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PRAAGA Tasks, Milestones, Deliverables

Horizon 2020

Tasks

WPé6.1 : Coordination and Communication (SOLEIL, ENEA)

WP6.2 : FEL baseline cases (SOLEIL, ENEA, CNRS-LOA, UHH, Lille Univ.)

WP6.3 : Undulator and technological development of equipments (SOLEIL, UHH, INFN,
DESY, STFC)

WP6.4 : Towards scientific applications (SOLEIL, ENEA, STFC, DESY)

WP6.5 : Operational model (SOLEIL, DESY, INFN)

Milestones

MS4 : Electron beam baseline parameter for FEL application (SOLEIL) M6, published on
intranet, DONE

MS5 : State-of-the-art of short period undulator (SOLEIL) M7, Activity report, DONE
MS17 : Models and scaling laws for plasma FEL dynamics (SOLEIL) M 20, Activity report,
DONE

Deliverables

Dé6.1 : Report on state-of-the-art of short period undulators, Report, Public, M12-DONE
D6.2 : Models, scaling laws plasma FEL dynamics, Report, Public, M24-DONE

Dé6.3 : Diagnostic requirements and technical approaches, Report, Public, M24-DONE
Dé6.4 : Specific magnetic elements, Report, Public, M32

Dé6.5 : FEL Scientific user workshop, Report, Public, M48
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PRAA  Scaling Laws for Plasma FEL 2%

Horizon 2020

»* ¥

Doc. Identifier:

PRA dA EUPRAXIA: DELIVERABLE REPORT o3 e2)
Ve Date: 30 October 2017

E DELIVERABLE REPORT

EUPRAXIA: DELIVERABLE REPORT

Project Number: 653782 DELIVERABLE: D13(6.2)

Project Acronym: EuPRAXIA
Project title: European Plasma Research Accelerator with eXcellence In Applications
Document identifier: EuPRAXIA Del 13 (6.2)
Due date of deliverable: End of Month October (Month 24)
Deliverable Report Report release date: 30/10/2017
D 13 (6.2) Models, scaling laws for Plasma driven FEL dynamics = Work package: WP6:FEL Pilot Application (FPA)
Lead beneficiary: SOLEIL
Delivery Slip
—r T Date Document status: Final

Authored by G. Dattoli, F. Nguyen ENEA 20.10.2017

Reviewed by M.-E. Couprie SOLEIL 26.102017 | Abstract:

G’[;)proved by M.-E. Couprie SOLEIL 26.10.2017

Coordinator We present a collection of scaling laws as analytical functions of the relevant Free Electron Laser

(FEL) parameters. These formulae describe the main FEL dynamics and are the result of more than

App_roved by S - 27/10/2017 thirty years of FELs study and development. Starting from first principles, and improved by the rele-

PrO]edqt ‘ ’ vant effects of electron beams far from ideal, these scaling laws provide a quick understanding of a

coordinator generic FEL design and performance estimate.
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PRAl‘éA Scaling laws: basic parameters

Horizon 2020

22 2

() e ik sor 2]

K =K / ‘\/5 . [y = JO(E) - JI(E) linear undulator (J,,, cylindrical Bessel functions)

K =K, f, =1 helical undulator
eB,A,
= 5 undulator parameter
2am,c”
1 *2 «2\7!
g=-K(1+K7)
2
J electron beam current density
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PRAAGA Relevant FEL output parameters

Horizon 2020

A(z) A
Pz)=F—p L= L, =1.066L_In[ 25
1+ -2[A(z)-1] 47~\3p P,
s
A(z)=l 3+2cosh| = | +4cos ﬁi cosh| ——
9 L, 2 L, 2L,
diffraction correction parameter coher'e_nce AFEL
(or cooperation) L~ =
u = Ay, length 4 \/gp
7 (470, ) p
Pp = F(.“D ) Jo, Slippage corrections to the saturation power
_1 S —O 25
F(.uo) [(1"”.”0)] Ps = (1 - L ) Ps
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EGPR%A Diffraction corrections

