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PRA 1A

WP14
“Hybrid Laser-Electron-
Beam Driven Acceleration”

EuPRAXIA  2015-2019

EuPRAXIA Project Preparatory Phase, WP14

Timeline
CDR:
“Transformative | \wp14 Integration in
Innovation Path “Transformative Innovation | |nfrastructures
Cluster Paths”

EuPRAXIA-PP 2022-2026

WWW.eupraxia-pp.org 3



PRA 1A

Objectives & deliverables o
WP14 “Transformative Innovation Paths”

European Union

Work package number 14 | Lead beneficiary | USTRATH
Work package title Transformative Innovation Paths Call: [INFRA-2022-DEV-02-01] — [Preparatory phase of new ESFRI research infrastructure projects]
= ' EU Grants: Application form (HE C
Participant number 1 6 : 8_ 12 13 14 Development of tailored long plasma targets (IC). Development of spin-polarized electron beam s
Short name of part. INFN UNI-ROMA2 | CNRS | FZ) HZDR | LMU | ;se of pre-polarized gas targets (FZJ) or plasma photocathodes (USTRATH).
Pers.op months per part.: | 0 (+6) 0 (+6) 0(+6) |0(+36) | O(+7) | O(+7) | Milestones
Participant number 22 25 30 29 MG.1 Update of concepts for FUPRAXIA systems-status report (M24)
Short name of part. USTRATH | UOXF IC UCLA — ——
Person months per part.: | 12 (+6) 0 (+6) 0(+6) | 0(+6) /’[ﬁverables (brief description and month of delivery)
&1art month 1 ESlERn i \ D14.1 Report on structures (centres, clusters, experimental programmes) to be funded (M12)
ND14.2 TRL report (M42)
Objectives

/

To develop R&D structures including the definition of programmatic scientific R&D, formation of excellence
centres and (national and international) funding programmes and budgets to ensure the latest innovative sci-
ence breakthroughs can continuously be implemented into EUPRAXIA. To develop hybrid LWFA—PWFA as a
combination of and a bridge between the two main approaches of EUPRAXIA, LWFA and PWFA. To develop
plasma photocathodes, multi-pulse wakefield acceleration and plasma sources for novel electron beam produc-
tion. To steer scientific and technical progress of innovative, transformative approaches towards EUPRAXIA im-
plementation.

Description of work (where appropriate, broken down into tasks), lead partner and role of participants

The WP14 is coordinated by USTRATH and LMU, supported by the collaborating institutes with their extensive
experience and knowledge base. The WP develops several innovative, high gain concepts with possibly trans-
formative potential, as specified in the CDR. Reflecting the broad range of approaches, collaborators are there-
fore widely spread and include groups various wider EUPRAXIA consortium members such as Universities of Ox-
ford, Imperial, LOA. Detailed work will be performed on: Generation of low-emittance seed beams via a hybrid
LWFA-PWFA approach (USTRATH, HZDR, LMU, LOA). Development of ultracold injection schemes via plasma
photocathodes (USTRATH, HZDR, LMU, LOA, UOXF). Multipulse plasma wave excitation, overcoming the single-
pulse energy limit of high-repetition rate few-10 fs lasers (UOXF). High repetition rate LWFA (UOXF, 1C).

Part B - Page 21 of 30

EuPRAXIA Project Preparatory Phase, WP14 WWW.eupraxia-pp.org

D14.1 delivered in Nov 2023. Funding
pathways now crucial

Working towards D14.2: TRL report



PRA 1A

14.1: Hybrid laser-
particle driven

wakefield
acceleration
(LWFA—PWEFA)

Partners:
A

CALA
N AN

Strathcl de
Glasgow

Heinrich Heine
U Universitat
Dusseldorf .

ﬁ HELMHOLTZ

ZENTRUM DRESDEN
ROSSENDORF

WP14 EuPRAXIA-PP Overview

14.2: Multipulse-
driven P-MoPA for
harnessing

accessible high-
repetition rate
laser technology

o\
3]
UNIVERSITY OF

OXFORD

( AL

14.3: Plasma
photocathode

injectors and
ultracold beams

Heinrich Heine
U Universitat
Dusseldorf .

