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The ILIL (Intense Laser Irradiation
Laboratory) group

Scientific staff

e Leonida A. GIZZI* (Head of lab)

e Fernando BRANDI

e Gabriele CRISTOFORETTI

e Petra KOESTER

e Luca LABATE*

e Federica BAFFIGI term

e lorenzo FULGENTINI

e Daniele PALLA postdoc

e Alessandro FREGOSI postdoc

e Gianluca CELLAMARE PhD student
e Andrea MARASCIULLI* PhD student
e Antonio GIULIETTi associated
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The ILIL lab

NEW: Italiadomani
HAP BRIk R R ienza
kHz PNRR (“Piano Nazionale di Ripresa e Resilienza”)
LASER “
DEV. LAB

USER
CONTROL
ROOM

NEW: 100 Hz,

100 W
J-SCALE LASER FRONTEND -
Ti:Sa 10 TW, 10 Hz T
NEW: OPCPA/100Hz POWER NEW:
UPGRADE AMPLIFIER UNDER-
Up to 250 TW
NEW: Cryo SHIELDED TARGET GROUND
amplifier AREA for PARTICLE BUNKER
upgrade ACCELERATION NEW: BEAMLINE for
FLASH PRE-CLINICAL
STUDIES
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Main research fields
Laser-driven particle accelerators Laser-plasma interactions in ICF and Shock ignition*

Electron acceleration and X-rays radiation Laser-driven instabilities and plasma characterization
Diagnostics of ICF-relevant plasmas

sources
Light lon acceleration
Applications in medicine. material science. ... ticle
OPEN Enhanced laser-driven proton A Few MeV Laser-Plasma Accelerated Proton Beam in Air
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acceleration via improved fast & -OomP Quadrup 8
Fernando Brandi *{9, Luca Labate '"**, Daniele Palla ', Sanjeev Kumar L1310, Lorenzo Fulgentini 1

e I ectron h eati ng i nacont rOI lEd Potra Knostor 1 Foderica Raffioi 1 Maceimn Chiari 300 Danisla Panotta 40 and T eanida Antanin Gizzi 12
pre-plasma [Firirl applied

Leonida A. Gizzi***, Elisabetta Boella>*"", Luca Labate™*"*, Federica Baffigi* AR . ..; -
. y ' ' e SCICHICES

Dakla | DILaa3 Cavaanda Doawdll makoiala 4
10

et M i i reow) WA [ina peosd Sen [yl e Yool i geme s At jery s peoe s

—} 10 pm Al no pre-plasma

Scientific Reports| (2021)11:13728
10°} %

] 1
L._T___l
b
3 =
-
P
2
2
-
d
Initial Energy
2.9-3.1 MeV

i 25pmTi
~ - with pre-plasma |

Intensity (A.U.)
3’\)

—
S,

10 pm Al E'* 15
no pre-plasma 4| |

. * x \Z é ‘ ‘14 T
EUPRA)/‘GA Proton Energy (MeV)

v

-

hy
3.4-3.6 MeV

-
(=]
=)

disione 4 o Istruzione e Ricerca

Advanced Photon Sources



Finanziato

dall'Unione europea [taliadomani

NextGenerationEU S 1 B RIFRESA ©RESILIENZA

R&D on laser-driven VHEE sources for advanced radiotherapy protocols (FLASH radiotherapy)

RT modalities/protocols exploiting the FLASH effect (>~40Gy/s, ~200ms irradiation time) require high
charge/(average)current particle beams, with the required penetration depth to allow deep seated tumors to be treated

