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• Compactness in phase-space (low energy spread, divergence…)

• High charge or high current 

• Linear correlation in the transverse x-ux

and y-uy planes (low emittance)

Normalized emittance

Beam Quality

Normalized Brightness (5D)

Normalized Brightness (6D)
Longitudinal

Transverse (y)Transverse (x)

Tranverse (x), 
longitudinal (ux)
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We start from the Two-Color ionization injection 

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.

 Ionization 
threshold

Ponderomotive Force

Needs to have a large a0 to drive the wakefield
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The Resonant Multi-Pulse Ionization injection (ReMPI) scheme

ReMPI requires one “driver” pulse train made with a sequence 
of sub-[ionization] threshold amplitude pulses.
       
  

Ionization Threshold
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ReMPI is flexible. Examples of earlier works

Injector for multistage LWFA Single stage 5GeV accelerator

ReMPI

30pC, 150MeV,  1.6% , 0.23 mrad 30pC, 5GeV,  1% (proj)  ,  0.04% (slice) 0.08 mrad  

Beams for FEL or Thomson backscattering X/gamma 

30pC, 4.5GeV,  0.9% (proj)  ,  0.03% (slice) 0.08 mrad  

Brilliant X-ray Free Electron Laser driven by Resonant Multi
Pulse Ionization Injection accelerator, P. Tomassini et al. 
Proc. FEL conference 2022

High-quality electron bunch production for high-brilliance
Thomson Scattering sources
P. Tomassini et al., SPIE 2017 

https://doi.org/10.1117/12.2266938

Beams for Thomson Back Scattering sources

5pC, 1GeV,  0.8% (proj)  ,   0.08 mrad  

https://doi.org/10.1117/12.2266938
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ReMPI brick 1: Multi-Pulse generation

➢ 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 single 
pulse with the same energy.      

[J. Cawley et al, PRL 2017]
[R.J. Shallow et al, NIM A  2016]Three possible 

pulse-shaping 
schemes have 

been proposed 
very recently

Older methods include 
either multiple beam-

splitters  setup or phase 
masks

[W. Siders et al., Appl. Opt, 37 (22) 1998]

[O. Jakobsson et al., PRL 127 (2021)]
J. J. van de Wetering et al., PRE 109 (2024)]

[G. Vantaggiato et al., NIMA 2018]
[A. Marasciulli et al., CLEO conf. 2021]
[A. Marasciulli et al., Appl. Optics , 2023]

P-MOPA
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ReMPI brick 2: Accurate ionization model 
for the extracted electron statistics

Highly accurate modeling of the 6D phase-space for 
tunnel-ionisation extracted electrons (ADK theory).  

Single-cycle detailed description of the phase-space
and whole bunch emittance

Also valid in the deep-saturation regime

ADK rate rewritten as in  [P. Tomassini et al., PoP 24, 103120 (2017)]

https://doi.org/10.1063/1.5000696
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Advanced theory outcomes for a 
whole electron beam

P. Tomassini et al, HPLSE 10 e15 (2022) 

Minimum obtainable «thermal» 
normalised emittance
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The first  Free Electron Laser compliant version of ReMPI for 5GeV suffered from “gigantism”. 

8 pulses 
(1PW, EuPRAXIA )

30 pC  
 

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.

Scheme selected and
 included in the CDR

2 pulses 
(200/300TW)

3-30 pC  
 

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) 

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

https://www.researchsquare.com/article/rs-6889281/v1
https://www.researchsquare.com/article/rs-6889281/v1
https://www.researchsquare.com/article/rs-6889281/v1


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

Federico Avella

Ph. D. student@INO

(co tutoring)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) 

6J,23fs Ti:Sa

https://www.researchsquare.com/article/rs-6889281/v1
https://www.researchsquare.com/article/rs-6889281/v1
https://www.researchsquare.com/article/rs-6889281/v1


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

Federico Avella

Ph. D. student@INO

(co tutoring)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) 

Stable driver pulse train generation

https://www.researchsquare.com/article/rs-6889281/v1
https://www.researchsquare.com/article/rs-6889281/v1
https://www.researchsquare.com/article/rs-6889281/v1
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Virtual Lab Infrastructure   LP4PIC package (Laser to PIC interface)

(P. Tomassini, F. Avella) 

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 

Optimization
1. Genetic algorithm + pivot 

preceded by random 

sampling of the Nth 

dimensional space

 2. Gerchberg-Saxton loop

TO PIC

(OUTPUT)

INPUT

INPUT

REMINDER High-fidelity PIC simulations with structured pulses

Federico Avella

Ph. D. student@INO

(co tutoring)

Add Masks 

NF Image

Z=[z1,…, zN ]

List of Zernike

Polinomial 

coefficients 

Add aberrations 

Solve the Helmoltz equation for the propagation 



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) 

Collimated beam

Focused beam

Federico Avella

Ph. D. student@INO

(co tutoring)

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

Stable driver pulse train generation

https://www.researchsquare.com/article/rs-6889281/v1
https://www.researchsquare.com/article/rs-6889281/v1
https://www.researchsquare.com/article/rs-6889281/v1