CALA
UCLA

Strathclyde

Glasgow

g A

ﬁ HELMHOLTZ

ZENTRUM DRESDEN
ROSSENDORF

WWW.eupraxia-pp.org

14.4: High-
brightness

prototyping for
light sources, QED
and HEP

Heinrich Heine
U Universitat
Dusseldarf -
Umversntyof

Strathclyde

Glasgow

UCLA

loa

Funded by the
European Union

14.5: Plasma
targetry and
diagnostics for
ultrabright, high
rep-rate beams

UNIVERSITY OF

PECSI TUDOMANYEGYETEM 0).4:0):3))

£ } TOR VERGATA

|||||||||||||||||||||||||||

Heinrich Heine
Universitat
Dusseldorf .

Imperial College
London

ALA



17:00

PRA 1A Tomorrow

Ultracold electron sources, kHz plasma injectors and strong THz fields

Hotel Hermitage, La Biodola Bay, Isola d'Elba, Italy

WWW.eupraxia-pp.org

Funded by the
European Union

Prof. Stefan Karsch

17:00-17:30



17:00

11:00

PRA 1A Tomorrow

Ultracold electron sources, kHz plasma injectors and strong THz fields

Hotel Hermitage, La Biodola Bay, Isola d'Elba, Italy

Stable Beam driven wakefield in structured plasmas

Hotel Hermitage, La Biodola Bay, Isola d'Elba, Italy

WWW.eupraxia-pp.org

Funded by the
European Union

Prof. Stefan Karsch

17:00-17:30

Alexander Pukhov

11:00 - 11:30



Heinrich Heine University Diisseldorf h h
PRA/\éA A new partner in EUPRAXIA U

Pioneer in LWFA and PWFA. Its researchers have collaboratively contributed to pillars
EuPRAXIA builds on, such as

LWFA Hybrld LWFA-PWFA

Experiment

tcrnational weelly joural

natre

Dream ‘beam

" o A . =
Al Bl A% <

e ® FirstPlasma =
_ _ Plasma photocathode Photocathode,
Position [m] Time [pd] concept, Hidding .. Deng .. Hidding,
Concept Hidding, Plasma wave dynamlcs Pretzleretal., PRL 2010 Nat. Phys. 2019
=\ Pretzler, Karsch et Gilljohann .. Hidding,
Bubble regime, First mgngenergetu; al., PRL 2010 Karsch .. PRX 2019

Pukhov, MtV 2002  LWFA, Faure .. ay
Pykhov.. 2004 . "'/f' P —
First monoenergetic
LWFA in Germany, g
Hidding, Karsch, Hybrid LWFA—>PWEFA Platform, Kurz, _ .
| Pretzler et al., 2006 Heinemann, Hidding, Karsch, Hard X-FEL blueprint, Habib..
- Schramm, Nat. Comm. 2021 Hidding Nat. Comm. 2023

EuPRAXIA Project Preparatory Phase, WP14 WWW.eupraxia-pp.org



( Heinrich Heine University Diisseldorf h h
PRAIA A new partner in EUPRAXIA U D
 ARCTURUS 2x200 TW and Phaser facilities for exp. plasma wakefield acceleration

* 5 University research groups across theory, simulations and experiments

3 ;4 Prof. Alexander Pukhov HHU offers programmatic
A Th eory & R&D resources and staffing
; : capacities for plasma
b Prof. Carsten Miiller Simulation wakefield innovations, beam
brightness and energy
» transformers, X-FEL and QED
& | Prof. Bernhard Hidding (also gy WP 14) prototypes and experiments,
novel diagnostics, and
. Prof. Georg Pretzler Experiments Training and Education
. https://www.pl lasers.hhu.de/
\E Prof. Markus Buscher (also at @/ JULICH ) nttos.//www ssmat hhu.de/ )

EuPRAXIA Project Preparatory Phase, WP14 WWWw.eup raxia- pp.org 9




PRA 1A TRL evolution

Funded by the
European Union

Deliverables (brief description and month of delivery)
D14.1 Report on structures (centres, clusters, experimental programmes)

< | D14.2 TRL report (M42) D

/

e TRL status crucial for integration into sites

e Core aim of WP is to ensure capabilities EUPRAXIA can offer to users
are cutting edge at the time user operation begins and beyond

* Requires forward-looking R&D and implementation paths
* Innovations advanced quickly, some already at very high TRL

Insert author and occasion WWW.eupraxia-pp.org 10



Concepts = Proof of Concept = Routine Operation & Exploitation
Example 14.1 and 14.3

*x * *x X
"PRAMIA "PRAMIA
EuPRAYIA! EUPRAXSIA |
Routine Conceptional Preparatory Phase |
Operation & Design Reporti !
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~ - —
University of M i Di ‘ » h h U Uei.nrich Heine
o : niversitat
Strathclyde e o o MU Dusseldort

Glasgow

O Use LWFA to produce fs-scale,
~10’s kA beams as driver for PWFA

 Exploit inherent synchronization e.g.
for probing and... injection

Driver/witness

. : European
transition generation ¥

Hybrid

collaboration

Collective
deceleration

US
brightness
transformer

Plasma lensing
_____________..
_____________..

