and
Carbon K-edge 2.34 nm — 4.4 nm (530 eV -280
eV) water is almost transparent to radiation
while nitrogen and carbon are absorbing (and
scattering)

W®
au)

ction (

il
9

Coherent Imaging of biological samples
protein clusters, VIRUSES and cells
living in their native state
Possibility to study dynamics
~10 ! photons/pulse needed

Courtesy F. Stellato, UniToV



Finanziato 7.3, Ministero
dall'Unione europea @” dell’Universita

NextGenerationEU 435%> e della Ricerca

Italiadomani ‘ PRA /\GA
O OIAE e vanced oh 2 Sources

Betatron Radiation Source at SPARC_LAB

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

| Betatron
Radiation

* Supported by PNRR
funding

* Collaboration among
INFN, CNR, University of
Tor Vergata

* Operational facility at
SPACIab by end of 2025

* EuPRAXIA pre-cursor f



* X %
* *
* *

PRACIA Distributed Research Infrastructure (June 23)

European Union

Today's status

Excellence centers:
several (6 — 10)
assumed to be

() Beam-driven plasma user facility ,’:
EuPRAXIA Headquarter e
-7l Advanced

@ Laser-driven plasma user facility: ‘ Applications

Plasma Acc. &
High Rep. Rate

candidates Beamlines (UK) .
@ cxcellence Center realized
Technology
Second site will be decided in Preparatory Incubator (CZ - ELI) Second site: one to be
Phase project.

Excellence centers (EC) perform technical
developments, prototyping and component
construction. Number of EC’s, locations,
roles, responsibilities reviewed in Prep.
Phase.

selected
ﬁr Data Center (H)
Laser-Plasma Acc.

& 1 GeV FEL (F) Connect with WP’s to
Horizon Europe and
national funding lines

Beam-driven plasma user facility
EuPRAXIA Headquarter

Theory &
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PRAIA  Main concept of the LPA-based FEL facility g

32.9 CAD Model of the Conceptual EUPRAXIA Facility Layout 587

CAD Model of the Conceptual EUPRAXIA Facility Layout

Some example screenshots of the CAD model of the proposed EuPRAXIA facility layout are shown
below. The current maodel is conceptual, but will form a basis for the detailed technical layout w be
developed in the next phase of EUPRAXIA. The full CAD model is available upon request.

1 — compact LP-accelerator

2 — dedicated e- beam line

3 —undulator line

4 — photon beam transport

5 — user area (at least 3 stations
with Pump @ Probe setup)

Figure 32.27: Screenshot of the CAD model of the proposed EuPRAXIA facility layout. Here, the
laser-driven plasma acceleration construction site 1s shown in a perspective view,

Alexander Molodozhentsev / EuPRAXIA CoE workshop /June 5-7, 2023
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ELI Beamlines explores the
interaction of light with matter at
intensities 10 times higher than
previously achievable.

4 PW class laser systems, 4 support
lasers

7 Secondary sources — EUV - X-rays,
Electron and lon Accelerators

10 User stations

* 350 international staff
* Area 31,000 m2

* Structural Dynamics

* Particle Acceleration and Applications
HED Physics and ICF

* High Field Physics




eﬁﬁﬁﬂ)){ lA 1-GeV LPA-based FEL at ELI-Beamlines B

Funded by the

European Union
Laser @ Plasma Electron beamline Undulator line {electrons/photons) Photon beamline Photon user area ~80m
*
r
p Pum Probe setu 15
s[> “ y B g
"q 2 / 10 > 25 3 ,/ 10 5 _/"f £
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SPARC-Lob case softX-ray—FE;_-"" 33m
Fabio Villa — NIMA-2018 3 ,/
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‘Aramis’ Swiss-FEL
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EXISTING INFRASTRUCTURE at ELI-Beamlines

Alexander Molodozhentsev / EuPRAXIA CoE workshop /June 5-7, 2023 6



PrA(in  ELI-Beamlines: infrastructure (5 GeV case)

Funded by fhe
European Union

Option-A (using existing facility)

Extension of E6 hall = extra 60 meters length

-> Budget estimation for E6 extension
permission @ TDR ~ 10% (NON-inv) of total budget = 1.5 year
underground work ~ 11 MEur (INV) = + 2 years

- Finalization of extended infrastructure (shielding, engineering) ~ 20 MEur

— Budget for other key components =2 TBD

Alexander Molodozhentsev / EuPRAXIA CoE workshop /June 5-7, 2023 11



PRAIA  ELI-Beamlines: infrastructure (5 GeV case)

Funded by the
European Union

Option B: new facility

o Underground work (160m x 35m x 5m) = ~ 40 MEur

o Time: Permission @ TRD ~ 10% (NONinv) = ~ 3 years

o Building / Laser-Hall and Experimental-Hall finalization = ~ 20 MEur
o Time: + 3 years

