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1. The Resonant Multi-Pulse lonization injection (ReMPI)

Envelope (V/m)

2. High-brightness 340as long 2.2GeV 10Hz beams with a
simplified ReMPI setup

3. Preliminary FEL simulations in the water-window
with the 10Hz 2.2GeV ReMPI| beam

4. High-brightness kHz, >1GeV beams with a P-MoPA/ReMPI scheme -
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CNRINO Beam Quality D)) eh

nuclear physics

* Compactness in phase-space (low energy spread, divergence...) Normalized emittance

* High charge or high current U = p/mc E?L — <£U2> <’U,§> — (<CE . u$>)2
* Linear correlation in the transverse x-u, y — 4y
and y-u, planes (low emittance) 1- Transverse (y)
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Two-color injection [L. L. Yu et al. PRL 112 (2014)] is a very promising scheme aiming at generating extremely low-
emittance bunches but requires two [sinchronized] laser systems: a long-wavelength (e.g. CO2) for wake driving and
a short (e.g a frequency doubled Ti:Sa) for electron extraction.
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The Resonant Multi-Pulse lonization injection (ReMPI) scheme

PHYSICS OF PLASMAS 24, 103120 (2017)
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The resonant multi-pulse ionization injection lo! \/
E
Paolo Tomassini, " Sergio De Nicola,>> Luca Labate,"* Pasquale Londrillo,® E U P RA)A IA ‘:T:am

Renato Fedele,®® Davide Terzani,®® and Leonida A. Gizzi'* —— lonising

ntense Laser Irradiation Laboratory, INO-CNR, 56124 Pisa, ltaly ~———Symmetrising )
2E'r'.r?. Fisica Universita® di Napoli Federico IT, 80126 Napoli, Ttaly - Extracted particles
jCNR-S.PfN . Napoli, 80126 Napofi, Italy

ReMPI requires one “driver” pulse train made with a sequence
of sub-[ionization] threshold amplitude pulses.
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Injector for multistage LWFA Single stage 5GeV accelerator
30pC, 150MeV, 1.6%, 0.23 umrad 30pC, 5GeV, 1% (proj) , 0.04% (slice) 0.08 umrad
R T e R TR & ) High-quality 5 GeV electron bunches with resonant multi-pulse

PRA/\GA lonization injection

P Tomassini®>' {2), D Terzani', F Baffigi', F Brandi’, L Fulgentini', P Koester}, L Labate®", D Palla’ and L A Gizzi*'

High quality electron bunches for a multistage GeV accelerator
with resonant multipulse ionization injection Published 24 October 2019 « © 2019 IOP Publishing Ltd PRA dA
p— ) - 5 iy ) i Plasma Physics and Controlled Fusion, Volume 62, Number 1 »
Paolo Tomassini, © Davide Terzani®, Luca Labate, ™~ Guido Toci,” Antoine Chance, 5 A i . .
Special Issue Featuring_the Invited Talks from the 46th EPS Conference on Plasma Physics, Milan, 8-12 July 2019

Phu Anh Phi Nghiem®,* and Leonida A. Gizzi'?

"Intense Laser Irradiation Laboratory, INO-CNR, Via Moruzzi 1, 56124 Pisa, Italy
2INFN, Sect. of Pisa, Largo Bruno Pontecorvo 3, 56127 Pisa, Italy
*INO-CNR, Largo Enrico Fermi 2, 56125 Firenze, Italy
4CEA-I)fu, Centre de Saclay, Université Paris-Saclay, 91191 Gif sur Yvette, France

Phys. Control. Fusion 62 014010

Beams for FEL or Thomson backscattering X/gamma Beams for Thomson Back Scattering sources
30pC, 4.5GeV, 0.9% (proj) , 0.03% (slice) 0.08 pmrad 5pC, 1GeV, 0.8% (proj) , 0.08 umrad

Brilliant X-ray Free Electron Laser driven by Resonant Multi High-quality electron bunch production for high-brilliance

Pulse lonization Injection accelerator, P. Tomassini et al. Thomson Scattering sources
P. Tomassini et al., SPIE 2017

C Nﬂlw anerence 2022 pRA/\dA https://doi.org/10.1117/12.2266938
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nuclear physics