4
|
|
|
|
|
|
|
|
|
|

_____________..
Hybrid LWFA—>PWRFAplat

—_—_— e == === -

Physics exploration

Shadowgraphy study

Plasma wave dynamics
Filamentation
Gas-dynamic
downramp injection
Stability & tunability

EuPRAXIA

2015 2020
Progress in Hybrid Plasma Wakefield Acceleration, Photonics 10(2), 99 (2023)

N
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i - .
University of : h h U Heinrich Heine
' Universitat
HELMHOLTZ Z I:
StrathClyde DRESDEN ROSSENL IVIU DUSERENT |

Glasgow

Experiment

Direct Observation of Plasma Waves and

Dynamics Induced by Laser-Accelerated
Electron Beams
Gilljohann et al. PRX (2019)

600 | 400 200 | | | 1
Position [pm] oo (Vp] | ? | E— : : | :
® o0 — A S
' e r e S 2T >
o) | @ L ol = O 3, = 1
o ° 12 S, | 2 D B, D, 5
5, ! Mode Dri i = =i S1 Xy Q) =®
o1 river/witness: @, | o = : = D1 > ©
D | It it : S11.=2C European O | c1 9 <'e 15,5
o, ! transition generation 28 o . > | Sia TEEIgI 2
S, o) 9 g Hybrid g' AR ='g 21 Sy !

I — . I

S s ' £1.15 g collaboration g ! !l g1 J]g § S5
E: |U_ :cs::(_)'o E: gl'gl El'GE:O:EI
S | brightness 1 2 | 5! 2 S22 &g !
_— = 1 I | +
T, ! transformer | 1 1 EUPRAXIA o | IT,a! T103,6H,0 |
2010 2015 2020 2022

Progress in Hybrid Plasma Wakefield Acceleration, Photonics 10(2), 99 (2023)



University of , Heinrich Heine

Stl"athClyde HELMHOLTZ ZENTRUM ‘ Upiversitét
Glasgow

DRESDEN ROSSENDORF Dusseldorf .

EEp— PWFA stage

' ? Demonstration of a compact plasma accelerator
' ‘ powered by laser-accelerated electron beams

piaakcaton aser Kurz, Heinemann et al.

drive laser LWFA beam )
witness beam

1‘".\'—' SRS SRR W W———— Nat. Comm. (2021)
L

plasma wave

LWFA beam

b self |on|zed dme beam
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Progress in Hybrid Plasma Wakefield Acceleration, Photonics 10(2), 99 (2023)
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Mode
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: Heinrich Heine
’ Universitit
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Gas-dynamic density downramp injection in a
beam-driven plasma wakefield accelerator
Couperus Cabadag et al.

Phys Rev. Res. (2021)
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Progress in Hybrid Plasma Wakefield Acceleration, Photonics 10(2), 99 (2023)




University of g I < i ' : h h Heinrich Heine
' Universitdt
Strathclyde  rewrourz & MU U Disseldorf [

Glasgow

Q/E/B [pC/MeV/mrad]
0.25 0.5 0.75

Effect of driver charge on wakefield
characteristics in a plasma accelerator probed
by femtosecond shadowgraphy
Schoebel et al. NJP (2022)
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reflected laser driver
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LWFA laser driver
wafer for LWFA

shock front injection
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PWFA

- laser blocker
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tape

e Stable and High-Quality Electron Beams from
Staged Laser and Plasma Wakefield Accelerators
Foerster et al. PRX (2022)
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Hybrids enable resonant Strong Field-PWFA

PRA/\éA operation at 100 GV /m scale
100 - b d as o9
; o ol ; Extends EuPRAXIA
] - PWFA operation range
_ 10 _ by two orders of magnitude
5 5
= .. g @ Linac-driven PWFA
g 15 ® @ Hybrid LWFA—>PWFA
© I
5
1 @
0,1 ¢
1 @
: i
0,01 —— A ————
1E14 1E16 1E18

