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Many thanks to the WP2's contributing Institutes:

CEA-IRFU (Saclay)
CNR-INO (Pisa)
CNRS-LLR (Palaiseau)
CNRS-LOA (Palaiseau)
CNRS-LPGP (Orsay)
DESY (Hamburg)

ELI (Prague)

Imperial College (London)
INFN (Milano)
INFN-LNF-Univ. Roma (Roma)
IST-ID (Lisboa)

Univ. Jiao Tong (Shanghai)
Univ. Strathclyde (Glasgow)
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Horizon 2020

PRA/@A EuPRAXIA requirements

Critical parameters of the electron beam
for Injection or Acceleration plasma stages

At plasma entrance At plasma entrance At FEL entrance

(from RF injector) (from LP injector) (from LP acceleration)
160 MeV 150 MeV E 1 GeVor5 GeV
Q 50 pC Q 100 pC Q 30 pC
t (RMS) 38 fs T (?) 5 fs T (FWHM) 10 fs
c¢/E 0.2 % o¢/E 5% o¢/E 1%

og s/E Cg /E Ogs/E 0.1%
Enw Eny 1 Mm.mrad Enw Eny 1 Mm.mrad Enxr ENy 1 mm.mrad

EN xS ENyS t.b.d. ENnxs ENyS t.b.d. Enxs ENyS t.b.d.
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Horizon 2020

PRA/@A EuPRAXIA acceleration schemes

Nomenclature: schemes 1A, 2A, ... 4A, 4B

5 GeV

|

1A 1

60 Me 1 GeV 5 GeV 60 Me 5 GeV
W RFI "== LPAS m == LPAS
F
A 150 Me 1 GeV 5 GeV 150 Me 5 GeV
LPI "== LPAS o —== LPAS

Wev 2O oas A
4A 4B

ik

%

>TST
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PRA /\GA EuPRAXIA acceleration schemes

Contributing Institutes

5 GeV
- T—
1A LOA 1B (INO)
INO
L
60 Me 1 GeV 5 GeV 60 Me 5 GeV
W RFI LPAS LPAS
2A DESY 2B (DESY)
F INFN (INFN)
A 150 Me 1 GeV 5 GeV 150 Me 5 GeV
LPI LPAS S pAS
3A IST, LLR 3B IST, LLR i CEA
LPGP, INO LPGP, INO
P 00 Me 1 Gev 00 Me 5 GeV
W
F 4A LNF 4B
A

Different Institutes are studying the same plasma stage with different techniques
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PRA/@A EuPRAXIA acceleration schemes

Only schemes with 1 acceleration stage are completely covered
AN

1 GeV 5 GeV \ /‘/ r 5 GeV \

1A LOA 1B (INO)

INO

60 Me 1 GeV 5 GeV 60 Me 5 GeV

W RFI_gv'—= LPAS grog LPAS \

2A DESY 2B (DESY)
F INFN (INFN)
A 150 Me 1GeV 5 GeV 150 Me 5 GeV

LPI gmr 2 LPAS gy LPAS
3A °LUR i i 3B  ISTLUR i CEA
LPGP, INO LPGP, INO

R ————

00 Me 1 GeV
4A i LNF 4B

00 Me 5 GeV

m‘—,rim:—»

>TST

P. A. P. Nghiem - Yearly meeting and 2nd Collaboration Week - Nov 20-24, 2017



1 GeV 5 GeV

PRAA  Scheme 1A-LPI (1) w o] S

Shock-front injection and acceleration in bubble regime (CNRS-LOA, F. Massimo)

PIC code CALDER-Circ: azimuthal Fourier decomposition of the E.M. fields
significantly reduce computational resources while keeping 3D physics