> The multi-pulse approach to LWFA has been proposed so far [D. Umstadter et al, PRL 72, (1994)]. A
multi-pulse train can generate plasma waves with larger amplitude than those driven by a smgle
pulse with the same energy. -

P-MOPA
ch rped pulse chirped polarization pulse train

i U Cawley etal, PRL 2017] " [0. Jakobsson et al., PRL 127 (2021)]
"'ﬂ]w\ H G—01 T [R.J. Shallow et al, NIM A 2016] J. ). van de Wetering et al., PRE 109 (2024)]
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Spectrum  Intensity

Beamsplitier Dispersive system

Da,b: Delay line, motorized
B1,2: Beam Splitter 50%
TFP: Thin film polarizer

Ref: C.W. Siders et
al., Appl. Opt. 37,
22 (1998)

Requirements:

2 Beam Splitters 50%
10 mirrors

1 Thin Film Polarizer

1 lambda/2

2 motorized movements

EFFICIENCY >90%

} [G. Vantaggiato et al., NIMA 2018] j
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: ReMPI brick 2: Accurate ionization model Y
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werpmss  TOF the extracted electron statistics =on.,

HIGH POWER LASER 3

High Power Laser Science and Engineering, (2022), Vol. 10, el5, 16 pages. SCIENCE AND ENGINEERIN
doi: 10.1017/hpl.2021.56

. /Highly accurate modeling of the 6D phase-space for\

Accurate electron beam phase-space theory for tunnel-ionisation extracted electrons (ADK theory).
ionization-injection schemes driven by laser pulses

Single-cycle detailed description of the phase-space

Paolo Tomassini® 2, Francesco Massimo?, Luca Labate!*, and Leonida A. Gizzi®!#

S e and whole bunch emittance
2ELI-NP. Mag Romania
Maison de , CEA, USR 3441, Gif-sur-Yvette, France

4INFN, Sect. of Pisa, Pisa, Italy
(Received 31 August 2021; revised 25 October 2021; accepted 26 November 2021)

K Also valid in the deep-saturation regime /
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nuclear physics

P. Tomassini et al, HPLSE 10 e15 (2022)
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1. The Resonant Multi-Pulse lonization injection (ReMPI)

Envelope (V/m)

2. High-brightness 340as long 2.2GeV 10Hz beams with a
simplified ReMPI setup

3. Preliminary FEL simulations in the water-window

with the 10Hz 2.2GeV ReMPI beam
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4. High-brightness kHz, >1GeV beams with a P-MoPA/ReMPI scheme "




The first Free Electron Laser compliant version of ReMPI for 5GeV suffered from “gigantism”.

—Iomzatlon Pulse Theoryl/@) LDED CN RI N 0
8 I PRAA IA | Plasma wave e S
Eight pulses train
pu S€S Scheme selected and A ' 30 pC
(1PW, EuPRAXIA ) included in the CDR \ €, =~ 80nmrad
P. Tomassini—et al., High-quality 5GeV electron bunches with the resonant multi-pulse ionization injection, PPCF P 62 (2020) 014010

P. Tomassini et al., BRILLIANT X-RAY FREE ELECTRON LASER DRIVEN BY RESONANT MULTI-PULSE IONIZATION INJECTION ACCELERATOR,

proc. FEL 2022 (conference, Trieste.

Envelope (V/m)

3-30 pC
€, ~ 80nmrad
(200/300TW)

2 pulses

P. Tomassini et al.,”Ultra-High-Brightness and tuneable attosecond-long electron beams with the Laser Wake Field L2

Acceleration”, https://www.researchsquare.com/article/rs-6889281/v1 (submitted)
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C N RI N 0 Theoryff@) LDED ')»») — i A: Delay Mask

attosecond . B: 4/4 plate
al: Multi-rings pulse 6J’ 2 3fs TI * Sa . .
a2: Probe beam for (A C: Pick-off Mirror
interferometry ) =\
a3: Off-Axis Parabola