Horizon 2020

Lr
D

Lg

»1—1-D theOry

In a 1-D approximation, this is equivalent to a reduction of the density current
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PRAIA  Energy spread corrections

Horizon 2020

~ o, A _
L(x)=xL,, i, =2 p 0, = Pr1(x) = V2 @(x)o P
0.185+3 _, ; -1
x=l+ ) K AE=\/<E2>—<E> ¢(X)=CXP[-X(X‘1)]+‘\/2_XX3
Energy spread and emittance Ix10°

effects taken into account »

via analytical corrections to = 100 -
the FEL power growth =

ONLE -
&

0.01~ -

FEL power growth for an electron | ,,-4-
beam with energy E =1 GeV, peak
current I =2 kA (as an example) 1x10~°
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PRA 1A Application: SOLEIL LPA

Slice parameters

beam energy [GeV] 1.2
current intensity [A] 20 000
norm. emittance [mmxmrad) 1.5
energy spread oz /E (%) 0.3
Undulator parameters
undulator period [cm] 1.2
deflection parameter 1.7
Output FEL paramelers
FEL wavelength [nm)] 2.66
Twiss 3 [m] 3.73
Pierce parameter p 0.0026
inh. broad. gain length [m] 0.4
saturation power [MW] 34 350
saturation length [m] 11.7

Horizon 2020

In collaboration with M.E. Couprie,
F.Massimo, E.Roussel, I.Andriyash et al.

SOLEIL  ENEN

SYNCHROTRON Italian National Agency for New Technologles

EnergQy and Sustainable Economic Development

growth Power [MW]

1000
10,
0.1
0.001 —  Ul2, K=17 I

10-5.

s 10 15 207%™
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PRAIA  Application: INO-CNR LWFA
N oot ENEN

In collaboration with P.Tomassini, L.A. Gizzi (see sy e NI
Their, Talks dur,ing This week) ef a/. 7 OTTICA Energy and Sustainable Economic Development

Horizon 2020

The Resonant Multi-Pulse lonization injection [P. Tomassini et al., accept. for pub.
on PoP (Oct. 2017) ] is a new bunch injection scheme aiming at generating

extremely low-emittance bunches [currently as low as 0.08 mm mrad but in can
be further reduced]

From P.Tomassini's talk @ EAAC17, September 2017
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PRA /‘GA

In collaboration with P.Tomassini,
L.A. Gizzi (see their talks during this
week) et al.

Not a start-to-end simulation.
1) Exit from the plasma is missing

2) Beam transport is ideal with a full
preservation of the beam quality.

3) Matching to the betatron condition

/BTWiSS [m] — W—)\U [m]

REMPI Bunches

* * %

*
*

*
*

* *
* 4 K

Horizon 2020

Bunch parameters

A B C D
beam energy [GeV] 0.265 | 1.15 1.3 2
long. beam size (rms) oy, [pm] | 0.56 | 0.25 | 0.655 0.3
current intensity [A] 812 | 2200 785 4700
norm. emittance [mmxmrad] | 0.078 | 0.08 0.08 0.1
energy spread og/E (%) 0.5 | 0.81 0.22 | 0.165
Common FEL parameters
undulator magnetic field [T] 1
undulator period [cm] 1.4
deflection parameter 1.3
Output FEL parameters
FEL wavelength [nm] 48 2.6 2.0 0.8
Twiss A [m] 1.26 | 545 | 6.16 | 947
Pierce parameter p 0.009 | 0.003 | 0.0018 | 0.002
inh. broad. gain length [m] 0.086 | 1.38 | 0.702 | 0.474
saturation power [MW] 2602 | 323 861 | 19080
saturation length [m)] 2.3 33 17.7 13.5
coherence length [pm] 0.25 | 0.04 | 0.05 0.02
sat. power with slippage [MW] | 1130 | 252 826 18650
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PRA 1A

In collaboration with P.Tomassini, L.A. Gizzi (see

their talks during this week) et al.

