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Motivation and idea

European

State-of-the-art particle accelerators: km-long, costly XFEL == e o

1 billion €

Idea:

« Shrink size of electron accelerators by ~3 orders of magnitude
* Improve electron beam quality by many orders of magnitude

by realizing hybrid plasma-based accelerators

Laser-driven \ Electron-driven \
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PRA A

5 configurations (cases)

* 4 Kk

currently considered Horizon 2020

1) LPA with electron bunch created in plasma directly
(LWFA with internal injection)

VA Y.\

—H wraacc. HH—

e created & accelerated depleted

2) RF electron injector + laser plasma accelerator (LPA)

(LWFA with external injection from an RF accelerator)

VA Y\:

RE HHH  wwraace HH—

Q preserved & accelerated depleted

3) LPA electron injector + LPA
(LWFA with external injection from a LPA)

0\ e

PA HHH  wwraace. HH—

Q preserved & accelerated depleted

4) RF electron bunch as beam driver in LPA
(PWFA with an RF electron beam)

VA Y\

Re H— pwraacc. HH—

e created & accelerated depleted

e e e e e e — ===

I 5) RF electron bunch as driver in a hybrid stage
l (PWFA with LWFA produced electron beam, linac driver + Trojan Horse

P. A. Walker et al., Horizon 2020 EuPRAXIA design study, J. Phys.: Conf. Ser. 874, 012029 (2017)

Paul Andreas Walker (DESY) - EUPRAXIA 2nd Yearly Meeting - 20.11.2017 - Lisbon
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WP 14: Hybrid Laser-Electron- ;
Beam Driven Acceleration Horizon 2020

PRA 1A

- Task 14.1. Selective ionization of plasma components.
l, Experimental determination of ionisation rates triggered by a laser.
l, Selection of most promising species for internal injection in both LWFA and PWFA modules.
l, Deliverable 14.1. Design of an optimized plasma ionization module. [M18] ¢

- Task 14.2. Trojan Horse underdense photocathode witness bunch generation.

l, Deliverable 14.2. Underdense plasma photocathode design report. [M40]
B. Hidding et al., Phys. Rev. Lett. 108, 035001 (2012).
G.G. Manahan, FA. Habib et al., Nat. Comm. 8, 15705 (2017)

- Task 14.3. Wakefield-induced ionisation injection.

l, Deliverable 14.3. Design report with wakefield induced ionisation technique. [M40]
A. Martinez de la Ossa et al., Phys. Rev. Lett. 111, 245003 (2013); Phys. Plasmas 22, 093107 (2015)

- Task 14.4. Exploiting LWFA-generated electron bunches as drivers for PWFA.

l, Determination of a working point to enable internal injection in PWFA stage with LWFA
produced beams.

|, Estimation of experimental tolerances

l, Studies on FEL gain capabilities with the generated bunches.

l, Deliverable 14.4. Conceptual design of optimized LWFA-source for PWFA-driver electron
bunches. [M40]

l, Deliverable 14.5. Integration into EUPRAXIA Design Report. [M46]




WP 14 Compactness: Use LWFA-

/‘( generated beam for PWFA Horizon 2020
Use LWFA-generated bunches as alternative to linac PWFA drivers
LWFA stage PWFA stage
Dopant jet (H/N) Dopant jet (H/He) N1
| . | | ' | 1 Second witness internally
r/ | injected by means of
-. ............................................... ionisation injection:
. “ e 'y laser or wakefield triggered
I/ A 7/ (require high-current
Laser barrier (VHS tape) drivers).
Laser driver Electron driver
High-power lasers (~ 1 PW) The witness e bunchis now the driver
can operate at low densities ny < 10'7 cm 3 in a higher plasma density scale n; < 10'% cm™3

B. Hidding .. S. Karsch et al. Phys.

A.de la Ossa et al.

