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The EUropean Plasma Accelerator with eXcellence In Applications (EuPRAXIA)
 EuPRAXIA is an ESFRI distributed facility
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• Frascati`s future facility 
• > 108 M€ invest funding 
• Beam-driven plasma accelerator 
• Europe`s most compact and most 

southern FEL 
• The world`s most compact RF 

accelerator (X band with CERN)

Headquarter and Site 1: EuPRAXIA@SPARC_LAB
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From the EuPRAXIA CDR
The EuAPS proposal benefits from the preparatory work done in the conceptual design phase of 
EuPRAXIA, both for the scientific case and the technology. It focuses on an ambitious but 
technically achievable goal and builds on the pre-existing investments at the SPARC_LAB facilities. As 
stated in the EuPRAXIA CDR the following EuPRAXIA Flagship Goals will be addressed by the EuAPS 
Project: 

Flagship Innovation Goal 2: EuPRAXIA will develop together with laser industry a new generation of 
high peak power lasers, advancing the presently leading technology into the regime of 20 - 100 Hz 
repetition rate […]. 

Flagship Science Goal 2: EuPRAXIA will deliver betatron X rays with up to 1010 photons per pulse, 
up to 100 Hz repetition rate and an energy of 5-18 keV to users from the medical area. […]. 

Flagship Science Goal 7: EuPRAXIA will provide access to cutting edge laser technology with short 
pulse length in combination with high energy photon pulses […]. 

We expect that the focus on a mature part of the EuPRAXIA project strongly supports project 
completion on the timescales that are required by PNRR.
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The EuAPS Advanced Photon Sources

5

 EuAPS is a distributed facility funded by the Italian government
Three pillars…     … of curse…

Betatron X-Ray source: WP 2 High rep rate laser: WP 4High power laser: WP 3
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I-LUCE
1 PW @ 10 Hz≲

INFN - Laser indUced acCEleration
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 300 TW @ 100 Hz∼
ILIL
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Betatron was always a hot topic

8
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• High power laser ionize the 
gas and create a plasma 
bubble
• Electron are self injected in 

the bubble
• T h e s e c h a r g e s a r e 

accelerated by intense 
electric field (>GV/m)
• In the meanwhile electrons 

u n d e r g o t r a n s v e r s e 
osc i l l a t i ons ( be ta t r on 
oscillations)

9
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Betatron radiation
Betatron radiation is emitted by electrons accelerated 
in a plasma due to their wiggling motion

Plasma is a natural continuous focusing channel

There are betatron oscillations in any accelerator, but 
their contribution is  usually negligible

In a plasma stage, there are about tens of 
oscillations in a typical  accelerating length

10
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𝐸𝑐 ∝ 𝛾2𝜔𝛽𝐾Critical energy
Betatron frequency

Electron Lorentz factor

Aperture angle
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Ku<1

Ku>1

Ku>>1

𝐾 = 𝛾𝑘𝛽𝑟𝛽 Oscillation 
amplitude

Betatron wavenumberUndulator parameter
kβ =

kp

2γ

kp ∝ np
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Betatron radiation emission

• The radiation has its own characteristics of 
both FELs and synchrotrons
• Large bandwidth as Synchrotrons
• Short pulse duration like a FEL

12
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Expected Parameters @ EuAPS

Parameter Value unit

Electron beam Energy 100 - 500 MeV

Plasma Density 1017 - 1019 cm-3

Photon Critical Energy 1 - 10 keV

Number of Photons/pulse 106 - 109

Repetition rate 1 - 10 Hz

Beam divergence 3 - 20 mrad

13
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Simulations: common setup

14
EuAPS WP: 2-4 keV 2Costa, Galletti

Laser-plasma parameters

Minimun Energy 0.25 J
Maximum Energy 3 J
Temporal length 25 fs
Wave length 800 nm
Beam Waist 15 µm
Min Plasma Density 1017 cm-3

Max Plasma Density 1019 cm-3

ௗ௘௣௟ܮ ൌ
߱଴
ଶ

߱௣
ଶ ܿ߬

SCAN:

ٟ

ٟ

FWHM Intensity

NB: ݖோ ൌ
଴߱ߨ

ଶ

ߣ
ൌ ͲǤͻ ݉݉

Laser parameters

Density lineout of nozzle BM5_1 for N
2
 at 70 bar at different distances from nozzle edge.