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

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) 

Ionization pulse generation

https://www.researchsquare.com/article/rs-6889281/v1
https://www.researchsquare.com/article/rs-6889281/v1
https://www.researchsquare.com/article/rs-6889281/v1


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

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) 

Ionization pulse generation

Ionization pulse on  focus

N. Hafz, T. Szabolcs ELI-ALPS

https://www.researchsquare.com/article/rs-6889281/v1
https://www.researchsquare.com/article/rs-6889281/v1
https://www.researchsquare.com/article/rs-6889281/v1


Electron beam

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

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) 

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

DRIVER
• 2x 23fs FWHM pulses,   w0=30 m   
• Total  5.6 J on TEM00, 
IONIZATION
• 1x 30fs FWHM ionization pulse in III harmonics,  
• w0=3.5 m, on TEM00, 20mJ

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 ( =10)
48H100, ELI-NP cluster

https://www.researchsquare.com/article/rs-6889281/v1
https://www.researchsquare.com/article/rs-6889281/v1
https://www.researchsquare.com/article/rs-6889281/v1
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High-brightness 340as long 2GeV 10Hz beams with a  simplified ReMPI setup

Dark current free beams Laser/beam evolution



Duration
   (rms)

350 as

Brightness  
  6D 

E/E
 (rms)

0.14%

Norm.  
Emittance

𝜖𝑛,𝑥 = 90𝑛𝑚
𝜖𝑛,y = 32𝑛𝑚

Current 12kA

Charge 6.1 pC

Projected quality

21

High-brightness 340as long 2GeV 10Hz beams with a  simplified ReMPI setup
Final electron beam

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) 

4 1018𝐴/𝑚20.1%𝐵𝑊

https://www.researchsquare.com/article/rs-6889281/v1
https://www.researchsquare.com/article/rs-6889281/v1
https://www.researchsquare.com/article/rs-6889281/v1
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Q=6.1pC

Duration (rms) Projected Brighthess 6D E/E (rms)

350 as 0.14%

FEL-oriented

4 1018𝐴/𝑚20.1%𝐵𝑊

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

How can we control the beam length? How short a beam can be?

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) 

https://www.researchsquare.com/article/rs-6889281/v1
https://www.researchsquare.com/article/rs-6889281/v1
https://www.researchsquare.com/article/rs-6889281/v1
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Fine tuning of the beam length in two-
color/ReMPI/trojan-horse schemes

Proc of PAHBB San Sebastien 2023 [Ed. A. Chianchi, M. Galletti]

Ti=30fs

Ti=18fs
Post compressed

Just by tuning the distance between the node of the accelerating gradient  
and the peak of the ionization pulse we can vary the length of the trapped beam.

https://doi.org/10.3390/instruments7040034

Want ultrashort beams in weakly nonlinear regime? 
Place your ionization beam on the node of the accelerating gradient, 
try to reach the strong trapping condition  and use short ionization pulses

https://doi.org/10.3390/instruments7040034
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Tuneability of the FEL-oriented beam e-beam duration

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

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) 

Strong trapping 
    reached 

https://www.researchsquare.com/article/rs-6889281/v1
https://www.researchsquare.com/article/rs-6889281/v1
https://www.researchsquare.com/article/rs-6889281/v1
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High-brightness 340as long 2GeV 10Hz beams with a  simplified ReMPI setup

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) 

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. 

Duration
   (rms)

350 as

Brightness  
  6D 

E/E
 (rms)

0.14%

Norm.  
Emittance

𝜖𝑛,𝑥 = 90𝑛𝑚
𝜖𝑛,y = 32𝑛𝑚

Current 14kA

Charge 6.1 pC

Base quality parameters

4 1018𝐴/𝑚20.1%𝐵𝑊

t: driver to 
ionization-pulse 
delay variation

n: background 
density variation

: Laser pulse 
energy variation -1.5fs

+1.5fs

-2%-1%

+1%
+2%

https://www.researchsquare.com/article/rs-6889281/v1
https://www.researchsquare.com/article/rs-6889281/v1
https://www.researchsquare.com/article/rs-6889281/v1
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Preliminary FEL simulations in the water-window with the 10Hz 2.2GeV ReMPI beam

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

Beam Transport (TBD)

FEL design (these slides)

Q=6.1pC

Duration
   (rms)

350 as

Peak 
Brightness  

  6D 

E/E @peak
 (rms)

0.12%

Norm.  
Emittance@

peak

𝜖𝑛,𝑥 = 150𝑛𝑚
𝜖𝑛,y = 80𝑛𝑚

Peak 
Current

13kA

5 1018𝐴/𝑚20.1%𝐵𝑊

Beam quality

V. Petrillo/L. Serafini/INFN-MI
LPA

2.2GeV

Q=6.1pC, E=2.2GeV
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Preliminary FEL simulations in the water-window with the 10Hz 2.2GeV ReMPI beam

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, simulations obtained with GENESIS1.3

V. Petrillo/L. Serafini/INFN-MI

Gain length

Pellegrini criterion
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Preliminary FEL simulations in the water-window with the 10Hz 2.2GeV ReMPI beam

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, simulations obtained with GENESIS1.3

V. Petrillo/L. Serafini/INFN-MI

Due to the very small emittance the beam can be focused to a small waist. 
A preliminary value of w=27 m and a tapered undulator with period 
𝝀𝒖 = 𝟑. 𝟓𝒄𝒎  were used (based on estimations of beta function, , and 
saturation length, goal radiation wavelength in the middle of the water-window). 