Rev. Letters 104, 195002, 2010

g

g

LWFA-generated beams typically have high currents, but rather large energy spread
which is a known issue for key applications such as FEL

They are very well suitable for driving a PWFA stage! High current is required, energy
spread does not matter much / is even advantageous

B. Hidding et al., J. Phys. B, 2014: LWFA-PWFA fundamentals
T. Merling .. A. de la Ossa et al.,: Hosing suppression PRL 2017

Unlock dephasing-free, long acceleration length, low-ionization threshold plasma wakefield
acceleration with large energy gains in single stage (10s of GeV demonstrated)

Make system compact as alternative to linac-driven PWFA (also included in this WP)



PRA A

Progress, including experiments;

shadowgraphy w/ probe 2nd gas stage: PWFA gas jet
shows plasma formation -

in H2 jet, but not in He jet:

beam diameter w/o plasma lens

microscope
objéctive
1st gas stage: = "= for probe‘

LWFA gas cell

H2/He gas jet

hoa

remaining LWFA las beam focusing w/ plasma lens
preionizes H2 gas je
~7 fs,0.2 mJ probe ‘
(suitable also for injection)] vl

(but not He)

% tunable distance
between gas stages
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et al., Collective deceleration
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WP 14 Compactness: Use LWFA- e
generated beams for PWFA
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Horizon 2020

FSU Jena (associate
partner): Passive plasma
lensing, S. Kuschel et al.,
Phys Rev. AB 19, 071301
(2016)
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PRA 6A WP 14 Compactness: Use LWFA- e
N generated beams for PWFA Horizon 2020

Starting from J. P Couperous et al.: Demonstration of a beam loaded nanocoulomb-class laser wakefield
accelerator, Nat. Comm. 8: 487 (2017)

O Helmholtz (DESY & HZDR)-Strathclyde
Laser - beam WFA: LPWFA 0O Experiments ongoing with encouraging

pace

Lacor o O A.lrman, A. de la Ossa, T. Heinemann,
locker et £ . .
R Hz + He (dopant) B. Hlddlng U. Schramm et al.,

LWFA stage

ionisation injection no= 10" cm®

Ti:Sa Laser
DRACO LWFA beam
¥
: = =01 | .

—~3mm —

—-3mm —  PWFA beam
Jet 1: PWFA stage
He + N2 (dopant) ionisation injection
no=~ 10" cm=
LASER driver PWFA driver

-

LWFA witness

"

LWFA with lonisation injection PWFA with WII injection

T. Heinemann et al., IPAC proceedings 2017 Looking into if further!
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PRA/\éA WP 14 Beam Quality Transformer

Horizon 2020

A. de la Ossa et al., Phys. Rev. Letters 111, 245003 (2013):
Use wakefield ionization to produce high current, high quality electron bunches

.- Laser beam ..__ LWFA stage PWFA stage e-beam (PWFA)
; Po= 500 TW : Dopant jet (H/N) Dopant jet (H/He) ' lo=15 kA :
! Enerav =504 (s 1| | s I p &n=100nm 1
; gy = : A I o T/ | roymc?=2 GeV i
: T= 1 OO fS : — _‘:. :'-._ :... ........ i _,-__ .............. [ ] : o :
: o3 : Wy 1= PP | p Ay/y=01% i
'u_________________._-_"."' no==2x10‘7cm‘3 t n =~ 8 x 108 cm™3 R ___.O =10pC :
Laser blocker ialnios = ~Seininii
LASER driver i PWFA driver
LWFA witness PWFAwitness
S LWFA-to-PWFA i
B Y ',"m PATFA | o p—
LWFA - Iunlsahun injection "~ PWEA -
0'4_. =B 2m'r|.. . - . z
T 03f == - - F“h=_1011;:1‘lr|2 , e-beam (I-WFA) S T oe -'1.'u:-_:
3 02 —{ f BT ] lo=10 kA 3 osh__ '\E—\“ 138 102 o
o oif togn=10um T L)
(p,) = 0.27 GeVic . M ' 04 (p) = 0.47 GeVic .
° : T=10"fs . Brightness  , I_;
15 —— Curant [ch] 1 : I E _::ﬂ:?\ bhooster €
ke : ymc?2=1GeV : 5f == oo 10000
10} H YAX/X _ 10 % : 1w0f \ L X
5 \\Hl.r.\“ . E 5f
+ Q=100 pC ; /
0 80 75 70 e e - s -11.6 —11.4 -11.2
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High charge and current has dual use: good for beam loading to reduce energy spread, as well
as for e.g. FEL gain and Pierce parameter