Plasma profile

He+ plus some percent N5+ dopant, ionization on
Laser envelope

Actual plasma 
profile

Simulation performed 
with FBPIC
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Parameters scan: accelerated charge vs plasma and dopant density 1

15

El = 600 mJEl = 300 mJ
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Parameters scan: accelerated charge vs plasma and dopant density 2
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El = 900 mJ El = 1200 mJ
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El = 600 mJ, 2% N2 El = 900 mJ, 2% N2 El = 1200 mJ, 2% N2

Electron spectra: best simulated shots

17

n0 = 5.0 x 1018 cm-3
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Electron parameters of one of the best spectra

• Electron maximum energy ~300 MeV
• Bunch charge 200 pC
• Beam divergence 20-30 mrad

Electron spectra: comparison with experimental data

Qsim = 205 pC
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Radiation spectra

19
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What’s next: reconstructed laser spot1 (1/2)

20

1 I. Moulanier et al., J Opt. Soc. B 40 (9), 2450 (2023).

Focus -1.2 mm Focus Focus -1.2 mm

Laser phases reconstruction done by LASY2

2 https://lasydoc.readthedocs.io/en/latest/
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What’s next: reconstructed laser spot1 (2/2)

21

1 I. Moulanier et al., J Opt. Soc. B 40 (9), 2450 (2023).
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What’s next: plasma target optimization

22

Based on published works, we will 
try to improve photon yield and 
spectral properties by engineered 
plasma targets. 
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Relativistic electron bunches can generate tunable high-brightness X-ray pulses via synchrotron emission. The 
generation of electron beams with relativistic energies typically requires kilometer-scale facilities. Recently, 
significantly more compact X-ray sources have been demonstrated using laser-wakefield accelerated (LWFA) 
electron  beams1. In particular, transverse (betatron) oscillations of electrons during acceleration in these plasma 
structures can generate ultrashort high-brightness X-ray pulses via synchrotron emission (so called betatron 
radiation) from a millimeter-scale interaction  length2,3. Laser-driven betatron sources have matured to an extent 
suitable for use in applications in many research  fields4–8. Their high brilliance enables advanced imaging meth-
ods and due to the ultrashort X-ray pulse duration and the intrinsic synchronization to the driving laser, these 
sources are ideal tools to investigate ultrafast  dynamics9,10. The comparably compact footprint and simple setup 
of these sources allows variable experimental geometries, including the potential for multiple time-synchronized 
X-ray pulses, at different wavelengths and at different incident angles for multi-probe diagnostics or single-shot 
tomography. This holds the promise of widespread availability for applications in diverse fields ranging from 
medical imaging and structural biology to chemistry, physics and materials science.

However, routine operation of these sources requires control over the source parameters, improvements in 
reproducibility and an increased laser-to-X-ray conversion efficiency. The latter is of particular importance for 
a potential reduction in the peak power of the driver laser, allowing for future sources with higher average flux 
at higher repetition-rate. Experiments have demonstrated that the X-ray spectrum can be enhanced through 
the direct interaction of the driver laser with the accelerating  electrons11. Subtle laser characteristics, such as a 
pulse front tilt were used to enhance the X-ray  radiation12, manipulate the  polarization13 and  spectrum14. An 
increase in photon flux has been shown by using lasers with a high pulse  energy15–17. A higher conversion effi-
ciency has been demonstrated by using clustered gas  targets18 and the transverse deflection of the injected and 
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accelerated electron beam through transversally offsetting the accelerating plasma structure by laser-electron-
beam  interactions19 or a modulated gas density  profile20,21.