Studies of Injection technique: 200 processors on LOA cluster 2 =105um
F. Massimo et al., Plasma Phys. Control. Fusion 59 (2017) 085004 ! v ;
n/n Kno-—
|
I
n,+ |
1
I 1
| |
135 20 -15 -10 -5 0 5 -20 -15 -10 -5 0 5 20 -15 -10 -5 0 5 ' ||
z-ct (um) z-ct (um) z-ct (um) | |1
. L
Laser: Gaussian pulse I P!
- — — | :
30 TW, 0.9 J, a,=2.5, Wy = 12 pm, Tty = 28 fs : ' L.
Plasma: n, =3 10*® em - —
L =100 um

upramp

Variations of pC, r, ¢, E, o/E vs. K, Ldown
- Injected e- bunch in Imm:
Q~80pC,E>100MeV,¢,, <15 mm.mrad, o./E < 15%, trywum <12 fs,
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1 GeV 5 GeV

PRA IA Scheme 1A-LPI (1) 1a &}

Shock-front injection and acceleration in bubble regime (CNRS-LOA, F. Massimo)

Studies of Acceleration technique: 450 processors on GENCI-Curie cluster
Self injection in bubble regime, same conditions as in A. Beck et al., Nucl. Instr. and Meth. A 740 (2014) 67
Laser: Gaussian pulse, 560 TW, 15 J, a, =4.3, w, = 30 pm, Teyuu = 25 s
Plasma: uniform density n, = 8.62 10*” cm™

*
Horizon 2020

10"

40 -

—> - Laser: relativistic self focusing 20
- Rapid termination of self-injection = no low-energy background

0OF

z' (mrad)

Ad-hoc Stencil to solve Maxwell's equations ol A

- limit effects of Cherenkov radiation RN I
-> After 7 mm of propagation,

Accelerated e bunch: Q = 140-200 pC e TR

E=11GeV,¢,,=15 mm.mrad, o./E =7 %
but very interesting slice parameters
SX,V,S - 0.6‘2 mm.mrad, GE,SIE - 0.55%, TFWHM - 3.1‘4.5 fS

Excellent bunch charge, slice parameters
But global parameters and injection remain to be optimized
Next step: Accelerate shock-injected electrons up to 1 GeV
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1 GeV 5 GeV **

PRAGA  Scheme 1A-LPI(2) w o]

Horizon 2020

ReMPI - Resonant Multi-pulse lonization Injection (CNR-INO, P. Tomassini)

- PIC code ALaDyn: run on HPC Cineca and CNAF cluster
- PIC code FB-PIC: run on single GPU machine

- Cold-fluid/kinetic code QFluid: Quasi Static approximation in 2D cylindrical geometry
in case absence of non-fluid plasma behavior, strong background gradients and radial anisotropies
QFluid returns same results as PIC codes, with much less demanding computation time/resources

x 10"

v
st LLLLLIP
/

IONIZING PULSE

=100 =50 0 50
z+ct (U m)

Resonant enhancement of the ponderomotive force
- wake field of 8 pulses > of 1 pulse
at same total energy

P. Tomassini et al., Phys. of Plasmas 24, 10320 (2017)
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1 GeV

5 GeV

PRA IA Scheme 1A-LPI (2) 1 o]

ReMPI - Resonant Multi-pulse lonization Injection (CNR-INO, P. Tomassini)

2.0

Driving laser: each of 8 pulses

30 TW,09J,a,=0.64, w,=45pm, Tt pyyyu =30 fs 1o
lonizing laser: double frequency, 2nd harmonic, delay 40 fs 3 os:
0.3 TW, 0.01 J, aﬁ - 0-41, WO - 3-5 Mm, T FWHM - 38 fS E 0.0

x—0.51
Plasma: uniform in z, parabolicinr, 3.5 ecm long ~1.0

Ar preionized up to 8+ in capillary, n, =5 10*7 em=

-2.0

Accelerated e bunch: Q =4.3 pC

E=13GeV, g, ,=0.02-0.08 mm.mrad, 6/E = 0.5 %, trypym =5 fsl'34_:

Slice parameters
8.y = MM.mrad, o JE = 0.22 %

x‘y,s

Excellent beam quality But low Charge

Next steps: 1.26

- Increase the charge (but beam loading < o./E > 1 % for 10 pC)
-Increase the energy to 5 GeV (see scheme 1B)
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PRA IA Scheme 1A-LPI (2) 5 e

ReMPI - Resonant Multi-pulse lonization Injection (CNR-INO, P. Tomassini)

Preliminary study: acceleration up to 2 GeV
2.0 —r10°

Plasma .
As formerly, 1.0
Driving laser - but lonizing laser: |
third harmonic, delay 38 fs
lonizing laser | %—0.5 1

*
Horizon 2020

0.5-2

Accelerated e bunch: Q =4.3 pC
E=2GeV, ¢, ,=0.05 mm.mrad, 6/E =0.5%, tpyyn=11s 2
Slice parameters

Eeys = 0.1-0.06 mm.mrad, o JE = 0.3 %

_ _100

1071

Good beam features But low Charge

Next steps:
Increase the energy to 5 GeV

1072
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60 Me 1 GeVv 5 GeV .,
Scheme 2A-LPAS1 (1 o
PRA IA ST

Weakly nonlinear acceleration (DESY, E. Svystun)

PIC code OSIRIS: 2D simulations, with Yee or Lehe field solver

Laser:

957 TW, 102 J, a,=3.1, w, = 54.4 pm, teyyum = 100 fs

RFE Injected e bunch: Q = 0.74 pC

E =83.5 MeV, g, , = 0.14 mm.mrad, o¢/E = 0.45 %, tpyyy =2 fS

- Density upramp length 2 = ¢, , growth N and c./E 7
- Noticeable dependence on the temporal offset between injected beam and laser pulse

Accelerated e bunch: Q =0.74 pC Plasma: n, = 107 em™
E=1GeV, g, =0.15 mm.mrad, 6,/E =0.33 %, tryun =218 Lgmp =33 mm, L, =2.5cm
E - 2.1 GEV, Sx‘y - 0.3 mm.mrad, QEIE - 0.07 %, TFWHM - 3 fS Lramp - 0-1 mm ’ L’(Q[ = 6'7 cm

Good beam quality But tiny charge and high laser energy
Next steps:

- Increase the charge (see scheme 2B)

- Decrease laser power (see scheme 2B)

- Toward higher energy (see scheme 2B)
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60 Me 1 GeV 5 GeV .,
Scheme 2A-LPAS1 (1) =71 050 &=
PRA IA (1) 24 i DESY I

Additional plasma stage for subfemtosecond jitter (DESY, A. Ferran Pousa)

~ mm long

PIC code OSIRIS: plasma RF LINAC ib-e_aln 1 m long w
ELEGANT, MAD-X, winAgile: /\ § — Quadrupoles
chicane and quadrupoles % { \/@ } 1 — Dipoles
on DESY Maxwell cluster and Juqueen L — Mirrors
s -

Laser: Gaussian pulse

35TW, 3.5 J, a,=0.6, wy = 54 pm, tpyyy = 93 fs

Plasma: 2 mm long, n, = 10*" em™

RF Injected e bunch: Gaussian, Q = 0.1 pC

E =100 MeV, ¢, , = 0.14 mm.mrad, ¢6/E = 0.1 %, tpyyy = 2.4 1S
Qpole: permanent magnet, 1 cm long

Dipole: 10 cm long, total chicane R56 = -0.222mm

In the first plasma, it is enough to give a few MeV to electrons
10 fs initial timing jitter can be reduced to sub-femtosecond level

Next steps:
- Increase the charge
- Effects of beam loading
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60 Me 1 GeV 5 GeV .,
Scheme 2A-LPAS1 (2) =871 0501 &=
PRA IA (2) 24 i DESY I

Quasi-linear acceleration (INFN Milano, A. Rossi)

QFluid code: e beam simulated in PIC 3D, but in a reduced, cylindrically symmetric physical model