Insert author and occasion

Plasma density / cc
WWW.eupraxia-pp.org 18



Hybrid enables resonant PWFA operation

PRA (IA
/\( at 100 GV /m scale
| | 1 | | 1 | 1 | 1 ] 1
100 -,!; 4.:_._
* oY ¥
: o E-7 :
10 < .
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£ ®
5 1+ . .E
+ ] Z
Q . . O . .
9 01
g O3
I $
] o
0,01
00014 @ :
1985 1990 1995 2000 2005 2010 2015 2020 2025

Insert author and occasion

Year
WWW.eupraxia-pp.org

Post-CDR successes

@ Linac-driven PWFA
@ Hybrid LWFA—>PWFA

19



Hybrid (currently) extends energy gain

PRA/\GA by 2 orders of magnitude =
I ] I I " I " I " ] "
100 . :
= ® Also leading energy gain
_ she [ ) _ results
10 - ® (discounting multi-km

S = stac SLAC and CERN)
QO
° o ©
= 5 - @ © @ Linac-driven PWFA
% P E-210 e~
- - = @ Hybrid LWFA—>PWFA
()]
TR @ t :
C .: .
LU [ . Newest energy gain record:

: i LMU See Stefan’s talk tomorrow!

0,01 5 . CALA
: @
0,001 < ® :
; | ; | ; 1 ; | ; | ; | ;
1985 1990 1995 2000 2005 2010 2015 2020 2025
Year

Insert author and occasion WWW.eupraxia-pp.org 20



Conclusion: Hybrid LWFA—PWFA is proven
technology, adds very significant capabilities

PRA 1A

* Highest TRL obtained: routine operation

* Already enabled cutting edge PWFA (gradient, energy gain,
shadowgraphy, ion motion, laser-triggered injection...)

e Extends EUPRAXIA PWFA gradient by two orders of magnitude
* Could be implemented at PWFA site

* Also relevant for LWFA site: enables dephasing-free plasma wakefield
acceleration and ultracold injection schemes

Insert author and occasion WWW.eupraxia-pp.org 21



Availability of strong-field PWFA outwith SLAC boosts plasma photocathode R&D

*x * *x X
"PRAMIA "PRAMIA
EuPRAYIA! EUPRAXSIA |
Routine Conceptional Preparatory Phase |
Operation & Design Reporti !
< Exploitation
>
]
-
n
n
=
'-g Proof of
o Concept
o
>
(@)]
9o
o
C
L
3
|_
Concept

2010 PAONRS 2020 2025 2030



PRA 1A Cross-links 14.3: plasma photocathode

Funded by the
European Union

14.2: Multipulse-
driven P-MoPA for
harnessing

14.1: Hybrid laser-
particle driven

14.4: High- 14.5: Plasma

brightness targetry and
prototyping for diagnostics for
light sources, QED ultrabright, high
and HEP rep-rate beams

o sim. input
Heinrich Heine
h h U Universitit & driver
Dusseldorf .

Potential injector
CALA
Plasma

photocathode
+
Hybrid

14.3: Plasma
photocathode

wakefield
acceleration
(LPWFA)

injectors and
ultracold beams

accessible high-
repetition rate
laser technology

Potential
injector

support

(P2
W ﬁHELMHDLTZ

ZENTRUM DRESDEN
ROSSENDORF

ultracold
injector for

PWFA “plasma photocathode + hybrid as key ultracold injector technology for PWFA”

WWW.eupraxia-pp.org



Plasma torch injection in a hybrid plasma accelerator

Facility M
H ZD R La E .: :é?)g Imaging diagnoshcs

Project ID

pulse

TW Beam - Main LWFA LWF

Applicant Name ‘*
Bernhard Hidding 6

PW Bear

Home Institute @
\\ s f=100cm

University of Strathclyde

%.--------

Spherical mirror

* Jqon f=150cm
[

N

Country Q o
. vV Beam - Pre-ionizer ‘ib

1

v

UK pulse Beam splitter and probe
pulse pickoff

year

20217

>
e

Delay stage

Y
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Experimental setup - i——y—

Probe Imaging

LWFA Jet
DRACO Laser

Laser

Blocker PWFA Jet

Injector
Injector Imaging

Pre-lonizer

-

Electron Spectrometer

-

Q/EI® [pCllhgeV/mrad]

0.0 ’ y
[T
S 8 | <
® LWFA only 15 3 -
. Ty o
ol 10 O
g0 2
— W
S-4 5 S
o. Pre-lonizer Focusing
=8 &