Here we experimentally demonstrate a method to significantly enhance the radiation characteristics by 
manipulating the amplitude of the betatron oscillation during the electron injection process in a proof-of-prin-
ciple experiment. Our approach is based on the evolution of the laser pulse into a highly asymmetric temporal 
shape (see Fig. 4a). This, in combination with the longitudinal dynamics of the accelerating plasma structure 
during a plasma-density downramp, leads to controlled injection of copious electrons from off-axis positions. 
These off-axis injected electrons perform large-amplitude collective transverse betatron oscillations during the 
subsequent propagation inside the accelerating structure similar to those in a permanent-magnet wiggler. We 
enable control over the source parameters by splitting the X-ray source into three sections: (i) laser pulse shap-
ing, (ii) electron injection and (iii) a radiator section. These sections are implemented through a specifically 
tailored plasma density profile with a double-peaked “M”-shaped structure (see inset Fig. 1). In the first density 
peak the laser pulse is modified into a highly asymmetric temporal shape through self-evolution, which leads 
to an LWFA where electrons are injected from off-axis  positions22. The injection is controlled through a density 
downramp following the first peak, leading to a copious amount of electrons that are transversely injected with a 
longitudinally-correlated phase. As a result, the injected electrons perform coherent betatron oscillations similar 
to those in a permanent-magnet wiggler during a density depression and in a second density peak. The density 
depression between the peaks and the density upramp of the second peak results in a nearly constant kinetic 
energy of the oscillating electrons (see section Particle in Cell (PIC) Simulations), leading to an increased X-ray 
brightness. While for certain combinations of plasma densities and laser intensities, transverse injection due to 
laser evolution also occurs in flat-top gas jets as was shown in  simulations23, our tailored plasma density profile 
enables control over these processes. Furthermore, it extends the length over which betatron radiation is emitted 
due to an increased laser depletion length of the lower integrated plasma density compared to a flat-top profile.

We were able to significantly enhance the generated number of X-ray photons when compared directly to 
targets with a flat-top density profile under identical laser conditions. In our concept, the coherent oscillations 
are initiated close to the gas jet entrance, unlike other methods where increased betatron oscillation amplitudes 
are achieved by manipulating the already injected and accelerated electron beam well into the gas  jet20,21 or 
near the gas jet  exit19. This enables the control of multiple degrees of freedom and the potential for additional 
significant enhancement through emission from many more betatron oscillation periods, further increasing 
the X-ray brightness and laser-to-X-ray conversion efficiency. We demonstrate that the X-ray properties can be 
modified through the manipulation of the betatron oscillation amplitudes by varying the plasma density profile.

Electrons in LWFAs operating in the self-injection “bubble”  regime24 perform transverse betatron oscillations 
during acceleration due to off-axis injection and a linear transverse restoring  force25,26. The transverse acceleration 
causes betatron synchrotron emission into a narrow forward cone. The wiggler-like spectrum is characterized 
by the critical photon energy, which is given  by27

with the electron relativistic factor γ , the betatron period !β , Planck’s constant h and the speed of light c. In the 
bubble regime, the electron deflection parameter K is given by

(1)Ecrit =
3

2
Kγ 2 hc

!β
,
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Figure 1.  Schematic of experimental setup. A high-power laser (red) is focused into a double-peaked “M” 
shaped gas jet (blue). The laser evolution during the first density peak leads to off-axis electron injection during 
the following density downramp. Subsequent large-amplitude betatron oscillations (yellow) cause emission of 
intense X-ray radiation (purple). The laser pulse is filtered out by a thin Al foil. The electron bunch is deflected 
and characterized using a dipole magnet spectrometer. The X-rays are measured using an absorption-filter based 
spectrometer. The inset shows gas density measurements for a distance of y = 1 mm (green) and y = 2 mm 
(black) above the gas nozzle using a backing pressure of 250 psi, the betatron experiments were performed at 
lower densities.
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which in the bubble regime is mainly determined during the electron injection and largely unchanged over the 
acceleration distance.

Particle in cell (PIC) simulations. M-jet. We have performed two-dimensional PIC simulations with  EPOCH30 
to better understand the electron dynamics of the betatron source. In the simulations, the gas jet was represented 
by a combination of two Gaussian profiles that were fitted to the experimentally measured profile as shown in 
Fig. 4. The peaks of the jet are 1 × 1019 cm−3 and 8.5 × 1018 cm−3 . The simulation domain extended to ±168µm 
in the transverse direction with 1487 grid points and used a moving window with 252µm in the longitudinal 
direction with 8903 grid points. The laser pulse, with a FWHM duration of 35 fs, dimensionless vector potential 
a0 = 3.5 and Rayleigh length 363µm , corresponding to an intensity of 2.62 × 1019 W/cm2 , was launched with 
a focus located 840µm from the left hand boundary. A quiet start was used with macro-particles loaded with 16 
macro-particles per cell −67µm and 67µm and with 1 macro-particle per cell on the remainder of the domain. 
The time step was 0.01588/ωp . The laser is polarized in the (x-z plane).

