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

by 310 TW laser pulses (15 J)

*C. Benedetti et al., proceedings of AAC2010, proceedings of ICAP2012
30

Electron beam spectrum

nCISRi{(MeVic)

INF&RNO simulation™

Beam energy [GeV]

0 o Y, : :
2 4 6 8 10
E [GeV]
i i Energy 425 GeV 4.5 GeV
e AE/E 5% 3.2%
Charge ~20 pC 23 pC

Divergence 0.3 mrad 0.6 mrad

W P. Leemans et al.,PRL 2014
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Relative Energy Spread [%]

PRAAGA Quality: Example Energy Spread

Horizon 2020
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PRAIA 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 2040°s
for the 2020’s Plasma-based FEL in

Demonstrating user 2030’s
readiness Medical, industrial
applications soon

Demonstrating basic
quality

Pilot users from FEL,

HEP, medicine, ...
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PRAIA FEL Electron Beam Requirements

Horizon 2020

Electron beam parameters at the undulator

Quantity Symbol [Unit of Meas.] Target parameters
Energy E [GeV] 1-5
Charge Q [pC] 30

Bunch length (FWHM) trwnm [fS] 10
Peak current I [KA] 3
Repetition rate f [HZz] 10

# of bunches N 1

Transverse Norm. emittance RS SR InIRLIET] <1

Total energy spread orp/E [%] 1

Slice Norm. emittance En,zsEn,y [Mm mrad] <<1

Slice energy spread o E,s/ E [%] ~0.1
Slice length L siice [#M] 0.75-0.12

P. A. Walker (DESY) - IPAC 2017 - Copenhagen, 16th May 2017 6



pRA/gA Overall layout status (ongoing)

Horizon 2020

Accelerator research, undulators and user
accelerator tunnel  laser path areas are located on the first level

undulator hall (assumed
conventional)

. X-ray transport
and user areas

PRAIA
-.IJEI:”\:IJE

‘ *:: g
e - — Design by A. Walker (DESY) and

Dariusz Kocon (ELI-Beams)

R. ABmann (DESY) - EAAC 2017 14



.. with 15t floor for laser

PRA A S
/‘( infrastructure
RF and laser infrastructure on
RF and TW second level
/ laser system
* PW laser
.s-:s. EE 7 — System

PRAIA
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R. ABmann (DESY) - EAAC 2017 14



PRA AGA Consortium

Horizon 2020
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' N F N con.8ig|i° Universityof -
C‘I Ricorche. "¢ Strathclyde LST “ .Inm[.,)sw-.,rmm Science & Technology
L./ iERrche Glasgow paro a lvesigagio e Desenvolvimento @ Facilities Council

MANCHESTER N ; y m
S ‘s'w!a.gl!m % LIVERPOOL e T e,

The University of Manchester

. UH q
SAPIENZA Imperial College
UNIVERSITA DI ROMA m Unlvel’Sitat Hamburg London '(‘:’)“‘gYFORD

24 Associated Partners

(as of December 2017)

(g VA= ]

ﬁ ? / 4 . i
4 LUDwWI
~ f MAXIMILIANS
¥ Frmen wicner
Tsinghua University | 2uTam Beesoe LMU iz
\
Stony Brook

‘PSI_U = University CE/RW e LUND UNIVERSITY rf>| |'h|
nnnnnnnnn ( ) ¢ (&KIZ%Nﬁ?TY P. Rl KE N CASE \ el 5 BERKELEY LAB U C LA

Ao - x 4 LW Université s
(@) X ALY ude Lille Eh ,,",),),?"M ﬁ HI Jena

£ TECHNOLOGIES Helmholtz Institute Jena

%/ SHANGHAI JIAO TONG UNIVERSITY

Universit di Roma (3
o ) P4 QUEEN'S e
!! I — (] Ferdinand
\ (I — v mavn AN OEBE'SM—HEHH—?q , U LI C H % UNIVERSITY E$;9I':‘a"
= THE HEBREW UNIVERSITY OF JERUSALEM ’_VTAE 1 l ‘1 1 ' (2 BELFAST Institut
Karlsruhe Institute of Technology I.‘\H FORSCHUNGSZENTRUM —



EGI;RA)/\@A Participating Institutions

Horizon 2020

University of Strathcl

Associated Partners UK
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EuPRA)/éA Industrial Participation