PRA/@A WP 14 Beam Quality Transformer

Horizon 2020

Trojan Horse plasma photocathode

Photon Science

Intense
Electron Source °
o
LINAC . oY
Trojan do"(\e:,s
Horse/ &
W o &0 e.g. boost FEL gain
NeXource IR -9 gain,
, %e; 12 ultrashort y-pulses,
?5(‘ multicolor beams...
High
= Ul E g
LINAC—LWFA 5 ~Taloy, nergy

plasma photocathode “"7~709 l'7‘6/7 PhYSKS

emittance, brightness, M rag
energy, energy spread
& stability transformer

LWFA

e.g. as injector,
staging..



Plasma photocathode a.k.a. Trojan Horse principle

O Strongly focused, co-propagating laser pulse liberates electrons from higher ionization state

injector

laser
ultrahigh brightness
electron beam output

co-moving frame |

laboratory frame |

O “Witness® electron beam: emittance g, improved by 3 orders of magnitude to nm rad

O Witness generation decoupled from acceleration: tunability and stabilization of output
O Dark-current free

U High tunability via laser parameters & He density

21
Q Ultrahigh 5D-brightness: Ultrashort (fs), high current | (kA), B = —

. . 2
ultralow normalized emittance &, (nm rad) €

O Ultrahigh 6D-brightness: Tailored beam loading via ,escort® bunch

Ultrahigh 6D-brightness |
/

p

€nx€n,y0.1% 0w .

Manahan. Habib et al, Nat.
Comm. 8, 15705, 2017

Strathclyde & RadiaBeam
Technologies patent filed Bn,6D —




Plasma photocathode experiments:
SLAC FACET E210 “Trojan Horse PWFA”

-1¢-2]

z [um]

® [GV m-1]

air
compressor

E
° AV[e me

FACET beam

BPM
Be window

.
vacuum compres< ’

4 _diamond window

.imaging .
EXp. .ation of plasma photocathodes
O Sp. alignment in fs, pm-scale Mo
. . .. . electron
Q Plas: _i1 optical density downramp injection  G. wittig et al. PRAB 2015 spectra |

O Trojan .orse in 90° geometry
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UltralOW emlttance / IAI”?tate—of—the—art LINACs * NeXource

1021 AR DL DL AL DL DL AL ELAL DL LRI L
' i B é
ultrahigh 6D brightness - - ]
S §
O Exceeds state-of-the-art by 2-4 orders of 5 10"+ *NeXource Il (long % )
. _ . _ 0 NL P 3
magnitude, ~ 10 nmrad emittance, sub-0.01% o] *NeXource | (high energy) |
energy spreads I *NeXource |
. _ 210" ]
U Realize hard x-ray free-electron lasers with @ ] 3
i i @ 4p% ] ASwissFEL ALC LS ” i
ultrahigh gain S 10 SSAC[AEUXFEL 3
8 _
5 10" 3 3
en < A\ (V) /AT < AFLASH |
1014 ML DL LY DL ALL L DL DL L

(oy/7) < p v 0.5 1 2 4 8 16 32

7 B Au B-1/3 energy W (GeV)
91D — 47T\/§101D € Boosting the electron beam brightness: NeXource

http://acceleratingnews.web.cern.ch/

O Preliminary start-to-end simulations indicate e.g.
hard x-ray FELasing at 0.5 nm w/ saturation in 20 m

LWFA driver

NOVEL FUNDAMENTAL RESEARCH

COMPACT EUROPEAN PLASMA m
ACCELERATOR WITH SUPERIOR S
BEAM QUALITY




Horizon 2020

PRA A WP 14 Hybrid LWFA-PWFA

O Royal Society Theo Murphy meeting “Directions of PWFA" June 4t"/5t" 2018, London,
where Hybrid LWFA-PWFA will be one of the 4 themes

O UK Plasma Wakefield Accelerator Steering Committee http://pwasc.org.uk/
O Access e.g. for EUPRAXIA R&D at CLF possible

O Access e.g. for EUPRAXIA R&D to CLARA via ARIES

O Access for collaborative, programmatic experiments at SCAPA
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3 lasers, including 350 TW, 5 Hz flagship, 3 T
shielded bunkers, up to 7 beamlines