Best slice:                                                                                   (SASE condition met)𝝆𝟑𝑫 [5 × 10−3] ≥ 𝜹𝑬/𝑬 [1.5 × 10−3]

Gain length

Pellegrini criterion

𝝐𝒏,𝒙 [150 nm[ < 𝜸𝝀𝒓/(4) [1050nm]

(Pellegrini criterion easily satisfied)
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Preliminary FEL simulations in the water-window with the 10Hz 2.2GeV ReMPI beam

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, simulations obtained with GENESIS1.3

V. Petrillo/L. Serafini/INFN-MI

Power E/E

Longitudinal 
distribution

Spectrum

Few spikes

K =1.7𝝀𝒖 = 𝟑. 𝟓𝒄𝒎 

Radiated energy =75 μ J 

N = 1.2×1012 photons/shot 

Bandwidth:  1.5 % at 3.2 nm.

Undulator length = 20m
Undulator gradient - 1.2× 𝟏𝟎−𝟑𝑻/𝒎
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Preliminary FEL simulations in the water-window with the 10Hz 2.2GeV ReMPI beam

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, simulations obtained with GENESIS1.3

V. Petrillo/L. Serafini/INFN-MI

Power E/E

Longitudinal 
distribution

Spectrum

Few spikes

K =1.4𝝀𝒖 = 𝟑. 𝟓𝒄𝒎 

Radiated energy =17 μ J 

N = 0.2×1012 photons/shot 

Bandwidth:  1 % at 2.4 nm.

Undulator length = 20m
Undulator gradient - 1.2× 𝟏𝟎−𝟑𝑻/𝒎
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P-MOPA@ReMPI. The P-MOPA modulation scheme 

LWFA module

P-MOPA modulator module

Induces a modulation of a long (ps scale) pulse by using a 
“seed” short pulse.

1. The final modulation amplitude is larger than that achieved 
with the self-modulation instability

2. The phase of the modulated pulses is determined by the 
position of the seed pulse, thus making the generation of the 
subsequent LWFA structure reproducible   



P-MOPA@ReMPI Conceptual Configuration 

P-MOPA driver pulse modulation

Ionization pulse 

/4

HOFI channel

Ar doped region          H2 (pure) acceleration region

Holed mirror

Short focal parabola

Modulated driver train

II harmonic conversion

High-brightness electron beam

+            ReMPI conceptual setup



P-MOPA@ReMPI  Particle extraction+injection 

Simplest configuration:  ionization pulse  in II harm of the Ti:Sa 

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

Ti:Sa 25fs

To seed P-MOPA

To II  harm 
conversion

Tight focusing on 
LWFA stage

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

Reaching the minimum possible 
value of the emittance means 
making the transverse forces 
linear (and with almost constant 
radial gradient on the beam).

𝜖𝑛 ≃ 85𝑛𝑚𝑟𝑎𝑑

[P. Tomassini et al, HPLSE 10 e15 (2022)] 

Expected minimum emittance
  in the ionization pulse plane



P-MOPA@ReMPI 

Driver:  TEM00, 2.1J , w0 = 25 m, _mod =1.2, CP 

Ionization: TEM00, II harm of Ti:Sa, w0 = 4.5 m, 
 27.5 fs FWHM, 50mJ,  a0i = 0.48

Target: 50%He+50%Ar, 7cm, n0=4x1017cm-3

Numerical parameters
           FBPIC, q3D

R= 5*w0  = 125 m
dz = /40
dr =  /12 

N = 2

18h run on 48xH100 
(ELI-NP cluster) 

Q=3.4 pC, (E)/E =0.25%

High-brightness electron beam
HOFI plasma density radial 

profile



P-MOPA@ReMPI 

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

Electron beam transverse size 
       and emittance evolution

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



P-MOPA@ReMPI 

Q=3.4 pC, (E)/E =0.25%, transverse normalized emittance 90nm rad 



TBS sources with the low charge beam, good quality

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)
 

Normalized acceptance
EXTREMELY USEFUL parameter

5x105 /shot

We have only 3.4pC (should be improved up to 10pC) 

5x108 /s @1kHz

After beam transport and final focus optics: 

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



Conclusions
 

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:

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

B6D = 4x1018𝐴/𝑚20.1%𝐵𝑊
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email: paolo.tomassini@eli-np.ro

Funding agencies:
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Nucleu program, EU+Romanian government

Medical applications of high power lasers,
MySMIS Code: 326475
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