Growth of FEL Power

growth Power [MW]

A=0.8nm

—_ Bunch D I

z [m]

growth Power [MW]
1000+
10+
0.1
0.001
1073
growth Power [MW]
1000y 1000
10/ A=2.0nm 7
10+
0.1} 0.1
0.001+
Bunch C 0001
1075 Q 107>
— . 7 [m]
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PRA A 2017 FEL parameters o

Horizon 2020

Range of exploration

Quantity Symbol | Baseline value

Particle type - e- ES
Energy E 1GeV 1GeV
Charge Q 30 pC 15 pC 100 pC
Bunch length (FWHM) T 10fs 3fs 30fs
Peak current I 3 kA 3-5kA
Repetition rate f 10 Hz 1 Hz 100 Hz
Number of bunches N 1 1

Total energy spread (RMS) oc/E <1% 1%

Slice energy spread (RMS) oes/E 0.1% 0.1%
Transverse normalized emittanq ¢, ,, &y, <1 mm mrad 1 mm mrad
Transverse norm. slice emittanq g , s, €y ,,s | << 1 mm mrad << 1 mm mrad
Slice length r @5 @ 0.75 um
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PRA 1A

2017 FEL tolerances

Total energy spread (RMS) 0./E 7~ 1% N\
Slice energy spread (RMS) O:/E 0.1%
Transverse normalized emittance Enss Eny 1 mm mrad
Transverse norm. slice emittance Exssr Enys tbd

Slice length 2, tbd

Alpha function a,, a, 0

Beta function B. B, 5m
Transverse beam size (RMS) g,,q, S0 um
Transverse divergence (RMS) O, Oy 10 yrad
Pointing stability (RMS) Oux's, Oeys 100 prad
Energy stability (RMS) 5./€ 5% L
Charge stability (RMS) sofa | [ %\
Bunch length stability (RMS) &/t 5%
Emittance stability (RMS) BenlEn 5%

*
*

* g x

Horizon 2020

For reference: at FERMI 2x10 in energy stability, smaller than O(%) on the charge
5% should be reduced to 1 % at least! = Diagnostics

Federico Nguyen (ENEA) — EuPRAXIA Yearly Meeting 2017 & 2" Collaboration Week 14



PRAIA  Deliverable on Diagnostics 1%

Doc. identifier:

EUPRAXIA: DELIVERABLE REPORT Dei1a(63)
PRAAGA Date: 31 October 2017

Project Number: 653782
Project Acronym- EuPRAXIA

Project title: European Plasma Research Accelerator with eXcellence In Applications

Deliverable Report
D 14 (6.3) Diagnostic requirements and technical approaches
Delivery Slip
Name Partner |Date

Authored by |M-E- Couprie SOLEIL 26/10/2017
Reviewed by | M- E- Couprie SOLEIL 26/10/2017
cv;:)proved Yl m e Couprie SOLEIL 30/10/2017
Coordinator

Approved by

Project R. ABmann DESY 31/10/2017
coordinator

Horizon 2020

Doc. Mdentifier:

EUPRAXIA: DELIVERABLE REPORT Dei14(6.3)
PRAI\GA Date: 31 Octobar 2017

DELIVERABLE REPORT

EUPRAXIA: DELIVERABLE REPORT
DELIVERABLE: D14(6.3)

Document identifier: EuPRAXIA Del 14 (6.3)
Due date of deliverable: End of Month October (Month 24)
Report release date: 31/10/2017
Work package: WP6: FEL Pilot Application (FPA)
Lead beneficiary: SOLEIL
Document status: Final

Abstract:

The production of an electron beam with high quality from laser plasma accelerators is essential for
the Free Electron Laser (FEL) application in EuPRAXIA. Diagnostics tools are required to properly
know the electron beam properties and to implement improvements. If the electron beam from a
plasma accelerator is not directly fulfilling the required performance for the Free Electron Laser am-
plification then additional technical approaches and solutions are required. These aspects of the
EuPRAXIA project have been studied and the conclusions are summarized in this report.
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Horizon 2020

PRAIA  M24-D6.3: FEL Diagnostics

From M.E. Couprie's experience! @ SOLETIL

1. Ideally, all the electron beam features after the exit of the plasma accelerator and before en-
tering the undulator should be measured simultaneously.
2. Therefore the diagnostics should be as much as possible non interceptive and acquired in

single slot.
3. For the photons generated in the undulator, diagnostics should be similar to the solutions
that are commonly deployed on existing free electron laser based on conventional accelera-

tors.
Transverse Longitudinal

SE/E
1um*1 mrad 1um=*19%

X <
1 mm* 1 yrad 1 mm*0.01%

Ideal conventional RF LINAC
Typical LWFA beam to optimize

! “Electron and photon diagnostics for plasma acceleration based FELs”, M. Labat, M. El Ajjouri, N. Hubert, T.A.
Thomas, A. Loulergue, M.-E. Couprie, https://arxiv.org/abs/1706.04822, accepted in Journal of Synchrotron
Radiation.

Federico Nguyen (ENEA) — EuPRAXIA Yearly Meeting 2017 & 2" Collaboration Week 16



PRAKIA  FEL components: undulators

Horizon 2020

KYMA A undulator: N — 14
projected by ENEA Frascati, w = 1.4 cm
constructed by Kyma Trieste, ? —Bmax(T]
tested on beam at SPARC_LAB | | —x
» DELTA like undulator L
M = 1.4 cm, gap g = 5mm, Br = 1.22T. \ SPARC operation
Undulator tested in two stage SASE-FEL: 0,5 —
Fr'om A.PeTr'alia 630nm to 315 nm o gap (mm)
o 1 2 3 4 5

Federico Nguyen (ENEA) — EuPRAXIA Yearly Meeting 2017 & 2" Collaboration Week 17



PRA 1A

Towards short A, undulators K

* * %

Horizon 2020

Z.Oﬁ | : | I I I | H
| From AGhaith SULEIL
16 “w Tm Period= 10 mm @ CT J SN, RO RO
m .~ Period= 12 mm @ CT
14" i LR Period= 18 mm @ CT —
E ‘l\ ’ i X n_ Period= 15 mm @ CT using RADIA
= 120 \l\ .
= 10k g -
ERL - ..o .
=W . ..
0.6 - B -
- TTrel_ 0 TTeealll
0.4+ & %
_____ i
1 L e . e e T T
00 . 1 | 1 | 1 | 1 | | L | L | 1
3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 11.0
Gap [mm] 25 | | | | | | 1 T
L] AY
' , . " Period= 10 mm
CPMU's vs. SCU's both T@CthlOQIZS 2.0 —'w\'\'\\ - - Period= 12 mm -
. . —_ W - - Period= 15 mm
to reach for short period while E Lo _m - Period= 18 mm
. . = =T v m . 7]
keeping high (40%-50% larger than = "
= w
standard PMU's) B values with some 5 10 S -
. =9 I\. -
(presently) differences: osl TR UL |
CPMU's less sensitive to wakefield & i Tot-oor S
B EELEEE BEF SRR BEF O 541 BEY
. . | | | | | 1
synchrotron radiation > 4 P 2 0 12 14 16 18 20
Gap [mm]
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PRAI‘GA Beam transport in undulators Hormzo

)
m o, EUPRAXTA@SPARC_LAB case (see talks from M.Ferrario, E.Chiadroni)