NO pre-investment from ELI-beamlines

Alexander Molodozhentsev / EuPRAXIA CoE workshop /June 5-7, 2023 12
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ACCELERATOR WITH

EXCELLENCE IN § : .
APPLCATIONS Option for Second Site:

xtreme hotonics
~*  pplications entre

S UsIVIRSEY 6
@) OXFORD

4 _‘ucL % 8. ““" Rajeev Pattathil

x Rome, Italy, 5 —7 June 2028
I - 21N

e -

ot This project has received funding from the European Union's Horg
x 2 Eurppe research and innovation programme under grant agreement
> No. 101079773



PRA/\(A Builds on the success of Gemlnl cmd Vulcan

Rajeev Pattathil - 6 Jum 7023



PRAIA EA1 Applications area m

Funded by the
Europaan Unlon

Secondary source parameters: T : ";' \f, V
100 MeV — 10 GeV electrons A -..,_,_":b_-.,__ /.

50 — 200 keV direct x-ray emission i Interactmn |
0.5—-50 MeV tuneable narrow band ICS =~ | chamber 5‘ [

radiation _ for == ' .

Conversion to muon, positron, and y-rays - 2 B

- r " 'I
| | - -” \
\ g

d i '.' \

T i a4 \

4 l-':' i \
& \
= 3 i

LT Flexible 20m x 9m

' area

* Electron
diagnostics

« X-ray detectors
« Sample stages
* Specialist rigs




PRA,{IA @ EPAC?

* EPAC'’s operations would start 2025/26 — can de-risk — ﬁ
a lot of EUPRAXIA concepts -

+ Additional space for future laser and experimental
areas (eg. a 100Hz system under development)

* Has the capacity to expand the EPAC building to
house the additional beamlines — EuUPRAXIA @ EPAC

+ EPAC’s strategy, applications-oriented program and
industry links would help EuPRAXIA

* STFC has all the infrastructures required to run a
successful user programme

STFC Strategic Framewor!‘
* Infrastructure proposal to UKRI was identified as D e

“future potential funding”

* STFC’s Accelerator Strategy now includes
development of plasma accelerators

.‘. %m}; 5 o i "1
b e e D
ﬁwuu-n{

* STFC Executive is in full support — Mark Thomson
was instrumental in getting support for EUPRAXIA

+ Political questions remain, however

Rajeev Pattathil — Rome- 6 June 2023
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EuPRAXIA 29 SITE @CNR

"Status of preparation

o

Leonida A. GIZZI, CNR-INO and INFN, Pisa, ltaly

EuPRAXIA-PP and ESFRI Workshop on Excel
and 2nd site (Laser-driven) '
6t June, 2023, Museo Ninfeo, Ro

] L .
=l I
] N

—
[ —

H T ==
._

=—I:—E

eived funding from the European Union’s Hovizg
Europe research and innovation programme under grant agreement
Mo. 101079773



_PRA,dA CNR, Area della Ricerca del CNR, Pisa -

Funded by the
European Union

Consiglio Nazionale u”e Ricerche
C“_l Area della Ricerca di Pisa

Leonida A. Gizzi, EUPRAXIA Workshop on Excellence Centers and 2nd site , 6® June, 2023, Museo Ninfeo, Roma, italy @ CN. Rr | NO
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i,.PRA}dA FEL MODELLING of REMPI BEAM

Laser-plasma TRANSPORT FEL

REMPI SCHEME to undulator emission

Up to 39 m planar undulator line with period A, = 14 mm, with F,___ =4.5 GeV, the resonant wavelength of 1.5 A.
The Self-Amplified Stimulated Emission (SASE) vs. pulse energy, gain length and resonant wavelength

3
] ebeam | L [m] | Eplzae) [] | e [nm]
§ 75% | 1753 928 | 0152619 ——  Rel ) )
) 150 | 1781 060 | 1152533 515 1.3 simulations by
- Federico NGUYEN
s | oz 1115 | 0152546 | 0.5
LF) =
=< 125% | 175 822 | 1152574 (ENEA, Frascati)
0% | 1791 1078 | 0152568 |
- 0 1 1 L
[ Rms [ ooes | Lo [ nomess | Y qs1 0.152

Emission stable against plasma
density variations (10%)

P. Tomassini, L. Giannessi, A. Giribono, F. Nguyen, and L. A. Gizzi, “Brilliant X-Ray Free Electron Laser Driven by Resonant Multi-Pulse
lonization Injection Accelerator”, presented at the FEL2022, Triest, italy, Aug. 2022, paper TUP17.