Laser-driven VHEE beams among the most promising candidates for FLASH RT

RT approaches with LWFA VHEE pencil beams , o « Dose up to 2 Gy (using 200 laser
IMRT-like dose painting shots) delivered in a 2 mm
Muilti-field irradiation of a mm-sized target volume diameter pencil beam at 50mm
ﬂi water depth.
e ] L6 = * Dose “painting” with sub-mm
a. & NP e b. © resolution demonstrated.
e R . B « In perspective, FLASH-RT needs
- Ll £ 5 = therapeutic doses (tens of Gy) in a
, | z ° “3 ‘ short time (200 ms)
g ‘ = - : « This is challenging for all
' | accelerators (including RF)
: . o : - « LPA can address with compact
: e Ty ) footprint, with highest charge per
bunch and high repetition rate
Maximum dose on the “target” volume 2.5x the dose at the (>100 Hz).
L. Labate et al,, Sci. Rep. 10, 17307 (2020) entrance and 4x the dose a few mm apart
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R&D on high quality laser-driven electron beams: The REMPI LWFA scheme and
advanced optical schemes for ultrashort pulse train generation

Motivation: Generating high quality LWFA beams for FEL (EuPRAXIA)

The REMPI scheme combines
some of the most advanced | -y
concepts conceived to date in W « domain
LWFA to deliver high quality 44

E Qo\'b-((\’ \.&\Q
g ‘ & gos
electron beam to drive an X-ray o unceus . ] !1 Pt T r

“mm Novel concepts for ultrashort pulse train generation

MAIN (DRIVING) PULSES E
| .
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FEL ' 1M

P. Tomassini et al., Physics of Plasmas 24, 103120 (2017)

collimated .
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electric field
Output from Fluid and PIC simulations
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R&D on ultrashort lasers at ILIL-INO-CNR:
The APOLLO laser (kHz rep rate, ~1kW average power)

Development of a direct diode pumped, high average power system based on multipulse extraction and ceramic active materials

TiSa OPA —P-—> l><
Multi-Pulse Extraction: time

*commercial X3 ‘ dependent level dynamics

APOLLO system design specs: pulse duration ~50-100fs . —
(potential), pulse energy > 500mJ, repetition rate 1kHz A |

qo02

— N2
T T T T T 000 T T T T T
45 25 50 75 100 @45 25 50 75 100

— N3

Selected material: Tm:Lu203
- Emission at 2 um (eye-safe)
- Large amplification bandwidth T
- Direct pumping at 800 nm, using AT
diodes operating in (quasi) CW mode
(available and scalable)

- Multi-pulse extraction at high repetition
rate > 1 kHz; Ideal for accelerator
technology

- Mature ceramic production technology Xm]

Edge diode pumping

Energy (103 cm)

)

w

2~1.95um

0 *H
Figure 1. Energy level scheme of Tm** in Lu,Os (ada 0.0 25 50 75 10.0 0.0 25 50 75 100

Y [m]

D. Palla, L. Labate*, F. Baffigi, G. Cellamare, L.A.

Thermal load Gizzi, Optics & Laser Technology, 156, 108524 (2022)

* X
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EuAPS — WPA4: High Repetition Rate Laser Beamline

Activity of CNR-INO mostly framed within WP4

COSTS (€)

WORK PACKAGE [WP.4 - High Repetition Rate Laser Beam Line]
Costs included in the req) for funding
To be located within the To be located outside the Total requested grant
eight southern Regions eight southern Regions
a. Fixed term
personnel 0,00 240.000,00 240.000,00
specifically hired for
the project
b. Scientific
instrumentation and
technological 0,00 4.024.986,00 4.024.986,00
equipment, software
licenses and patent
c. Open Access, Trans
National Access, 0,00 0,00 0,00
FAI principal
implementation
d.  Civilinfrastructures 0,00 280.000,00 280.000,00
and related systems
e. Indirect costs,
including running 0,00 318.164,00 318.164,00
costs
. Training activites 0,00 0,00 0,00
Total 0,00 4.863.150,00 4.863.150,00

EUPRAY(IA

Design and construction of a high average power/rep rate laser infratsructure, featuring a
100Hz, J-class, ultrashort duration, TiSa based (800nm) system

Advanced laser architecture, boasting
- diode pumping technology for Nd pumps
- final amplifier based on active mirror concept