Laser: Gaussian in transverse and cosine squared in longitudinal
55TW, 6.4 J, a,=1.15, wy, =35 pm, teyumn = 110 fs

Plasma: 6 cm long, n, = 10*" em™

RFE Inlps phi.jpg (352 KB)jected e~ bunch: Q = 30 pC

E =536.5 MeV, g, , = 0.4 mm.mrad, c;/E = 0.06 %, tryyy =11 fs

In transverse, the e- beam must be matched to the plasma structure ~ xum)

In longitudinal, the proper injection phase must be chosen
the density upramp length should be chosen
the tail(halo) must be removed

Accelerated e bunch: Q = 30 pC ™ o]
E=1GeV, ¢, =045 mm.mrad, 6 /E =0.9 %, tpyyy=11fs
Slice g, = 0.45 mm.mrad, o, /E = 0.02 %

Excellent beam quality and correct beam current But high input beam enerzg(ilm)
Next steps:

- Longer ramp
- Toward higher final energy 5 GeV (see scheme 2B)
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https://webmail-e.cea.fr/owa/

60 Me 5 GeV -
PRA A Scheme 2B-LPAS Z;ﬁ—ﬁm)—
(INFN) Horizon 2020

Weakly nonlinear acceleration (DESY, E. Svystun)
Preliminary study up to 2.5 GeV

PIC code OSIRIS: 2D simulations, Lehe field solver

Laser:

612 TW, 45.6 J, a,=2.7, W, = 50 um, teyym = 70 fs

Plasma: n,=10'" ¢m=, L= 6.7 ¢m (7.8 cm with ramps)

Parabolic channel of shape n(r)=n,+An (F/F,,) 2,

An = 2.21n, and channel width r_,= 50 pm.

RFE Injected e bunch: Q = 5.7 pC

E =101 MeV, ¢, , = 0.47 mm.mrad, 6/E = 0.433 %, tryym =5 fs

xdash [rad]

4980

2) Accelerated e bunch: Q =5.7 pC 4960

E=25GeV, g, ,=0.53 mm.mrad, o, /E = 0.54 %, tpyyyy =5 IS 5

=, 4920

Slice parameters ? 4900

Good beam quality But small charge and high laser energy e

7.7822 7.7823 7.7824 7.7825

Next StepS z[um] %10*
- Increase the charge
- Toward higher energy 5 GeV
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PRA A Scheme 2B-LPAS =" Th"’gmsvg

Quasi-linear acceleration (INFN Milano, A. Rossi)

will be studied in the next steps
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PRAIA Scheme 3A-3B-LPI (1) 33"’1'LLZT;LILNROT o

Down-ramp injection and blowout acceleration (IST-ID, T. Silva & J. Vieira)

PIC code OSIRIS: reduced version using recent 3D algorithm Ponderomotive Guiding Center
—> reduced computation time

Laser I>
1

§ 10°

r10° 200

180 ]
160 ]
%140-
5120-

x' (mrad)

1
1
1
1
1
1
1
1
1
1
|

102

0 XXy X g Xg X, -2 -1 1 2

X
Density scan and changing consequently laser pulse sizes for fixed a0

Laser: 24 TW, 1.3 J, a,= 2.83, Wy = 10 pm, ey = 45 fs
Plasma: ~ mm long, ny, = 3 1018 cm3, a=1, =1.5, X,=X;=X; r-X,=9.2, X3-X,=55, X,-X;=61pum

0
X (um)

Injected and Accelerated e bunch: Q = 80-110 pC
E - 150 Mev, Sx,v - 1 mm.mrad, GEIE - 10‘15 %, TFWHM - 2 fS
Slice g, = 0.4 mm.mrad, o /E = 3.63 %

x‘y‘s

Beam charge and quality as required But o/E higher (only factor of 2 or 3)
Next steps:
- Add a missing term describing the evolution of laser pulse envelope
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pRA/\dA Scheme 3A-3B-LPI (2) 3p LLSQLL.LSJ CEA