100 200 300 400 500
Energy [MeV] 25



Experimental setup

mMaJr
HELMHOLTZ ZENTRUM
DRESDEN ROSSENDORF

LWFA Jet

Probe Imaging

DRACO Laser

Laser

Blocker PWFA Jet

Injector
Injector Imaging

v
Pre-Ionizer/

-

Electron Spectrometer

-

Q/EI® [pCl/I\geV/mrad]

Bl

g 4 2

E i o — 0 =

2 PWFA jet on: dark current free 2

£ 4 hybrid LWFA—>PWFA = o

o 8- 7 x 0 Pre-lonizer Focusing
100 200 300 400 500

Energy [MeV]

26



Experimental setup - i——y—

LWFA Jet

Probe Imaging

DRACO Laser

Laser
Blocker

PWFA Jet

Injector Imaging

Pre-lonizer

-

Electron Spectrometer

-

)

Q/E/® [pC/MeV/mrad]
0.0 0.5 1.0 1.5 2.5 3.0
[ ; ‘ |
= 8 ' 15 >
o s
% i _ == 109
= ‘Trojan laser on: Bright i
S witness bunch generated! ST,
- . 0

100 200 300 400 500
Energy [MeV]
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|Isolation and visualizatio
plasma photocathode

no

o
S

L Trident signal

p—

Spect. chg. dens. G

Wit. charge
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— Simulation
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Spatiotemporal overlap Flla ent and Selfﬂlonlzed::j..?i ‘ '

O Shadowgraphy works well at high piasma Wave drlven by the
plasma densities LF \ gener ated electr on

O Exploits inherent “perfect”
synchronization

O Allows observation of ionizing
injection laser on collision course
with e-beam driven wake

drive laser

. N —_ ! " ne;s : ap::-ionization Iiser | 'l:; I n eC tl 0 n I a Se r
plasma wave . '_ fl ia me ntS

b self-ionized drive beam

3 i
e (-

| Courfesy Susanne Schostel



FACET 2017: ¢, ~1 mm mrad

Plasma photocathode laser

Nat. Phys. 2019
Suppl. simulation:

—éO O | 6I0 120
¢ (um)

Now:

“‘Ultracompact plasma

photocathode”

Fascinating prospects for
emittance, energy spread /
brightness..

-300 -200 -100 0 100
C (“m) Ufer & Nutter et al., in prep. *

30



Hybrid

Plasma Photocathode
Wakefield Acceleration

i Hybrid LWFA—>PWFA
To overcome this dilemma, we propose a hybrid accel-
eration scheme which combines the best of both worlds.
This 1s the first plasma wakefield acceleration scheme
which (a) provides wakefields of E, > 100 GV /m,

This could strongly
relax the requirements for future hybrid PWFA experi-
ments, and still would enable to harvest the advantages
of ultrashort LWFA-generated witness bunches.

Phys. Rev. Letters 2010

Plasma Photocathode
LWFA facilities have the potential to produce all-optical
versions of the presented scheme, where the main laser

pulse would be used to produce the higher charge, lower

phase space quality electron beam driver, and a small,
inherently synchronized split-oft laser pulse would be
subsequently used for electron release into the blowout.

Phys. Rev. Letters 2012



Now proven ability of Hybrid LWFA—PWFA systems to host plasma
photocathodes removes host bottleneck, and will accelerate progress further

*x * *
"PRAMIA "PRAMIA
EuPRAYIA! EUPRAXSIA |
Routine Conceptional Preparatory Phase |
Operation & Design Reporti !
O Exploitation
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Funded by the
European Union

EGﬁﬁA}(éA 14.3: Plasma photocathode injectors

Two pathways established:
1. Linac-PWFA
2. Hybrid LWFA—PWFA

—

o
)
o

Now evidence that both can host plasma

photocathodes
(i.e. relevant for both sites — strong synergies!)