Active spectral amplitude/phase correction

User oriented approach: efforts will be undertaken to provide users with a state of the art
characterization of the beam features, as well as flexibility for parameter adjustment/tuning

Full set of longitudinal functions diagnostics (WIZZLER or similar, 3™ order autocorrelation,

)

Wavefront characterization (full correction to be tentatively carried out using ILIL
equipment)

OTTICA
RICERCHE
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Challenges on laser-drivers for future LPAs 100000000

Machine
drivers

Most of the current PW-scale facilities worldwide use indirect —MOV: o
w100 K
pumping CPA architectures, based on TiSa (~30fs, ~10J, up to 10Hz), R

with flashlamp based pump lasers (notable exception HAPLS@ELI (ELI
laser L3))

Repetition rate [H2]

A major limitation to the increase of the rep rate toward the 100Hz
level is due to the management of the thermal load on gain media
(on both pumps and TiSa), as well as on the transport optics,
gratings, ...

0.1

001 m\ TexasP
0.001 - Ne@
0000001 0.00001 00001 0001 001 0.1 1 100

Pulse Energy [Joule]

=SS \B?”ah\
Hercules (- 5
T
10

Ot h er ( possI b Iy re I ated ISSU eS) ' th erma I Ie nsl ng/wavefro nt Figure 17. Repetition rate vs pulse energy of high intensity laser systems. The dotted line separates the existing systems with
a be rration S, p0| ntin g sta b| | |ty’ . average power below approximately 100 W, with systems envisaged for applications and for laser—plasma acceleration drivers.

The laser system to be installed in the EUAPS facility pillar at CNR-INO in Pisa will allow some of these issues to be investigated

L.A. Gizzi et al., in F. Albert et al., 2020 roadmap on plasma accelerators, New J. Phys. 23, 031101 (2021)
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« EuPRAXIA
. . « PW class,
Required specs of the EUPRAXIA laser very challenging - 100 Hz repetition rate,
* multi kW average

power,

Eupraxia laser development is aimed at delivering more efficient, KW class I

PW laser driver for plasma acceleration at >100 Hz rate

Ultrashort pulses (large bandwidth <50 fs)
High repetition rate (100 Hz — 10 kHz)
High average power (~kW -10 kW)

High wall-plug efficiency (>30%)

“UAPS

“‘EUAPS” system at CNR: expected to match
the final EUPRAXIA front-end laser specs

« CURRENT

« PW class,

* Hz repetition rate,

+ =10 W average power

» flashlamp pumped

* No thermal load transport

Research platform for studies in the field of
high average power (high rep rate) laser
optics, amplification and control
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General architecture of the EUPRAXIA laser systems

FRONTEND

MASTER
Oscilator

FRONTEND Laser 1

FRONTEND
Laser 1

Laser 1
9(13)J,0.8um

Lsser 2 Modularity of amplification stages:

20(25)J, 0.5um
37(65) J, 0.5um

Laser 2
19(37)J,0.8 um

dgpv ity Laser 3 LPI 150 MeV = Laserl
62(126)J,0.8 um
LPI 1 GeV = Laserl + Laser2
COMPRESSION PROPAGATION
LPA 5 GeV = Laserl + Laser2 + Laser3

PROPAGATION

COMPRESSION

105 J /197 J, 0.5pm

* adjustments on pulse duration/bandwidth
*  Synchronization: common master oscillator

COMPRESSION

Photocathode and diagnostics

5(7)), 30(20)fs, 20{100)Hz 15(30)), 30(20)fs, 20{100)Hz 50{100)J, 60({50)fs, 20{100)Hz . . .
*  Pulse duration/wavelength tailoring : separate front end
m m m *  Scalability: possibility to upgrade from PO to P1 performance

LP1 150 MeV LPI 1 GeV LPA5 GeV levels without a major changes
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Optical architecture of the EUAPS 100Hz system at CNR

‘a \

OPCPA Laser driver
front-end Front-end stability
Control

HRR Data High repetition rate (Eupraxia DN)
collection target

Stretcher

100 Hz, >100 W average
High averge power power — Eupraxia front end
and HAP R&D

transport to target Preamplifier

Ti:SA mutipass High repetition rate target
\8

and data collection (with
possible ML stability loop)