Horizon 2020

Industry: involved through T H A L E s

workshops and

Scientific Advisory Board
/ L Ampl itude

Contacts still evolving, several A& NN Ew ,
cooperations under discussion e R, A NS s ] :
V% ooo
NATIONAL .
// . EnerceTics protonias

Thales group (France): Number of employees: 62,194 (2015)
Sales 14.06 B€ (2015)

Amplitude (France): Number of employees: 80 (2015)
Sales 17.4 M€ (2015)

Trumpf group (Germany): Number of employees: 11,181 (2016)
Sales 2.81 B€ (2016)




EGPRA}/‘(&A Location of possible sites within EU -

EuPRAXIA site studies:

* Design study is site
independent

* Five possible sites have
been discussed so far

* We invite the
suggestions of
additional sites

Horizon 2020

v Hamburg

| Didcot

o
M by s, b gt o 8 i, B

R. ABmann (DESY) - EAAC 2017

=3
Centre Interdisciplinaire _.\, =
Lumiére Extréme =) °

Eli Beamlines
Prague, Czech Republic

Central Laser Facility
Didcot, United Kingdom
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 Candidate LNF to host EUPRAXIA (1-5 GeV)
 FEL user facility (1 GeV - 3nm)
 Advanced Accelerator Test fa,cility (LC) + CERN
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Photocathode and High energy Highenergy  ° - 132 m
~w i THz PW class particle particle -
- e Laser MY Beamsl = Beams2 I 3

« 500 MeV by RF Linac + 500 MeV by Plasma (LWFA or PWFA)
* 1GeV by X-band RF Linac only
 Final goal compact 5 GeV accelerator



W SPARC_LAB HB photo- injector
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Bl X-band Linac
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MODULATOR HALL KLYSTRON 2

KLYSTRON 1

KLYSTRON
MODE CONVERTER

CIRCULAR WAVEGUIDE CIRCULAR WAVEGUIDE

MODE CONVERTER MODE CONVERTER

MODE CONVERTER

SLED

SLED

LINAC HALL
1 klystron x LINAC Module "\ 2 klystrons x LINAC Module
total active length L, \\ 16 m \\\
Number of sections N, \\32 (4 modules x 8 sections) \\\
available RF power 50 MW\(@klystron output coupler) \\
40 MW {@ section input couplers) '

Injection in the plasma Inj\e‘&t:ion Ew_:c_hg Endulator ,UJri?matg
linac energy gain AW, .. 480 MeV I/\,910 MeV™ ,/ 1280 MeV\\\
average acc gradient <E_ > 30 MV/m l‘ 57 MV/m \, " 80 MV/m Il
total required RF power Pq. 44 MW v 158 MW/ ,' o ?:10 MW _ 7

~ e
\~_’



W Plasma WakeField Acceleration — External Injection

AE VA Y
| RF |-.-.-| PWFA ACC. [ re {4 wrance. HH—

e created & accelerated depleted Q preserved & accelerated depleted

nbck/]-o16

40 6
driver witness
20 -
0
£ 0 6
. nb/10
7

N !
—40 T 0

—100 0 100 200
E=Z-ct [um]

X [um]
o

NN EETRRT NN R RS R R RN




Energy 6J

Duration 23 fs
Wavelength 800 nm
Bandwidth 60/80 nm
Spot @ focus 10 pm
Peak Power 300 TW

Contrast Ratio 10"
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30 pC beam Start To End Simulations