—

o
—
o

¢ projected and ¢ average slice norm. 6D-
brightness (Habib et al., Nat. Comm. 2023
S2E, collinear plasma photocathode)

—h

o
iy
e}

« slice brightness within reach of
recently realized hybrid 90° setup

e projected and ° slice brightness for
directly beam loaded soft X-FEL 2.3 nm

6D Brightness
B, 60 (A/m?rad? 0.1%bw)

—h —h — —
o o o o
. — iy —
B w (s3] ~

e —=.
2 4 8 16 32
Electron enerqgy (GeV)

aprojected slice norm. brightness (Habib et al.,
Plasma Photocathodes, Annalen Physik 2023,
collinear extrapolated)

o
o
—

EuPRAXIA Project Preparatory Phase, WP14 33



U Electron beam 6D brightness:
amalgamation of electron beam quality

I s Current

________________ O 1 %O-WRelatlve energy

Normalized emlttance spread

O Emittance and energy determine
coherent photon energy

en <Ap(7y)/4m

Resonant FEL
wavelength




At given emittance, increasing the beam energy can give you harder photons

€n < A\ (7y)/4m

J. Rossbach, J.R. Schneider and W. Wurth / Physics Reports 808 (2019) 1-74 i

Electron Beam Energy (MeV)

200

600 |

400 |

S smasatom ioniglia o

Lasing at 6.5 nm The EUPRAXIA design study
Lasing at 13 nm 4/2006, paved the way for a compact
Saturation 8/2006
European plasma accelerator
Lasing at 25 nm 12/2005 . A .
with superior beam quality

Lasing at 32 nm 1/2005

Proof-of-Principle for SASE in the

TTF2 Vuv

TTF1

20 40 60 80 100 120 140 160 180
FEL Wavelength (nm)

Fig. 9. History of world record demonstrations of FEL gain at shorter and shorter wavelengths at FLASH. In all cases, FEL saturation was achieved
and agreement with FEL theory could be proven.



14.4: High-brightness prototyping for Light Sources,
PRA/\GA e.g. (X)FEL driven by plasma photocathode beams

% Science and PWFEFA-FEL @
Technology
Facilities Council 2019-2024

Plasma wakefield, beam transport and X-FEL exp

~erc (3
.'._.. _-.‘.. O UK XFEL
e Science Case

{ource

First large XFEL project
g that considers plasma as
Next-generation Plasma-based o R brightness and/or energy
Electron Beam Sources for High- boosters right from the
brightness Photon Science o 5 N onset
2020-2025 | &L
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PRA 1A Hard XFEL S2E Showcase

Attosecond-Angstrom free-electron-laser towards the cold beam limit, F. Habib et al, Nat. Comm. 2023 European Union
Ultrahigh brightness Beam transport Ultrabright X-FEL
PWFA stage

@® Laser beams
Driver beam 2.5 GeVv
@ Escort beam
@ Witness beam
X-ray 25

< 2750f rms duration~500 as 20 _ e ol :
- s S v’ g ~100
< 2725} ~=2r 15 = €p = )\'r‘ Y 47 g §
3 2700} 11.0 g 20 0.8 2.7 % 05} attoseconds,
@
0 26751 dos S nmrad A GeV o | 08 A
0.0 0.0 (Ot | e
: . . -10 =05 00 05 1.0
240 245 Pulse coordinate (fs)
C(um)
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Examples for further developments UK XFEL CDR-Option Analysis Project (2022-2025)

/ E.g. Towards higher photon energies

Attosecond, Angstrom
showcase at 2.7 GeV

B0 keV
photons

101 F

107+

107+

Intensity (a.u.)

105}

107t

107t

10

11 . . . . . . . .
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040

A. F. Habib et al., in prep (2024)

2.3 nm FEL at ~1 GeV: Direct beam-loading,
standard undulator, reduced & shorter setup

-
o
N
1

Many 10s pC,
Sub-100/50 nm
slice emittances
robust & efficient

-
o
o
1

L. Berman et al., in prep.

Peak power (GW)
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PRA 1A Contents

* Context and new members

e TRL Status and Evolution

* Potential impact for ESFRI

* Integration options for EUPRAXIA sites
e Structures to be funded
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PRA ,\GA Deliverables / Structures to be funded

« 2"generation hybrid LWFA—PWFA beamline.
Dual Use:

1. Expand PWFA capabilities at INFN (e.g. 1 GV/m—100GV/m)
2. Implement PWFA capabilities at LWFA site
* Ultrabright photon sources (UPS) based on ultracold sources such as plasma
photocathode, driven by linac, hybrid or multi-pulse LWFA.
Enhance beam brightness by orders of magnitude & harness for light sources
* Doctoral Training Centre

e Junior Research Groups

EuPRAXIA Project Preparatory Phase, WP14 WWW.eupraxia-pp.org 41



PRA 1A Backup

unded by the

F
European Union
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PRA 1A Footprint?