DPSSL pump

High average power DISK amplifiers

Compressor Strong industrial engagement

(THALES, AMPLITUDE ...) also
motivated by EUPRAXIA

Joule scale / 100 Hz / > 100 W

Missione 4 e |Istruzione e Ricerca
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EuAPS — WP4 outcomes/time schedule

List of WP deliverables

D4.1.1 Laser system design (report) M6. Report on the laser architecture selected, including expected figures
D 4.1.2 Laser system specifications (report) M20. Report on the final specs of the commissioned laser system

D4.2.1 Laser beam transport (report) M12. Design of the laser beam transport to the user’s end station
D4.2.2 User’s beam specs and available operation modes (report) M22. Report on the expected laser figures at the user’s
end station, which includes the possibility of beam longitudinal/transverse functions tailoring according to the user’s needs

D4.3.1 Infrastructure design (report) M8. Preliminary design report of the whole infrastructure

D4.3.2 User’s area capability design (report) M22. Report on the user’s area, including the expected user’s station and
related facilities/devices, timing/synchronization capabilities, irradiation station(s) characteristics/footprints

D4.3.3 Final infrastructure report, including full beam line specs and available options (report) M30. Final report on the
infrastructure, including all beam line specifications, with a user-oriented approach
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Expected studies to be carried out at the EUAPS high average power beamline

Ultrahigh average/peak power laser beam transport Compressor grating technology

Main challenges: large optics, mechanical stability, cooling of

Different technologies under evaluation to address main issues with higher repetition rate. Strategy includes reduction of

gl'ati“gsp beam quality control ... the thermal load at high average power, cooling of residual heat and control of thermal effects on compression quality.
S e T P [ — \ M Lawrence Livermore ]
2| Telescope ' ( National Laboratory
— 1 c —_—
= 1 Q v Gold Coated Grating Cooling Gold Coated Grating without MD Grati
g_ | : D Efo r m a b I e & . C | E —g (BK7 and ULE substrates) epoxy resin (Photoregsist-Free) Metal [;:ec:‘rigcs
® ! 1 S pat I a | 0 m p re SSO r ! T © for allowing higher thermal load for lower thermal stress Gratings
gy mirer filt e SR |
1 . : —— (W W)
9| ] leer Diagnostics 1| Rl — [ — et " ®? L -
R e 4 Measured Surface Height Deviation (nm) : B
<
| S (o S=ATRAN e
l - - JOBIN YVON Cil E)LP* FRESNEL
=9 (%Y ) pf [ ( Plymouth Grating Laborato@ = ——— A
| = B S LLL
R ectar 2 grating ‘ MuliLayer Rt reatitis ractsin s
. . . . . . g.real::‘:;c e MMLD Gratings b
Wavefront aberration characterization (thermal lensing, high order aberrations, ...) e = = [ dealMukioe
cm x 42cm large = o Dielectric Gratings L]

Beam size manipulation, focusing
Beam diagnostics/manipulation at high rep rate (high frequency feedback loops)
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Expected studies to be carried out at the EuAPS high average power beamline: pointing stability in high
power laser and active stabilization techniques

Eupraxia requirements for beam pointing stability are extremely demanding. Both passive and active control will be
required. Prior to the implementation of control strategies, tools are being developed to measure pointing stability
performances at EUPRAXIA facilities and labs.