Self injection in nonlinear regime (CNRS-LLR, A. Beck)

PIC code SMILEI: finite difference schemes to solve Maxwell equations on a grid
two layers of parallelization - Yee scheme order 2

Parameters chosen according to A. Beck et al., Nucl. Instr. and Meth. A 740 (2014) 67

Laser: Bi Gaussian, 353 TW, 10.5 J, a,= 2.56, w, =40 pm, tryuu = 28 fs

Plasma: linear upramp and downramp 0.1mm, propagation length 1.35 mm
n,=310%-110¥cm3

Self injected and Accelerated e- bunch: Q =1 nC
E =204 MeV, g, , ~ 7 mm.mrad, 6/E = 15 %, tpyyy =38 fs

Remarkable bunch charge in this energy range But beam quality not enough good
Next steps:
- Longer upramp and downramp to improve beam quality
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pRA/\dA Scheme 3A-3B-LPI (3) 3p LLSQLL.LSOI CEA

lonization injection scheme (CNRS-LPGP, G. Maynard & P. Lee)

5 mm Variable
— ¢ —>

0.5
<+

LASER & Beam electrons

T. L. Audet et al., NIMA 804, 304 (201

1 Exit tube
o length
e : : : Lg 0.50 mm
Gaz: Hydrogen with impurity of high-Z Nitrogen &
Inner-shell electrons are easily trapped in wakefield g
:}% 0.75 mm
ISSUE: bunch charge Q z — 1.00 mm
%Nitrogen 2 = Q 2 = space charge field 7

1

= final E N and o./E A T

Simulation with OpenFoam software
Objective: analyze guantitatively in detail this effect

to determine %Nitrogen
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PRA (1A Scheme 3A-3B-LPI (3) 33- e i im’cm £
A LPGP, INO Horizon 2020

lonization injection scheme (CNRS-LPGP, G. Maynard & P. Lee)

- ADK model: calculate field ionization rate
- 3D PIC code WARP: azimuthal Fourier decompositionin in cylindrical symmetry

140 cores on Mésolum Comp.Center (Univ.Paris-Sud) and 1000 cores on Curie comp. (TGCC-CEA)
P. Lee et al., NIMA 829, 358 (2016)

Laser: Bi Gaussian, 22 TW, 0.47 J, a,= 1.6, w, = 16 pm, teyuu = 20 s

Gas: Hydrogen with 0.35-0.5 % N,, length 5 mm

lonized and Accelerated e bunch: Q = 27 pC
E=142MeV,¢,=0.8,¢,=1.8 mm.mrad, 6,/E=4%, tpyym =7 1S
Slice g, = ? mm.mrad, o /JE = ? %

XS

Very good beam quality except for g (only a factor of 2 > requirements)
Next steps:

- More realistic description of laser pulse
- Sensitivity to fluctuations of laser and target
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PRA 6A SCheme 3A'3B'LPI (4) 3B IST, LLR i CEA {*::
A LPGP, INO Horizon 2020

ReMPI - Resonant Multi-pulse lonization Injection (CNR-INO, P. Tomassini)

Driving laser: each of 8 pulses

28 TW,0.8J,a,=0.61,w, =45 pm, Tt pyyyy = 30 fs
lonizing laser: 2nd harmonic, delay 40 fs
03TW,0.01J,3,=0.41, w,=3.5pum, T pyyyy =40 fs

Plasma: 3.5 cm long
Ar preionized up to 8*, uniform density, n, =5 10*” em

Accelerated e bunch: Q =4.3 pC

E = 265 MeV, g,, < 0.08 mm.mrad, o, /E = 0.5 %, tpyym =5 fs
Slice parameters

Eeys = 0.08-0.02 mm.mrad, o /E =0.5%

Excellent beam quality But low Charge
Next steps:
- Increase the charge
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150 Me 5 GeV
PRAIA  Scheme 3B-LPAS 3B>'E'T‘m’-
A LPGP, INO Horizon 2020