Funded by the
European Union

KIA@SPARC_LAB layout i

uuuuuuuuuuuuuuu

v

1 : echnica rooms‘ 159 m Hard XFEL SZE
L e AQ"J:"""?“?.“? labs 25m (excl. Plaser)
L-— I e ---_---:---- o ; - i
45m  Plasma ARIA i __4| iy,
e nnel . Undulator tunnel " 2 *. B
}xperimental hall
v i Lasers clean rooms Laser ,an,d particle user rooms |

R. Pompili
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Energy spread control inside the plasma

COMMUNICATIONS

ARTICLE

Received 16 Dec 2016 | Accepted 21 Apr 2017 | Published 5 Jun 2017 DOI: 10.1038/ncomms15705 OPEN

Single-stage plasma-based correlated energy
spread compensation for ultrahigh 6D brightness
electron beams

G.G. Manahan'?, A.F. Habib"2:3, P. Scherkl2, P. Delinikolas'?, A. Beaton'?, A. Knetsch3, O. Karger3, G. Wittig3,
T. Heinemann'234, Z.M. Sheng"2°, J.R. Cary®, D.L. Bruhwiler’, J.B. Rosenzweig® & B. Hidding"?

U Exploit tailored beam loading via “escort beams® to locally flip
field accelerating field gradient

4 Full head-to-tail chirp compensation

z [um]

O Operation at low plasma density minimizes residual energy
spread, and e.g. energy spreads < 0.01% can be reached at
few GeV energies = 6D brightness orders of magnitude
better than state-of-the-art of even the finest linacs
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Article  nature communications https://doi.org/10.1038/s41467-023-36592-7

Attosecond-Angstrom free-electron-laser
towards the cold beam limit

Received: 30 March 2022 A. F. Habib®'? , G. G. Manahan'?, P. Scherkl® "3, T. Heinemann'?,

A. Sutherland ®'?, R. Altuiri"*, B. M. Alotaibi'*, M. Litos®, J. Cary ®°¢,

T. Raubenheimer ®’, E. Hemsing®’, M. J. Hogan®’, J. B. Rosenzweig ® 2,
P. H. Williams ®2°, B. W. J. McNeil"? & B. Hidding"*"°

Accepted: 8 February 2023

Published online: 24 February 2023

Electron beam quality is paramount for X-ray pulse production in free-
electron-lasers (FELs). State-of-the-art linear accelerators (linacs) can deliver
multi-GeV electron beams with sufficient quality for hard X-ray-FELs, albeit
requiring km-scale setups, whereas plasma-based accelerators can produce
multi-GeV electron beams on metre-scale distances, and begin to reach beam
qualities sufficient for EUV FELs. Here we show, that electron beams from
plasma photocathodes many orders of magnitude brighter than state-of-the-
art can be generated in plasma wakefield accelerators (PWFAs), and then
extracted, captured, transported and injected into undulators without sig-
nificant quality loss. These ultrabright, sub-femtosecond electron beams can
drive hard X-FELs near the cold beam limit to generate coherent X-ray pulses of
attosecond-Angstrom class, reaching saturation after only 10 metres of
undulator. This plasma-X-FEL opens pathways for advanced photon science
capabilities, such as unperturbed observation of electronic motion inside
atoms at their natural time and length scale, and towards higher photon
energies.

Output of the STFC-funded ~
UK-US collaborative project
on “PWFA-FEL" 2019-2024

umversnyor -

Strathclyde
UCLA al_r\\.o

Science and Fah | m H ablb

Technology
Facilities Council

Glasgow

http://pwfa-fel.phys.strath.ac.uk/
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High-fidelity start-to-end-simulation framework

Ultrahigh brightness Beam transport
PWFA stage

)

‘Dﬂ.@.,,\

@® Laser beams
Driver beam

@ Escort beam

@ Witness beam

X-ray
O Multi-cm scale PIC with of
nmrad-scale beams is very 0 Beam tracking performed
challenging and expensive with ELEGANT
O 3D PIC code VSIim O Complete 6D phase space of
the witness, drive and escort
O Numerical noise controlled with beams are considered

dispersion-free module

€)