D: Gas Cell

aa: Two gaussian-like - (c2)
pulses train

: 3w pulse
c2: Dichroic mirror
c3: Delay line

c4: Telescope
c5: Ionization pulse
focusing parabola

Federico Avella
Ph. D. student@INO

P. Tomassini et al.,”Ultra-High-Brightness and tuneable attosecond-long electron beams with the (co tutoring)
Laser Wake Field Acceleration”, https://www.researchsquare.com/article/rs-6889281/v1 (submitted)
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P. Tomassini et al.,”Ultra-High-Brightness and tuneable attosecond-long electron beams with the
Laser Wake Field Acceleration”, https://www.researchsquare.com/article/rs-6889281/v1 (submitted)
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A: Delay Mask

attosecond . . .
Stable driver pulse train generation B. /4 plate
al: Multi-rings pulse \ .. . .
a2: Probe beam for % (A } C: Pick-off Mirror
interferometry 1) 1

a3: Off-Axis Parabola -
aa: Two gaussian-like ..~
pulses train...~"

/ D: Gas Cell

: 3w pulse

: Dichroic mirror
Delay line

: Telescope
: Ionization pulse
focusing parabola

Federico Avella
Ph. D. student@INO
(co tutoring)
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Simulation Group

INPUT

/

F. Avella, P. Tomassini et al., “Automatic reconstruction of
the laser transverse intensity and phase structures near the

focal plane for advanced Particle In Cell modelling”, to be

submitted on J. Comp. Physics

LP4PIC package (Laser to PIC interface)

TO PIC
(OUTPUT)

Federico Avella
A A Ph. D. student@INO
. _ 2
[\ 22k06zE(379 Y, Z) — VLE(:U, Y, Z) ) (co tutoring)
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0
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1. Genetic algorithm + pivot

preceded by random
Y, I N 0 sampling of the Nth
Theoryf@ LDED dimensional space

2. Gerchberg-Saxton loop 15
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P. Tomassini et al.,”Ultra-High-Brightness and tuneable attosecond-long electron beams with the Laser Wake Field
Acceleration”, https://www.researchsquare.com/article/rs-6889281/v1 (submitted)

Federico Avella

(co tutoring)
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TITUTO NAZIONALE I OTTICA attosecond 4 ol
B: /4 plate
22 Probe beamor " C: Pick-off Mirror
interferometry )=

a3: Off-Axis Parabola
aa: Two gaussian-like
pulses train

D: Gas Cell

cl: 3w pulse

c2: Dichroic mirror
c3: Delay line

c4: Telescope
c5: Ionization pulse
focusing parabola

lonization pulse generation

P. Tomassini et al.,”Ultra-High-Brightness and tuneable attosecond-long electron beams with the
Laser Wake Field Acceleration”, https://www.researchsquare.com/article/rs-6889281/v1 (submitted)
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STITUTO NAZIONALE DI OTTICA attosecond 800 nm T — 40%

N. Hafz, T. Szabolcs ELI-ALPS

lonization pulse generation b R=60%
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P. Tomassini et al.,”Ultra-High-Brightness and tuneable attosecond-long electron beams with the lonization pulse on focus

Laser Wake Field Acceleration”, https://www.researchsquare.com/article/rs-6889281/v1 (submitted)
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USIGLIO NAZIONALE DELLE RICERCHE
STITUTO NAZIONALE DI OTTICA

Z [ m]
X[u m]

-50

Electron beam

40
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Y [u ml

-20

-40
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attosecond

40

20

-20

-40

—2e+12

8.5e+12

be+12

Ade+12

Envelope (V/m)

— 0.0e+00

0 ¥ [u m]

SINGLE Ti:Sa 200TW/300TW laser system,
Circularly Polarised pulses

DRIVER

* 2x23fs FWHM pulses, w0=30 um

* Total 5.6J on TEMOO,

IONIZATION

e 1x 30fs FWHM ionization pulse in Il harmonics,
* wO0=3.5 pm, on TEMOO, 20mlJ

TARGET
* n0=0.75e18 1/cm"3,
* 100%Ar 1mm (injection)
100%He 30mm accelerating structure,
guided pulse with radially parabolic density profile

q3D (FB-PIC) simulations:
Nm=3 angular modes
dz=10nm, dr=25nm, dt =4.6as
Lorentz Boost (y =10)
48H100, ELI-NP cluster

P. Tomassini et al.,”Ultra-High-Brightness and tuneable attosecond-long electron beams with the
Laser Wake Field Acceleration”, https://www.researchsquare.com/article/rs-6889281/v1 (submitted)
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Projected quality
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P. Tomassini et al.,”Ultra-High-Brightness and tuneable attosecond-long electron beams with the
Laser Wake Field Acceleration”, https://www.researchsquare.com/article/rs-6889281/v1 (submitted)
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Article
Attosecond Pulses from Ionization Injection