Linac O

Linac 1
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Plasma stage

0.5-1 GeV
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Linac0 Linac1 Linac 2 Plasmastage]l  |Jndulator
([ BSHEHENy X band 1o X band T — L TTTTTTTTTTITITIITT n AE
L=12m | L=10m )?F_:gm L=15m L=5m L=40m
100 MoV 250-400 MeV/ 0.5-1 GeV 1-2 GhV RF |. . \ LWFA ACC I . . ’
Q preserved & accelerated depleted
In the undulator —
Radiation: 2=2.7 nm
Undulator A,=1.5 cm, E hot=0.45 keV
a,=0.8
o o At30 m
000 \ ". Best slice | LI I O 11
~ \ i o - < — 6.410" photons
> \ 0154 oy i B v l r ]
é 15004 l— .3:1 ‘ :M.‘l‘ 'L“ § Lax10® _yitt::aute::lnps (32) //'/_ —/ 5.2 1011 photons
o T A A & - perme | @4, 3.610" photons
S - = Zaoar [ At12m 3 /
A e e " 12,510
s(pm s{um) . ) 11 o
Characteristics of the electron beam, case al s i 201 pt 'S
ii.2d . Without ramps
_ e 5 10 15 20 25 30
o F | I | | I + = T TT T T T T T | I: 2 [m]
azar e T sl E = @
e ) (a2) T g sadE = Growth of the radiation [ Q@p0) 30
z 80X10" 1 2 hpacE (@) = along the undulator &x (mmmrad) 0.45
B 60x10° | =4 £ . o 3 3 &y (mmmrad) 0.49
sox10’ |- 4 FWUE E AEE (104) 154
o B 1 & Lox10f (b) = Ly (A) 2258
20x10° | . E i 3 12
o .3 5.0x10° £ mﬂl) M E zy(m)
0 2 12 S AT, A = E(z1) (ud) 12
s (jm) 265 270 275 280 285 | Ngne(z1) (1011) 1.62
At 15 m, Power density At 15 m, SpecttaPdensity zy(m) i?f
Quasi-single structure Quasi-single spike structure E(E)(g‘)?ml SR
~Nphaot! B
| Bandwidth(%e) | 0.15
Divergence(urad) | 50
Rad. Size (um) 155

Courtesy of V. Petrillo




LinacO0 Linac 1 Linac 2 Plasma stage Undulator
[ HETETHETEER- BC X band Hesz (A
L=12m [=10m |L=10m L=15m L=5m L=40m
56=18 mm
100 MeV 250-400 MeV 0.5-1 GeV 1-2 GeV R F PW FA ACC.

{ I/_ e created & accelerated depleted

In the undulator

Undulator A, =1.5 cm, Radiation: A=2.78 nm
a,,=0.7 E . =0.44 keV
= At30m
l.leo :l—ll\lx}.llllllllllllll ||||]||I
o ithout ramps IT— 810! photons
3500 _ . . .
3000 0051 Best slice " 1.0x10 :_ with tapering = 610! phOtOHS
< 2500 1 Best 108 o 8.0 108 o
) S =y .0x —
< 200 slice \I < 106 § = C At 15 m,
D B g 04 5 £ 60x10° 5 10" phs
= > & . i 11
I:zz Mr}\ \ . A F3.610"phs 3.5 10" photons
0 A % T 0.0 4.0x10° = 10 phs

s(um) _ s(pm) 2.0x10° —

llllllllillllllllllllll

0 5 10 15 20 25 30

Characteristics of the electron beam

z [m] @D
. . a
20x10" prrT T T T T T T 11— Growth of the radiation Q(0) 30
- - ol ‘| along the undulator &x (mmmrad) 0.39
1.5x10" [— — 6x10° [~ ] &, (mmmrad) 0.309
3 E . B i ] AE/E (10 2.49
= 1.0x10" — —: 5 4x10° — Tpea(A) 3131
- - & - z1(m) 15
5.0x10° [ g 2%10° — E(z1) (W) 25.8
C | | | ; _ Nanot(z1) (101) [ 3.61
L L 1 L I, L1 e L1 N Z2(m) 30
0 5 10 15 20 2.70 275 2.80 2.85
s [um] 7 A [nm] 8 E(z2) () 43.9
Nghot(zl)(loll) 6.1
: | Bandwidth(%) | 0.15
At 15 m, Power density At 15 m, Spectral density Divergence(urad) | 40
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Units 1 GeV PWFA 1 GeV LWFA
with Undulator | with Undulator
Tapering Tapering
p
Rep. rate
Rms Energy Spread [ % | 0.73

Bunch charge _ 2
z
0
Slice Energy Spread 0.022
1
J

FEL driven by PLASMA
Peak current kA 2
Slice norm. emittance

u 0.39-0.309

Slice Length

1.39

nm

| x107 |
Undulator period [ cm |
K[ oow
| 0m |

1

2
Undulator length m 3

63

2.79

[\

Radiation wavelength

P
—
o

C
Bunch length rms 11.5

%
%

Average Rms norm. um

emittance

m

m

cm

9
6
0
5
0

(%]

Saturation power 0.850-1.2

Energy w

Photons/pulse | [ 88 x10 8.6 x 10

Bandwidth 0.35 0.42
5
210 160

Brilliance per shot | (s mm~ 0.83x 10 1.22 x10”
mrad’bw
%o))”