“‘EUAPS” system at CNR: expected to
~ match the final EUPRAXIA front-end

Capillary numerical /-“? = T T T T T ™ \
il n ! A A f
L f\

aperture

== - =t L laser specs
u 1;:;, — Beap = 200um S é well [ | [ | | ‘W k},..“
— i E o \ 11 | ¥

Research platform for studies in the

\ e / e c. field of high average power (high rep
Laser angular fluctuations ’ rate) laser optics, amplification and
footprints at 150 Hz — | Environmental  CONtrol

angular noise,

of'about 30,

’ nano-rad|

«\°‘°

We already detect

<
<1G0nred Guciuntions ‘X\ | 1
Z. Mazzotta, F. Mathieu 00 6 4 P I . e n
in collaboration with , 1 ~~ ~10nrad
S. Cialdi, D. Cipriani, S. Capra i 3 / i
of Universita degli studi di Milano. y ! 3
Spectral analysis of P 7 O 7 61

the laser fluctuation. \_ 0 100 200 300 45;{;2
Frequency-tha) CNR-1
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EuAPS high average power beamline: Ideal test bench for LWFA

stabilization methods based on ML Stabilization:

The (uncontrolled) properties of the

] ] ) system change in time (e.g. thermal drifts)
Machine Learning for control/tuning of plasma-based accelerators

The previously-found optimal point Xpest

Set the right control parameters in order to maximize one .
becomes obsolete after some time.

Femtosecond (or several) objectives:
laser pulse
Gas pressure

Laser energy

Laser focal position
Laser spectral properties
Laser waist

Electron emittance
Electron energy
Electron energy spread
Electron charge
Combinations thereof

Aim: Find the correction Ax that recovers
the optimal behavior.

In high-dimensional parameter space:

ML techniques can “recognize” patterns in the

Laser energy ) . . . )
| Gasdensity Find X pest such that f (X'pese) is maximal. system changes (drifts, ...) and apply corrections
REhELIR R. Lehe, EURONNAC 2022

Thanks to the unprecedented rep rate (with this class of lasers), the beamline will make up an ideal test bench for ML optimization

Care will be paid to the development of the beamline to implement laser diagnostic techniques, data acquisition platforms, data
transfer, ... which will eventually allow ML optimization techniques to be studied in future users’ experiments

Collaboration established on that with LASERIX and CNR-ISTI
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Industry activity on 100Hz rep rate, J-class amplifiers: Thales

THEIA SPECIFICATIONS
THEIA PRODUCT

Specifications

| CE——
New product : diode Up fo 200

De: Repelition Rate [Hz)

B

pumped developed Q e s

by Thales for ge.i > A 1064 nm > 1000

industrial and \ reli > AI532m > 700

scientific Gkl L =08

Opplicaﬁons Pulse to pulse energy stability (% rms) <1
Typical pulse duraticn [ns) 10

Phuysical characteristics

| s
Joule class system running at . 209x22x31.11n 65%60x 83 cm
INc
100 and 200Hz for right now L3 Cooling unit
o W 14.6x17.4x28.41In 37 x44x72cm
. €
Future developments  will 0
allow it to run at 500Hz art 63x11.34x7.41n  160%x28.8x18.8 cm
o <« ThaLes > O < THALES --)

/
T

Courtesy of Christophe Simon-Boisson
(Thales)
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Industry activity on 100Hz rep rate, J-class amplifiers: Thales

TI:SA GAIN MODULE

Concept
@ Cristal use as active mirror

® Efficient cooling system to keep crystal
temperature < 50°C and maximize gain

® Limit thermal lens to keep simple amplifier
architecture

Caracterization
® Crystal design = Thales patent

® Pumped with THEIA laser 100Hz 750mJ @532nm,
but not yet available

SAGAD!21,5)

® Thermal lens measurement with ETNA HP laser at
80 average power

® Gain measurement with ETNA HP laser at 80W E‘l
average power

® Temperature measurement with ETNA HP laser at
80W average power

i
4?\‘7 < THALES ) Courtesy of Sandrine Ricaud/
o Christophe Simon-Boisson
(Thales)
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Industry activity on 100Hz rep rate, J-class amplifiers: Amplitude

Route to >100Hz pump Lasers for Particle acceleration

Block diagram of the future Laser 10J - 200Hz @ 532nm

Few mJ/1064nm
200Hz +
SBS Mirror [ 200Hz 3.5J Nd:YAG \ .
(Wavefront correction) ——— “T X Amplifier (ENFCHZ) J:— =1 beam shaping
1
1

Compatible up to 500Hz ?