Quasi-linear acceleration in parabolic preformed plasma (CEA-IRFU, X. Li & A. Mosnier)

3D PIC code Warp: Boosted-Frame technique to speed up computation
on supercomputer Curie (TGGC-CEA), 2048 nodes - simulation time for 30 cm length : 10 hours

Scaling laws and resonant wakefield = most laser and plasma parameters are defined

Matching of laser propagation - plasma depth defined """"
Limit € growth = Input Transverse beam size defined ok
Minimize o¢/E = Input Longitudinal beam size defined B
Laser: Bi Gaussian, 138 TW, 15 J, a,= V2, w, = 45.65 pm, Ty, = 107 fs .
Plasma: parabolic inr, 30 em long, n, = 1.5 10" em~, An/n_ = 0.68 il "

LPI Injected e” bunch: Bi Gaussian, Q = 30 pC
E =150 MeV, g, , =1 mm.mrad, ¢;/E = 0.5 %, tryyy =16 fs

Accelerated e bunch: Q = 30 pC
E=5GeV, ¢, ,=1mm.mrad, o, /E = 0.9 %, tpyyy =16 fs
Slice ¢, .. = 1.1 mm.mrad, o /E = 0.25 %

XY,S

0
2z (pm)

Beam features as required except slice energy spread (only factor of 2 higher)

Next steps:

- More realistic ramps, Fine optimization of parameters to get closer to requirements
- Explore bubble regime
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Horizon 2020

PRA(A  Scheme 4A-LPAS 4;33#14“9—’

Beam driven acceleration in bubble regime (INFN-LNF, A. Marocchino)

Code T-step: photo injector with space charge effect

Code Elegant: high-energy RF linac

Code Architect: 3D PIC for e- bunch, cylindrical fluid for the plasma background
2.0

Minimize o¢/E = Input Longitudinal beam shape = triangular 15
1.0 -
0.5 1

10°

Injected bunch 1 (Driver): Bi Gaussian, Q = 200 pC !
E =540 MeV, ¢, , = 3 mm.mrad, 6/E = 0.1 %, tpyyy =313 fs & *
Injected bunch 2 (Witness): Triangular, Q = 40 pC ol

_10_

E =540 MeV, &, , = 0.9 mm.mrad, o /E = 0.06 %, Tryuy = 12fs

(mrad)

(107t

Plasma: in capillary tube, 28 cm long, n, = 10'° em™ 20t el
Accelerated e bunch: Q =40 pC 1.04
E=1GeV, g, ,=0.9 mm.mrad, o, /E =1.2 %, 1y =12fs 103
Slice ¢, = 1.2 mm.mrad, o /E = 0.036 % .
>1.01
Excellent beam features o0
Comb technique is feasable but need more tuning R
Next steps: 0.98
- Second bunch tuning during velocity bunching 0.97 b
- Introduce more realistic ramps to see their effects z (um)
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pRAl\éA Summarize

Horizon 2020

Status:

- All the "short" versions of EUPRAXIA recommended schemes (1B, 2B, 3B, 4A)
have been entirely studied by WP2 contributors

- For some of them, different techniques are explored

- Up to now, all the requirements are not met at once (except for scheme 4A)

but for some schemes and some techniques, main parameters are in compliance
with requirements and the remaining ones are very close.

- There is probably room for improvements.

- The margin may be not enough, intermediate sections or imperfections
may noticeably deteriorate beam quality at the plasma exit
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PRA/\GA Next steps

*
Horizon 2020

Currently starting or to be started:

- Discussion for restricting studies to only short schemes (1B, 2B, 3B, 4A)?
- Fine optimization of parameters to improve beam quality

- Start-to-end simulations = interactions with WP5

- Feasibllity, Errors and Tolerances studies = interactions with WP3, WP4

EuPRAXIA due dates for WP2:

31.10.2018 Milestone M2.5 "Start-to-end simulations”
30.04.2019 Deliverable of D2.2 "Final tolerance analysis"
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