Wakefield Accelerators Just by tuning the distance between the node of the accelerating gradient

Paolo Tomassini %%, Vojtech Horny ' and Domenico Doria * and the peak of the ionization pulse we can vary the length of the trapped beam.
https://doi.orq/10.3390/instruments7040034

Proc of PAHBB San Sebastien 2023 [Ed. A. Chianchi, M. Galletti]
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Partial stability study. A full stability study should be performed during the experiment preparatory phase,
with the actual laser parameters and guiding channel design. This would also include transverse pointing

jitter effects.
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P. Tomassini et al.,”Ultra-High-Brightness and tuneable attosecond-long electron beams with the
Laser Wake Field Acceleration”, https://www.researchsquare.com/article/rs-6889281/v1 (submitted)

At: driver to
ionization-pulse
delay variation

An: background
density variation

AE: Laser pulse
energy variation
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Preliminary simulations of the FEL performances, no beam transport simulations
made at this stage. They will be part of a near term start-to-end simulation

FEL design (these slides)

INFN

Istituto Nazionale di Fisica Nucleara

D)l el.]

nuclear physics

2.2GeV
A —

Beam Transport (TBD)

V. Petrillo/L. Serafini/INFN-MI
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Slice analysis, slice thickness =20 nm
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Preliminary simulations of the FEL performances, no beam transport simulations

| N F N madgsgt this stage. They will be part of a near term start-to-end simulation ))»») d.i
Istituto Nazionale d-i Fisica Nucleare y FEL dESign, simulations obtained with GENESIS1.3 nuclear physics
w V. Petrillo/L. Serafini/INFN-MI
The SPARC/X SASE-FEL Projects 343 Ku _ kEBO )\r _ 2)\u2 (1 4+ % Kﬁ)
UENEEAU AL HNEEE YA utteC Y
eleciron — photon
o B=AAMBARDMAAR proo o
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| v oo 41y (14 K2/2)2(k;ox)>

- Au
[ole] fanugy 1B L, = ——— Gain length

° 4m/3p

. dislance €, < "}/)\r/ﬁl’?T Pellegrini criterion

Free Electron Laser In the Self Amplified Sportaneous Emission (SASE) mode

Fig. 2. Schematic Diagram of a Single-Pass Free Electron Laser (FEL) operating in the Self-Amplified-Spontaneous-Emission
(SASE) mode [TESLA Design Technical Report, March 2001]. The bunch density modulation (micro-bunching), developing in 28
parallel to the radiation power, is shown in the lower part of the figure. Note that in reality the number of slices is much larger.



Preliminary simulations of the FEL performances, no beam transport simulations
| N F N made at this stage. They will be part of a near term start-to-end simulation ’)»») d-i

Wig, o

Istituto Nazionale di Fisica Nucleara

Due to the very small emittance the beam can be focused to a small waist.

A preliminary value of w=27 um and a tapered undulator with period

A, = 3.5cm were used (based on estimations of beta function, p, and
saturation length, goal radiation wavelength in the middle of the water-window).

Best slice: p3p [5x1073] = SE/E [1.5 x 1073]  (SASE condition met)

€nx [150 nm[ < y4,./(4w) [1050nm]

(Pellegrini criterion easily satisfied)

FEL design, simulations obtained with GENESIS1.3 nuclear physics
V. Petrillo/L. Serafini/INFN-MI
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Preliminary simulations of the FEL performances, no beam transport simulations

made at this stage. They will be part of a near term start-to-end simulation ))»») d-i
| N F N FEL design, simulations obtained with GENESIS1.3 nuclear physics
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Preliminary simulations of the FEL performances, no beam transport simulations

made at this stage. They will be part of a near term start-to-end simulation ’)»») d-i
F FEL design, simulations obtained with GENESIS1.3 nuclear physics
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Induces a modulation of a long (ps scale! nu'se by using a

PHYSICAL REVIEW LETTERS 127, 184801 (2021)

“seed” short pulse.