The simulations of the M-jet (movie in Supplementary Material) show a significant laser pulse evolution dur-
ing the first density peak resulting in complex dynamics of the bubble boundary. This leads to electron injection 
with specific initial conditions, in particular a large longitudinally-correlated transverse momentum. As a result, 

Laser electric field Longitudinal electron
momentum

Transverse electron
momentum

Plasma density profile Sample electron trajectories

Figure 4.  Simulated betatron source dynamics (also see movie in SM). The evolution of the laser, bubble and 
the injected electron beam is shown for different positions along the jet indicated in (j) as “1” (a)–(c), “2” (d)–(f) 
and “3” (g)–(i). The laser is moving to the right (i.e. in positive z-direction). The asymmetric longitudinal laser 
pulse profile leads to a transverse asymmetry in the bubble shape and off-axis electron injection during the 
density downramp (a)–(c). The field of the laser front is depleted by a half cycle, leading to a field spike with 
opposite sign and an asymmetry into the opposite direction (d)–(f). The controlled off-axis injection leads to 
a correlated transverse momentum distribution (c), (f), and (i) and coherent electron oscillations in the laser 
polarization (x, z) plane. Near the plasma density minimum, the bubble evolves into a super-structure, highly 
suppressing longitudinal accelerating fields (g)–(i). This leads to electron propagation with nearly constant 
energy as can be seen from the trajectories of 1429 macro particles from near the head of the electron bunch 
(k). The laser electric field Ex is normalized to E0 = mc2kp/e , the longitudinal and transverse electron momenta 
(color coded) are normalized to mc and the plasma density to the peak density n0 = 1 × 1019 cm−3.
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which in the bubble regime is mainly determined during the electron injection and largely unchanged over the 
acceleration distance.

Particle in cell (PIC) simulations. M-jet. We have performed two-dimensional PIC simulations with  EPOCH30 
to better understand the electron dynamics of the betatron source. In the simulations, the gas jet was represented 
by a combination of two Gaussian profiles that were fitted to the experimentally measured profile as shown in 
Fig. 4. The peaks of the jet are 1 × 1019 cm−3 and 8.5 × 1018 cm−3 . The simulation domain extended to ±168µm 
in the transverse direction with 1487 grid points and used a moving window with 252µm in the longitudinal 
direction with 8903 grid points. The laser pulse, with a FWHM duration of 35 fs, dimensionless vector potential 
a0 = 3.5 and Rayleigh length 363µm , corresponding to an intensity of 2.62 × 1019 W/cm2 , was launched with 
a focus located 840µm from the left hand boundary. A quiet start was used with macro-particles loaded with 16 
macro-particles per cell −67µm and 67µm and with 1 macro-particle per cell on the remainder of the domain. 
The time step was 0.01588/ωp . The laser is polarized in the (x-z plane).

The simulations of the M-jet (movie in Supplementary Material) show a significant laser pulse evolution dur-
ing the first density peak resulting in complex dynamics of the bubble boundary. This leads to electron injection 
with specific initial conditions, in particular a large longitudinally-correlated transverse momentum. As a result, 