~14J / 1064nm
200Hz

~10J / 532nm

200Hz +
Green light generation

The key challenge is THERMAL MANAGEMENT (aberrations issues + depolarization)

Designed for industrial & reliable operation:

The solution is based on Longitudinal heat extraction and multi-disks concept like Premiumlite
« Liquid-cooling for better heat extraction efficiency
» But with renewed pumping scheme requesting only 2kWc/cm? pumping density (no diodes collimation)

» Ultra-simple doping scheme for the Nd-doped disks (simpler maintenance constraints)

/_\ Amputu de Courtesy of Franc Falcoz/Stephane Branly

(Amplitude)
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Time Schedule EUAPS

2023 2024 2025 2026
Web Site pubblication
ﬁ Data _Policy Data Management plan Report on EUAPS for
ﬁ EUPRAXIA@SPARC_LAB TDR
Procurement Data Analysis tool

Start to End simulatio

Plasma source design Installation & Commissioning
Procurement Phase Noise Analyzer

_— r
Timing & Synchro * Procurement Laser Oscillator

Online Photon R S brocurement Installation & Commissionin

Diagnostics W
User End Station w
Offline advanced diagno - Installation & Commissionin
Clean Room Realizatior—

Design & Procurement . | -
Laser Design and Realization ﬁ Installation & C°ma'55'°"'"9
Target System Installation & Commissionij
Design & Procurement

Plasma diagnostics ﬁsign & Procurement

Secondary beam diagnostics Installation & Commissioning

High Rep.Rate Lasor SyStem

WP2. Betatron Source

Power Laser

Procurement & Installation

High Rep.Rate Diagnostics Procurement Laser Transport

Transport & Beam conditioning

Procurement Diagnostics

.Rate Laser

Procurement Clean Room
Infrastructure Optical Table

WP4. High

Vacuum Chamber & End station

Rep
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WP4 -1/2

dvanced Photon Sources

Deliverable Due Date % Complete

4.1 High rep.rate laser system

Laser system design (report) (first payment) 01/06/2023 50%
Laser system design (report) (second payment) 01/04/2024 0%
Laser system specifications (report) (final payment) 01/08/2024 0%

4.2 High rep.rate laser system diagnostics transport and beam
conditioning

Laser beam transport (report) (Laser transport and manipulation full-scale  01/04/2023  25%
modelling)

Laser beam transport (report) (Definition and procurement of optics, 01/10/2024 0%
optomechanics, etc. for laser beam transport)

Laser system specifications (report) (Definition and procurement of laser 01/10/2024 0%
beam temporal diagnostics)
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Deliverable % Complete

4.3 High rep. rate laser infrastructure and users end station

Infrastructure design (report) 01/04/2024 25%
Laser beam transport (report1) (procurement of optical tables) 01/08/2024 0%
Laser beam transport (report2) (procurement of vacuum 01/02/2025 0%
pipes/pumps/steering chambers for beam transport)

User’s area capability design (report) 01/04/2025 0%
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Summary

A new high average power laser beamline, featuring ultrashort duration, J-class energy laser system at high rep rate (100Hz), to be
installed at the Intense Laser Irradiation Laboratory of CNR-INO in Pisa

The new laser system, at the forefront of current ultrashort/ultraintense laser technology, will match the performances required for
the EUPRAXIA front-end laser

Beamline accessible via a dedicated user station in a new underground area, built taking advantages of synergies with another NG-EU
infrastructure (IPHOQS).

Studies in the following fields (among others) will be made possible:
Ultrashort and ultraintense laser development

Among others: high power optics, laser damage, new laser and optical
materials/coatings, laser components, thermal management

Established sources of energetic particles with high average flux

Among others: particle beams for applications in radiobiology and medicine,
material studies with charged particles (for instance, PIXE), study of novel
materials for advanced applications (fusion science, space applications, ...)
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