’NFN ElclNﬂs L D‘E m
C
FODO elements for e-beam transport in undulator
Ll LZ
o A At lower beam energies,
e i vz v i possible to exploit also
1 1 Ldl ) ] .
. — ! undulators focusing power,
' ' cannot apply herel

e - .
By | = min

Eveam ~ 0.8-1.2 GeV.
~4-5m ¢, ~0.5mm x mrad

Element length mm

Undulator module 115.5

Beta (m)

% ! 2
From A.Petralia *® Driftl, [ 2
Quadrupole eff. lenth G 9 6
- i & i 10.5 7
= 1 ¥ 1 i 8 Gap btween undulators L, [PYI3EE L
ﬁ:v,y = L dl'fy(z)dz T, ;31.5y(z)dz FODO length
il e eng 276 184
19
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31m, #20 undulators

F U15 Twiss =4 m, €=0.5 mm mrad, 6.=0.1% \ From A.Petralia
N 1 v 1 |
U15 Twiss B=4 m, e=1 mm mrad, 6_=0.1% |
44.5m, #30 undulators
< Undulator Room length: 40 m >
From V.Petrillo, C.Vaccarezza's talk @ EAAC17, September 2017
LT T T | T T 1T | T T T | T 17T 17T | T T T | I I_,_'. 12)(109 :LIIIIIIIIIIIIIIIIII]IIII]III
1.5%x10° — LWFA 1.0x10’ :— PWFA
- - (a2) =
B 8.0x10° — —
z 1.0x10° — é 6.0x10° - =
- - A T E ®
E 4.0x10° | . =
5.0x10° [— - - B
N 2.0x10° — ’ (c) —
: | // | | | 1 :l Ll l Ll )/l L l e et il | I [ bl | 7171 l | I i i I 11 1 l:
Ol L1 | g [ - 101 [ |15| [ |20| L1 |25| L1 |30 0 5 10 15 20 25 30
z [m] Z [lll]
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PRA,(A A new EuPRAXIA file

Horizon 2020

WP Pavma Phyics Serdes

Charged Beam Dynamics,
Partide Accelerators and '‘Charged Beam Dynamics, Particle Accelerators and Free Electron Lasers'
Free Electron Lasers summarises different topics in the field of accelerators and of Free Electron

Gluseppe Dattell  Elio Sabla accelerator providing the driving beam. Covering both theoretical and

Laser (FEL) devices. It explains how to design both an FEL device and the

AndreaDorla  Marcello Artioli experimental aspects, this book allows researchers to attempt a first design
of an FEL device.

Copyright © IOP Publishing Ltd 2017
Online ISBN: 978-0-7503-1239-4 « Print ISBN: 978-0-7503-1240-0

Textbook that might be considered by WP8
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PRAAGA Conclusions & Outlook

*
Horizon 2020

v" WP6 moved forward covering all requested milestones & deliverables

v trying to increase synergies on common interests with other WP's

o manipulation techniques (decompression chicane, TGU, etc...) of the plasma
generated electron beams, to optimize the matching with the undulators
section, to be discussed with WP5

o need for simple scaling laws correlating the plasma parameters with the FEL
performance figures of merit, to be discussed with WP2

v’ systematic study of the best undulator technology and characteristics

to be deployed for plasma driven FELs - including side effects such as
wakefield and synchrotron radiation within the undulators
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please, STOY FE
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Energy (MeV)

* * %

PRA,(A Application: SOLEIL LPA

Horizon 2020

In collaboration with M.E. Couprie,
F.Massimo, E.Roussel, I.Andriyash et al. S 'sﬁ!aglml»ﬁ m “

Energy profile (a.u.)
10 20

0 30 T Qtot = 614.81 pC 5
1500 : x f 1500
200 l
1400 . L1400 4
9 2 0
150 < = 0.6 s E 3
0. | - o |
1300 S ¥ il 1300 3 E
T a o <=
. 9 s 9
1003 o4 T 52
1200 o . 12002 &
w h|‘ l S uE.]
il
50 0_24 ' ' 1-
1100 ‘ ' ‘»‘ 1100
0 . ' - 04 . ' .
-10 -5 0 5 10 -10 -5 0 5 10 -10 -5 0 5
Time (fs) Time (fs) Time (fs)