T T T Now working on the proof of principle implementation
z(m)

Lecnida A. Gizzi, EuPRAXIA Workshop on Excellence Centers and 2nd site, 6™ June, 2023, Museo Ninfeo, Roma, ftaly @ CN R_!.N O 14
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dwvanced

Eupraxia laser development is aimed at delivering more efficient,
kW-PW laser driver for plasma acceleration at >100 Hz rate

L] L] - -

L] -

A

hoton “ource

CURRENT

PW class,

Hz repetition rate,

=10 W average power
flashlamp pumped

No thermal load transport

INTERMEDIATE MILESTONE

I-PHOQS

NTEGRATED INF R
N FHEI ONIC JNEI nIJANTLiM ! I[Ntii

Leonida A. Gizzi, EuPRAXIA Workshop on Excellence Centers and 2nd site, 6 June, 2023, Museo Ninfeo, Roma, ltaly

Funded by tha
Sl

EuPRAXIA

PW class,

100 Hz repetition rate,

multi kW average power,

diode pumped

Full therma load transport

@ CNRINO 15
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TP
Infrastructure LRy

Phase |-20 TW Phase Il - 200 TW Phase lll - 1 PW Fropean trien
/ﬁ | #Bmd O 2m) MmO 200 mJ 2
vV 3smi /) 251 Mutipass 500 mJ / / J
iy s il fie

i Propulse + Fast shutter
-pass i
ampifier ':ﬁﬁ.:s
4 passes
2Titan 3.5
Mulli-pass
amplifier
8 Propulse +
Multi-pass
amplifier
: J passes
600 mJ, 30 fs ' s BTk 04
10 Hz COMpressor
6J,30fs
VEGA system 10 Hz
30J,30fs
PW Laser “easily” Upgradable D"fm::rﬁ 1Hz
To 5 Hz Repetition Rate

= i i A RS =
m im m SR Junea g -':fi. :.m.lq;ul\r.d. ggaﬂ’f@c.fpu.es
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European Union

Multiple Users & Set-ups

Get Advantage of Laser Independence
3 M€ Funding
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PRA 1A Conclusion

* Plasma accelerators have advanced considerably in
beam quality, achieving FEL lasing.

* EuPRAXIA is a design and an ESFRI project for a
distributed European Research Infrastructure,

building two plasma-driven FEL's in Europe.

* EUPRAXIA FEL site in Frascati LNF-INFN is sufficiently
funded for first FEL user operation in 2028.

e Second EuPRAXIA FEL site will be selected in next 18
months, among 4 excellent candidate sites.

* Concept today works in design and in reality. Expect EUROPE TARG ETS
(solvable) problems in stability for 24/7 user A USER FACILITY FOR
!

operation. Facility needed to demonstrate!

Ralph Assmann,

* Many thanks to all my EuPRAXIA colleagues and close ety e s consenvitcnsesce e

ms to

friends, especially Massimo Ferrario from INFN. PRSI acceleration conceprs,

FLS23: EUPRAXIA | Ralph Assmann [ 28 Aug 2023
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Thank You
PRA A

ittee:
PRA (A

! WP1. Coordination & Project I WP7. E-Needs and pat, Policy WP13. Diagnostics
| Governing Boarg ! Management ! | R Fonseca, IsT A. Cianchi, U Tor Vergata :
=g body ! R.Assmann, INEN & DESY i1 S.Pioli, INFN R. Ischebeck, EPFL /
IM. Ferrario, INFN I WPS8- Theory & Simulation WP14. Transformative Innovation i
! WP2 - Dissemination and Public | | . Vieria, IST Paths ; j
: Relations L L Vincenti, CEA B. Hidding, y Strathclyde oy
i C. Welsch, U Liverpool ! wpg . RF, Magnets g Beamline S. Karsch, LMy .
| S. Bertelli, INFN ! | Components o Ny
! WP3.- Organization ang Ryjes ' | S Antiooy, DESY WP15 - TDR EuPRAX1A @SPARC-lab |
Tochnical & | A Specka, CNRs | F-Nouyen, ENEa f pacearezza, INFN :'
Industria) Advisory A Ghigo, INFN i1 WP10- Plasma Components & R. Pompil, INFN !
| Boarg ' WP4 - Financial & LegalModel. | | Systems VP16 - TDR EuPRAXIA Site 2 '
—— ! Economic Impact ! | K. Cassou, CNRs A Molodozhentsey, EL-Beamines | |
Board of Financia) | A. Falone, INFN ! J. Osterhoff, DEgy R. Pattahil, STFC : |
m ! WP5 - User Strategy and Services WP11 - Applications y
! F. Stellato, U Tor Vergata G. Sarri, U Belfast !

E. Principi, ELETTRA

E. Chiadroni,y Sapienza

WP6 - Membership Extension WP12. Lager Technology, Liaison to
| Strategy Industry |
i B. Cros, CNRs L. Gizzi, CNR
A Mosa Usapersa e |
WP’s on Coordination & imp/ementation as ESFR/ WPs on technical imp/ementation and sites

|

RI (organizat/an, legal mode], financing, users)

FLS23: EuPRAXIA | Ralph Assmann / 28 Aug 2023 ‘
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