1. The final modulation amplitude is la Mon Poster: Romz
with the self-modulation instability N Walzc

2. The phase of the modulated pulses
position of the seed pulse, thus maki
subsequent LWFA structure reprodu

A

Spectrum  Intensity

Drive Seed
i v

< Lmod >

P-MOPA modulator module

Beamsplitter

ACCeiu. -

zzzzzg:?'vv‘ \

— Lll(‘(' #

Dispersive system

LWFA module



P-MOPA@ReMPI Conceptual Configuration Theoryj”j@ LDED

P-MOPA driver pulse modulation + ReMPI conceptual setup

PHYSICAL REVIEW LETTERS 127, 184801 (2021)

PHYSICS OF PLASMAS 24, 103120 (2017)

The resonant multi-pulse ionization injection

Il harmonic conversion . Short focal parabola
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P-MOPA@ReMPI Particle extraction+injection Theo
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Simplest configuration: ionization pulse in Il harm of the Ti:Sa

The ionization pulse and the seed must come from the same pulse

To seed P-MOPA

Ti:Sa 25fs
To Il harm
conversion

Tight focusing on
LWEFA stage

Bunch averaged normalised emittance e,/wo/ao

= Ar, Theory

The jitter between
the two is critical.
It’s only due to
micro vibrations, so
it should be
maintained below
lum rms

00400 J = Ar, Theory w/o sat. 15 _|_ _l_
- ® Ar, Monte Carlo, w/o P.F. ) . — . .. ]
L Mo certo W P o A?"S ) )\1 T 04#"’” Reaching the minimum possible
e e oo e ol value of the emittance means
sosso| P Kr. Monte Carlo, with P.F. i / ' a — 7 41 a i — 0 46 .
/ c — |- 0,2 . making the transverse forces
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[P. Tomassini et al, HPLSE 10 e15 (2022)]

4

Expected minimum emittance
in the ionization pulse plane

€, =~ 85nmrad

linear (and with almost constant
radial gradient on the beam).



P-MOPA@ReMPI Theory”’oo DED Al

Intensity profile
Driver: TEMOO, 2.1J , w0 =25 um, B_mod =1.2, CP . Numerical parameters
FBPIC, 3D
lonization: TEMOO, Il harm of Ti:Sa, w0 = 4.5 um, 3
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P-MOPA@ReMPI

4,

Theoryf@) LDED

Driver train energy (in the simulation window)
and peak amplitude evolution

Pulse energy and amplitude evolution
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Eﬂ. X

35 4 "

L — En.}l"
0.30 . \
- - o'{x}
0.25 = oly)
VA
"'E" 0.20
=
W 0.15 -
0.10
0.05
0.00
T T T T T T
10 20 30 40 50 60
z (mm)

Expected value from P. Tomassini et al, HPLSE 10 (2022)



P-MOPA@ReMPI

Theoryf@
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u

Q=3.4 pC, (E)/E =0.25%, transverse normalized emittance 90nm rad
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Towards TBS kHz sources [first TBS simulations, not optimized yet]

TBS laser 0.5J) (from the same original pulse, 2.5J -> 0.5J TBS, 2J P-MOPA)

\If . 9 Normalized acceptance We have only 3.4pC (should be improved up to 10pC)
— ’Y Ve EXTREMELY USEFUL parameter
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50000 A
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30000 A

£5x108 v/s @1kHzJ

After beam transport and final focus optics:

(s
(00/w)min = 0 (u1)? + 222 +a3/2 ~ 104

dN/dE[MeV~1]

10000 A

2

[P. Tomassini et al., APB 80 (2005)] ElMeV]




Conclusions ,))))))el] CNRINO INFN »))))»el] Theory//(?oLDED

attOSGCOH d Istituto Nazionale di Fisica Nucleare phy

1. The simplified ReMPI scheme employing a 300 TW Ti:Sa system and two
driver pulses only was designed to work in conjunction with a (brand
new) multi-ring phase masks splitting technique.

2. The optimization procedure led to the (quite stable) generation of a
350as long and tuneable, 2.2GeV beam with FEL compliant quality and
Brightness:

B6D = 4x10'84/m?0.1%BW

3. Preliminary FEL simulations confirmed that the beam is suitable for

driving a water-window X-ray source

4. Preliminary results about the mixed PMoPA/ReMPI schemes shows that
kHz rep.rate high quality beams can be generated in this way
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