Laser electric field Longitudinal electron
momentum

Transverse electron
momentum

Plasma density profile Sample electron trajectories

Figure 4.  Simulated betatron source dynamics (also see movie in SM). The evolution of the laser, bubble and 
the injected electron beam is shown for different positions along the jet indicated in (j) as “1” (a)–(c), “2” (d)–(f) 
and “3” (g)–(i). The laser is moving to the right (i.e. in positive z-direction). The asymmetric longitudinal laser 
pulse profile leads to a transverse asymmetry in the bubble shape and off-axis electron injection during the 
density downramp (a)–(c). The field of the laser front is depleted by a half cycle, leading to a field spike with 
opposite sign and an asymmetry into the opposite direction (d)–(f). The controlled off-axis injection leads to 
a correlated transverse momentum distribution (c), (f), and (i) and coherent electron oscillations in the laser 
polarization (x, z) plane. Near the plasma density minimum, the bubble evolves into a super-structure, highly 
suppressing longitudinal accelerating fields (g)–(i). This leads to electron propagation with nearly constant 
energy as can be seen from the trajectories of 1429 macro particles from near the head of the electron bunch 
(k). The laser electric field Ex is normalized to E0 = mc2kp/e , the longitudinal and transverse electron momenta 
(color coded) are normalized to mc and the plasma density to the peak density n0 = 1 × 1019 cm−3.
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with the betatron amplitude rβ and the plasma wavenumber kp =
√

nee2/ϵ0mc2 , where ne is the plasma density, 
ϵ0 the dielectric constant, e the electron charge, m the electron mass and θ the maximum angle of the electron 
velocity to the wiggler axis. For typical LWFA parameters (where K ≫ 1 ) the number of emitted photons per 
oscillation period and electron scales as Nph ∼ K  . Both, Nph and Ecrit can be enhanced and controlled with a 
larger betatron amplitude. Nph can also be increased with a higher electron beam charge and a greater number 
of betatron oscillations, which we experimentally demonstrate here.

�������
��������Ǥ� We compare the betatron emission from different plasma density profiles, including an approxi-
mately 7-mm-long double-peaked “M”-shaped profile (see inset Fig. 1) to flat-top density profiles with lengths of 
4 and 6 mm using the same laser parameters. The M-jet has an effective plasma length of approximately 4.4 mm 
consisting of two 2.2 mm wide peaks that are interrupted by a density depression of 2.3 mm. The betatron source 
is driven by laser pulses with an energy of 2.6 J on target, a FWHM duration of 34 fs, focused to a 15 µ m FWHM 
spot using an off-axis parabolic mirror with 1 m focal length (see Fig. 1). The laser-plasma interaction in the gas 
target causes the generation of relativistic electron bunches and intense X-ray pulses. The laser pulse is blocked 
by a thin Al filter, while the electron beam and X-rays above 2.7 keV are largely transmitted (see Supplemental 
Material). The electrons are deflected from the beam path using a dipole magnet (10.2 cm, 7.6 kG), which allows 
the simultaneous measurement of the electron and X-ray spectra in a single shot. The electron beam spectrum 
and divergence are measured using a phosphor screen located at a distance of 1.95 m from the jet. The X-ray 
spectrum is diagnosed by the transmission through a filter array and an X-ray CCD (see Methods).

�Ǧ�����������Ǥ� For each jet the X-ray flux was optimized by adjusting the plasma density and the jet posi-
tion relative to the laser focal plane. The brightest X-ray pulses with the 4 and 6 mm flat-top jets were generated 
for a plasma density of 5 × 1018 cm−3 and with the M-jet for 1 × 1019 cm−3 . The observed spectral intensity for 
the “M”-shaped profile shows a clear enhancement in comparison to the other jets (see Fig. 2). Since the X-ray 
divergence exceeds our detector solid angle of 11mrad , we estimate the total number of X-ray photons in a shot 
using the electron beam divergence. The total X-ray beam divergence is given by the convolution of the single-
electron emission and the maximum electron beam deflection angle inside the bubble. For a wiggler or betatron 
source, the X-ray divergence is dominated by the electron beam  deflection28, which in the LWFA bubble regime 
is equivalent to the electron beam divergence after termination of the plasma, i.e. θe,beam ≈ K/γ27. The X-ray 
divergence in this case is approximately given by θX,beam ≈ θe,beam ≈ K/γ . The electron beam generated by the 
6 mm jet has a horizontal divergence of 10 mrad, whereas that from the M-jets are transversally clipped by the 
spectrometer dipole magnet with an aperture of 37 mrad (see Fig. 3). Using these values in the laser polarization 
dimension and the solid angle of the detector in the other dimension as conservative lower limits, we estimate 
an increase in the number of X-rays generated by the M- jet to be more than a factor of 6 compared to the 4 mm 
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(b) Five shot average