63.5

(@)




ST ol FEL simulation with

Undulat 15 Radiation: 3.=2.87 First saturation at 15 m
. =1. adiation: A=2.87 n .
Case with 200 pC ndulator 4, cm, with 9.1 10** photons
a,=0.7 . E....=0.43 keV
;2‘""’ @ A ;': (b)_7 e SRR RARRE RN BRI RARRE RARRARRA=- At35m,
i ol Q200pC 1 \“ oo Q—aﬂg lPIC Best slice 0.0 3x10' 2 2.7 1012 photons
3 J 07 ; 3 3
~1000 Best, | \ g 061 \ 1" & - > 10'E E
— : / =z 2x10' -
S| slice/ Eul U A PR TE i
S00 4 ..'/ \ & 03] \\?;‘\ | ) ] Jo.m = 1x10° E_ _E
/’, 024 A - E 3
/ \ n 3 E
O.U 0 20 4 e) 8 100 R SR I T TN T 05. IR AN TR Y-
s(pm) s(um) 0 5 10 15 20 25 30 35
Z(m)
Characteristics of the electron beam Growth of the radiation
along the undulator
6x10" = T T TR E TR R L2x100 A+ 16 m =
0 E «F ’ =
x100 - At 16 m, - L0x10 - spectral 3
_ 10" Power densit £ soxo’ ~ density =
Z 3x10° — SASE , 2 c0x10' ;_SASE E
_’)(].0'J é_ Structure E 4.0x10' :_Structur —:
1x10" £ j J| 20x10' F- =
3 ..J’ ol - =
0 20 40 60 80 100 284 285 286 287 28 289
s (pem) A (nm)
Courtesy of V. Petrillo

C. Vaccarezza 37 EAAC 17, 24-30 September 2017, La Biodola, Isola d'Elba 20



FEL driven by X-band linac only

Units 1 GeV with X- | 1 GeV with X-
band linac only | band linac only
100 pC 200 pC

Bunch charge
Bunch length rms
0

1

Rms Energy Spread
Slice Energy Spread 0.018

Average Rms norm. um 0.5 0.5
emittance

0.35-0.24 04-037

Slice Length
Radiation wavelength 2.4(0.52keV) | 2.87(0.42 keV)
o [ an [y
Undulator period

0.987 0.987
Saturation length 15-25 16-30

[ Phownvpubke| | 5984 x 107 | 93255107
wd | 7S

wd | 1756 527
6575 120200

\\4
J
0




SPARC_LAB

Self-LWFA

Ferrario, M., et al. "SPARC_LAB present and future." NIMB 309 (2013): 183-188.



Plasma-based acceleration techniques

resonant-PWFA

Wimess . lj11\'c
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B S,
A ve— D7  pe Az
*A train of three electron
bunches (driver bunches) is sent
through a capillary discharge
*A resonant plasma wave is then
excited in plasma

A fourth electron beam (witness

beam) uses this
b n, = 2x101® cm3
wave to be A, = 300pm

accelerated Capillary 1Imm
Hydrogen

external injection LWFA

e-
bunch

laser

*A |laser beam excites beam

plasma waves in a capillary
filled with gas

*A high brightness electron
beam uses this wave to be
accelerated

n, = 1x10 cm3
A, =100um
Capillary 100 um
Hydrogen




Capillary Discharge at SPARC LAB
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Active Plasma Lens

Magnetic Field (B ) vs Force on electrons (F)
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Van Tilborg, J., et al. "Active plasma
lensing for relativistic laser-plasma-
accelerated electron beams."” Physical
review letters 115.18 (2015): 184802.




Experimental layout

Z

: bunch

Capillary

Bunch
i Plasma
* V =20 kV
50 pC 0/'0 Disch i =100 A
1ps * ischarge circui R =500 um
130 um 0

120 MeV 6 L=3cm

1 mm mrad Sapphire



Preliminary results
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Current (A)