Federico Nguyen (ENEA) — EuPRAXIA Yearly Meeting 2017 & 2" Collaboration Week 24



PRA AéA Consortium

Horizon 2020

16 Participants

~)
'N FN Con_siglio umversltyof IST I D
L/ r Nazionale delle Strathclyde o do it Superior Ticico & Science & Technology

R Glasgow v o mestagios < esmiobimens @ Facilities Council
S stIaREo'TIR!m s LIVERPOOL

The University of Manchester

= UH K
SAPIENZA Imperial College
UNIVERSITA DI ROMA n UnlverSItat Hamburg London O\FORD

22 Associated Partners

(as of October 2016)
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Tsinghua University RDSSEM}URF

s
umvns u

q\\\‘ Stony Brook _ ~
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eIz

CEEE O i 2 e

£ TECHNOLOGIES Helmholtz Institute Jena

/" SHANGHAI JIAO TONG UNIVERSITY,
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Karlsruhe Institute of Technology FORSCHUNGSZENTRUM

7% OBbEAUHEHHBIA (3]
AT = ! Jﬂ o & [HRTAH] % #) j0LICH
: H
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Collaboration
Board

WP1: Project Management
and Technical Coordination
DESY — CNRS

WP2: Physics and Simulation

CEA — IST

WP3: High Gradient Laser
Plasma Acc. Structure
CNRS — ICL

i WPA4: Laser Design and
European Laser | | Optimization

Industry CNR — CNRS

WP5: Electron Beam Design
and Optimization
INFN — CEA

WP6: FEL Pilot application
SOLEIL — ENEA

WP7: High Energy Physics
and other Pilot Applications
CNRS — UOXF

Coordinator Office

— Technologies

I Prototyping

1 Experiments at Test Facilities

jre— Generation

Scientific Advisory
Board

Project

DESY

Committee

WP8: Outreach and Liaison

ULIV — USTRATH

WP9: Alternative e-Beam

H
1
— Driven Plasma Structure i
1
1

E DESY — INFN

WP10: Use of Other Novel

'
E DESY — UMAN

WP11: FEL Application

'
E CNRS — UHH

WP12: Acc. Prototyping and

E STFC — UROM

! WP13: Alternative Radiation

;
E USTRATH — ICL

E WP14: Hybrid Laser-Electron- I

i
1
pr—— Beam Driven Acceleration i
1
1

]
E USTRATH — DESY

/ Office DESY
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EU Project

i VOCAL platform |
) (University H
E Liverpool) !
i i

Initial Training
Networks ITN
(University
Liverpool et al)

E ERC Synergy i
] Grant AXSIS H
! (DESY,UHH) |

ERC Advanced
Grants

' X-five (CNRS),

| COXINEL (SOLEIL)

Existing Facilities E
ELI-Beamlines i
CILEX-APOLLON !
Helmholtz VI |
INFN SPARC !
STFC CLF |
Laser Lab !
CERN AWAKE |
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PRAIA EUPRAXIA Research Infrastructure

Horizon 2020

PLASMA ACCELERATOR HEP & OTHER USER
Pump Laser(s) AREA
Laser Transport
Laser HEP
— Kk Injector User

N\

Ca

Bearn Widening
Monentum Cut
llimation
Diagnostics

50 m

A

20m
Y
In-Matching Out-Matching Undulator Section

RF Photogun Diagnostics Diagnostics Photon Pulse Generation FEL
) User
Booster Linac or Plasma Area

Drive Beam Linac Accelerator(s) FEL / RADIATION SOURCE

USER AREA
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