Figure 2.  Measured X-ray Spectra. (a) Spectral intensity extracted from the filter transmission for a flat-top 
4 mm jet (red, dashed), a flat-top 6 mm jet (green, dotted) and the “M”-shaped jet for an interaction distance 
above the nozzle of y1 = 1mm (blue, solid) and y2 = 2mm (cyan, dash-dotted) for single shots. (b) A five-
shot average. The fit parameters for the five-shot average are given in Table 1. The colored shades represent 
the confidence bands obtained through a statistical analysis of a large set of Monte-Carlo (MC) simulations. 
The confidence bands for the single shots indicate a point-wise one-sigma band of bootstrapped datasets. The 
confidence band for the averaged shots are obtained by uncertainty propagation using the individual shot 
uncertainties (see Methods section). The spectral observation range is limited to 2.7–30 keV (indicated through 
vertical gray shades) due to filter transmission and the quantum efficiency of the CCD camera.
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Possible applications
    In order of increasing difficulty

• 1- Static imaging ​
• 2- Static absorption spectroscopy​
• 3- Static emission spectroscopy
• 4- Time-resolved pump-probe absorption spectroscopy
• 5- Time-resolved pump-probe emission spectroscopy​
• 6- Time resolved imaging (plasma dynamics).

Courtesy F. Stellato
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The SPARC_LAB facility (by end of 2023)
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The FLAME laser @SPARC_LAB
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S. Lauciani
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SPARC_LAB bunker

• Layout in the SPARC bunker 
and connection with FLAME 
building

S. Lauciani
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Interaction point and experimental chamber

V. Lollo

Drawings completed 
All purchasing procedures 
completed
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Interaction point

• Main issue is the pumping of 20-30 bar 
with repetition rate at least 1 Hz
• The focusing parabola has to be at least 

at 10-4 mbar
• Prototype system developed and tested

V. Lollo
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Inside the user chamber
• 1 - Linear stage XY, 25 mm travel range, 25 N load max, 

133x35x20 mm size, 0,73 kg weight, stainless steel/aluminium.
• 2 - Rotary stage, 360° rotation, 0.125 Nm maximum torque, 50 N 

max load, ±20 mdeg accuracy, 0,7 kg weight, 194x90x70 mm 
size, Stainless Stee.

• 3 - Hexapod, ±17 mm travel range, 5 kg load capacity, 
Repeatability to ±0.06 µm, 2.2 kg weight, lower circular base 136 
mm, higher circular base 100 mm, height 114 mm, stainless 
steel/aluminium

• 4 - Linear stage (z-direction, perpendicular to the ground), 40 
mm travel range, 0,02 mm Spindle pitch, 0,05 µm resolution, 
150 N max load, 0,3 Nm Min. Drive Torque, weight 7.5 kg, size 
170x170x90 mm, aluminium. 

• Not Numbered - Custom-built sample holder, 200 g weight, 
133x23,5x7 mm size (with angular step for bolts), stainless steel.

• The X-ray Camera handling devices (hereby called collectively 
Camera Block) will be built with the subsequent devices:

• 5 - Custom Built steel pillar, 280x150x250 mm (higher base 
170x170 mm) size, 6 kg weight, stainless steel.

• 6 - Linear stage (z-direction, same as Sample Block)
• 7 - Linear XY stage, 100 mm travel range, 20 µm accuracy, 1 

mm Spindle pitch, 1200 N max load, 0,1 Nm drive torque, 1 kg 
weight, 80x144x35 mm size, aluminium/stainless steel.

• Not Numbered - X-ray Camera, imaging array 2048 x 2048, 
15x15 µm pixel size, 2.3 kg weight, 217.6x102.3x7.39 mm size, 
aluminium/stainless steel.
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Timeline

• Installation in FLAME in progress until 15/2/2025
• Upgrade laser FLAME up to March 2025
• Installation in SPARC up to May 2025
• Setup and startup May/July 2025
• Beam to users September/November 2025
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Backup slides
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EuAPS organization
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Funds application scoring
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Budget distribution
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Ionization injection vs self-injection
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