APPLIED PHYSICS LETTERS 110, 104101 (2017) @ S

Experimental characterization of active plasma lensing for electron beams

R. Pomplll’a’M P. Anania,’ M, Bellaveglia,’ A. Biagioni,"’ S Bini,' F. Blsesto

E. Brenteganl G. Castonna 2E. Chladrom A. Cianchi,® M. Cr0|a D. Di Glovenale
M. Ferrano F. Filippi,’ A Giribono,* V Lollo, A Marocchlno M. Maronglu A. Mostaom
G. Di Pirro," S. Romeo," A. R. Rossi,® J. Scifo,’ V. Shpakov,' C. Vaccarezza,' F. Villa,’

and A. Zigler®
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Results vs simulations
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Nonlinear focusing field
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Effects of plasma ramps
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Figure 5: Normalized transverse emittance as function of zz The numerically
computed emittance is plotted with solid lines, and the experimental values are
overlapped with stars (&,,) and circles (g,y).



velocity of plasma
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Gate: 10 ns
Delay: 1100 ns,
Area: 1000 x 50

Side view:

ICCD (1mm)

ports

In order to see the real expansion
of the plasma we have to mount
the capillary of 3 cm length so that
we will not see the cutting due to

the supports



I velocity of plasma

20 images separated by 100 ns => 2 us
Gate: 10 ns
Area: 1000 x 500 pixel




W Tapered capillaries

Local control of the plasma density is required to match the laser/electron beam into the plasma.
Tapering the capillary diameter is the easiest way to change locally the density.

By monotonlca”y Varylﬂg the rad|us . | Densitylintaperedca?illary —
of the capillary it is possible to ome
change the density. 10f

2r v ]
Electrode = | \,\

-10 -1.5 -5 -2.5 0 25

— ] 10 I
Kaganovich et al., Appl. Phys. Lett. 75, 772-

774 (1999).

Studies on plasma tapering are
currently in progress in the
F. Filippi SPARC_LAB Plasma lab. 41



W Tapered capillaries

Local control of the plasma density is required to match the laser/electron beam into the plasma.
Tapering the capillary diameter is the easiest way to change locally the density.

TAPERING
ANGLE

TAPERING OF: CAPILLARY

F. Filippi 42



3. Simulations: preliminary results of 2D simulations

* ltis possible to compute the
magnetic field as post-
processing

; electrode

capillary wall

* Maps of other relevant
guantities can be obtained

* The temperature reached by
the plasma seems to be in
qualitative agreement with
what expected

lon temperature (eV)

A hydrodynamic approximation can be employed,
the current density is computed using the static
current flow approximation and the ohmic
heating term is added to the energy equation:

Figure: Particular of the plasma temperature (colored '%p+v-(pﬁ):0
map) and azimuthal magnetic field (contour lines) in 2 (p5) + V - (p75) = —Vp

proximity of the left electrode at 300ns from the start of | < 0;' _ . L
the discharge. 5L+ V- (BV) ==V (pt) + V- &VT|+ 7| ]|

(V- J=0, J=-nVV

10 October 2017 Emanuele Brentegani



N ﬁﬁ&/ Plasma source

We preionize the capillary with a preformed plasma prior the main discharge. The initial plasma is
formed in a short primary capillary by a high voltage pulse discharge. Part of this plasma and free
electrons expanding into a long capillary that is connected to a high voltage capacitor. Since the
discharge process follows the Paschen law, the breakdown threshold of the long capillary is
lowered and the discharge can develop.

This strategy allow to ionize long capillaries with reasonable applied voltage in controlled and
homogeneous way.

TRIGGER PULSE H,

A

@ C 2° STAGE >

I - r

N T

ELECTRODES

L |
= HV

F. Filippi 44



= W Plasma source

This scheme can be reproduced for tens-of-centimetre capillaries. This single unit can be
integrated simply by adding more units obtaining up to tens of centimetre capillaries

homogenously ionized and controlled independently one to each other leading to the desired
length of plasma (almost 30 cm) with the proper den8|ty (107 cm3 requwed for this project.

TRIGGER PULSE H, TRIGGER PULSE TRIGGER PULSE

CAPILLARY II I CAPILLARY II I CAPILLARY

ELECTRODES ELECTRODES

ELECTRODES

F. Filippi 45



EuPRAXIA@SPARC_LAB

X-band RF technology implementation,= CompactLight
Science with short wavelength Free Electron Laser (FEL)
Physics with high power lasers and secondary particle source
Compact Neutron Source

R&D on compact radiation sources for medical applications
Detector development and test for X-ray FEL and HEP
Science with THz radiation sources

Nuclear photonics with y-rays Compton sources

Ré&D on polarized positron sources

R&D in accelerator physics and industrial spin — off
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