Ultrabright X-FEL

O Unaveraged 3D FEL code Puffin
developed by Strathclyde

O Introduced proper Poissonian ‘shot-noise’
to the electron beam

O Undulator B-fields implemented in 3D
14



Ultrahigh brightness PWFA stage

a =~ 1 . . .
8 Gl eesi el \|gewm 025 GeV, high current driver beam drives strong
b [ i i i 7 PWFA
. 1 o0
N 100
ER O High quality witness beam is produced,
T accelerated, dechirped and extracted without
" quality degradation in single plasma stage
’
¢ 10 £ (nm rad)
o'k Witness beam at plasma stage exit:
8 o iAW/W(%) ' ]
= ! Q ~2.7 GeV (significantly larger than driver and
10 ' '
! escort beam)
o 2 4 6 8 10 12
Propagation diStance Zac: (M) 3 Norm. slice emittance ~20 nm rad (projected
d 3000 ; ] emittance similar)
~ 2500 » Jitness [ rms duration~500as ]
> - - —_
& [ [ . i
§zooo;— ; = ] A Slice energy spread~ 0.04%
5 1500} §
£ 000k S U Bunch duration 500 attoseconds
L 1000:: Escort
500 bt

50 100

Z(um) 1 Peak current~ 1.2 kA




Beam transport line
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Hard X-ray FEL section
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Afterburner FEL?

o
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O Beam quality is still
outstanding after undulator
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Further re-use in afterburner

For example, drive soft X-FEL
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Plasma X-FELs driven by ultrabright e-beams

Focused intensity W/cm?
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UK XFEL Science Case 2020: PWFA afterburner

A3.2 Plasma and laser wakefield acceleration

. 100 000 x
High-energy (~10+ GeV) XFEL High-energy PWFA-FEL
[ & & s & & & & /
i - - aaea.|
Laser
1x Ultrabright
D ‘ electron
beam output
Driy,
er beam

» Betatron radiation «3

» Inverse Compton scattering «»
X-FEL

Pho{o ns .

Plasma photocathode Undulat <>
or =

/
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i /
Dlrectly. s
laser-driven _ , 2
Electron diffraction <:»

B

High energy physics 3

Figure A3.1: Schematic diagram of the capabilities enabled by combining XFEL beamlines and plasma
accelerators



Harder photons energies ?

J Remember this is brute force
SASE at 2.5 GeV

Norm. Intensity
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10°
Wavelength (A)

Norm. Intensity
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0.40

O Higher harmonics visible down
to 0.2 A

4 Still far away from quantum
regime of the FEL

O Huge emittance budget allows
for even harder photons. Recoll

10" and other effects will become

Wavelength (A) significant at some point 1



The UK XFEL CDR-Option Analysis Project (2022-2025)

dThe design of the UK XFEL is driven by the Kickers to split MHz bunches to
requests from the user community (UK XFEL ~100 kHz per line

Science Case)

dThe design philosophy of option analysis
means that the scale is sliding from £0 to £ X
bn.

4 Designing for the top end and scaling down to
fit in the other options

dpPlasma capabilities are considered from the

y " UK XFEL
. . r 10 ®
start in the design process (0555 P 0

Science Case

S\

xe
e
A\

oCRE une©

Project Sponsor:John Collier

5C|i"¢'5; and Science Lead: Jon Marangos
TEC_I_NP 0%3’ . Technical Lead: Jim Clarke
Facilities Counci Project Manager: Paul Aden 54
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PRA(n  Cross-links 14.5: targetry and diagnostics

Funded by the
European Union

14.2: Multipulse-
driven P-MoPA for 14.3: Plasma
harnessing photocathode
accessible high- injectors and
repetition rate ultracold beams
laser technology

14.5: Plasma
targetry and
diagnostics for
ultrabright, high
rep-rate beams

14.1: Hybrid laser-
particle driven
wakefield
acceleration
(LPWFA)

14.4: High-
brightness

prototyping for
light sources, QED
and HEP

exp. support

exp. support
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“Bespoke targetry and diagnostics are vital for exp. success”
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W 4 Potential HHU main deliverable #1: hybrid LWFA-PWFA-X-FEL
U ey > beamline for INFN (PWFA site) and LWFA site(s), fully
y developed, tested and commissioned at HHU ARCTURUS

1 Following blueprint developed through “PWFA-FEL” prolecLUSTRATH-
SLAC- STFC—UCLA presented in Habib et al., Attosecond-Angstrom free-
electron- Iaser towards the cold beam1|m|t Nat. Comm. 14, 1054 (2023)

3 EuPRAXIA benefit: beam brightness improved by orders of
magnitude, strongly boosted capacities and capabilities at
PWFA and LWFA sites, thus fulfilling the WP14 thrust



E-beam/e-beam collider,
photon-photon collider,
QED studies etc.

In various permutations
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