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Context: plasma acceleration, EuPRAXIA and EuAPS 
projects, PhD with Sapienza University  and based in INFN 
Milano

Å Betatron  radiation studies : accelerated self 
injection and extreme emission regimes in focusing 
ion channels

Å Plasma-based advanced beam manipulation 
studies : theoretical modelling and numerical 
simulations

Collaborations and joint publications with INFN LNF 
(SPARC_LAB), UCLA (PBPL) and DESY (EuXFEL and REGAE). 
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Betatron

ÂũċƚůċШ
ĬŔƓŸũĲ
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Chapter 1: the background

Plasma wakefield and plasma lensing



Plasma Wakefield 

Plasma Wakefield:

Å Driver-based:  either a short laser pulse (LWFA) or a particle 
beam (PWFA) interacts with neutral plasma or gas target, 
exciting a nonlinear response, the so called plasma bubble

Å Mainly electrostatic forces , both focusing and accelerating, 
develop in the wakefield

Å In LWFA schemes, O(100) MeV can be generated in O(1) mm of 
interaction lengthвШŔŰШƖĲċũШũŔŉĲ
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Plasma Wakefield 

Plasma Wakefield:

Å Driver-based:  either a short laser pulse (LWFA) or a particle 
beam (PWFA) interacts with neutral plasma or gas target, 
exciting a nonlinear response, the so called plasma bubble

Å Mainly electrostatic forces , both focusing and accelerating, 
develop in the wakefield

Å In LWFA schemes, O(100) MeV can be generated in O(1) mm of 
interaction lengthвШŔŰШƖĲċũШũŔŉĲ

ü Baseline for betatron radiation sources

ü Self-injection of plasma electron provides the beam, strong 
focusing provides radiation

ü Driver energy loss and dephasing (laser) requires driver 
staging + HOFI channels for long interaction distances
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PICƖċĬŔċƣŔŸŰ



Plasma Wakefield 
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Å The randomized injection amplitudes results in transverse  
betatron  oscillations with large amplitude and phase spread

Å Acting as a wiggler, betatron motion gives ultrashort radiation 
pulses emission, usually in a broadband spectrum (╚ ḻ )

Å Amplitude spread -> ╚-spread  which is statistically lower 
bounded:

ρπ

increasingenergy

ƣƖċŢĲĦƣŸƖŔĲƚ

spectrumὑ ‎Ὧὶ

ü Possibly good level of transverse coherence (small source)

ü For temporal coherence and monocromatic emission, other 
ŸƓƣŔŸŰƚШċƖĲШƣŸШĤĲШĲǂƓũŸƖĲĬв

linear with amplitude



Plasma Lensing
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Plasma Lensing (active):

Å Driverless beam optics element 

Å A plasma discharge arc  is generated applying ╞ ἳἤ 
to neutral gas, resulting in ╞ ἳἋ currents

Å The ideally uniform current density results in strong 
magnetic linear focusing of ╞ ἳἢȾἵ, acting 
simultaneously along both transverse planes

Credit: MBI / Evaldas Svirplys

section view

Magneticfield distribution

side view

Layout
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Plasma Lensing (active):

Å Driverless beam optics element 

Å A plasma discharge arc  is generated applying ╞ ἳἤ 
to neutral gas, resulting in ╞ ἳἋ currents

Å The ideally uniform current density results in strong 
magnetic linear focusing of ╞ ἳἢȾἵ, acting 
simultaneously along both transverse planes

ü First order preservation of beam energy

ü Easier staging thanks to the driverless operation

ü Needs an externally injected beam -> more control on 
beam quality

ü Usually capillary-ĤċƚĲĬв

Credit: MBI / Evaldas Svirplys

section view

Magneticfield distribution

side view

xċǃŸƨƣ



Plasma Lensing
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so why not play a bit with shapes?



Plasma Lensing and more
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INFN LNF, 2024: first experimental attempt to run a curved active
plasma lens

Å I took care of developing the analytical and numerical description of 
beam dynamics , and providing design equations

Å The basics are quite intuitive: an optimal injection offset  is found 
which provides the right dipolar error in the focusing field
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INFN LNF, 2024: first experimental attempt to run a curved active
plasma lens

Å I took care of developing the analytical and numerical description of 
beam dynamics , and providing design equations

Å The basics are quite intuitive: an optimal injection offset  is found 
which provides the right dipolar error in the focusing field

ü Collective betatron oscillations are suppressed

ü Beam quality degradation is minimized

ü The beam basically follows the prescribed arc



ÂũċƚůċШxĲŰƚŔŰŊШċŰĬЮůŸƖĲ
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INFN LNF, 2024: first experimental attempt to run a curved active
plasma lens (ABP)

Å I took care of developing the analytical and numerical description of 
beam dynamics , and providing design equations

Å The basics are quite intuitive: an optimal injection offset  is found 
which provides the right dipolar error in the focusing field

ü Collective betatron oscillations are suppressed

ü Beam quality degradation is minimized

ü The beam basically follows the prescribed arc

Å Measurements showed succesful operation of the ABP , 
and excellent agreement with simulations, resulting in 
a PRL publication and a PRAB theoretical paper



Plasma Lensing and more
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INFN LNF, 2024: first experimental attempt to run a curved active
plasma lens (ABP)

Å I took care of developing the analytical and numerical description of 
beam dynamics , and providing design equations

Å The basics are quite intuitive: an optimal injection offset  is found 
which provides the right dipolar error in the focusing field

ü Collective betatron oscillations are suppressed

ü Beam quality degradation is minimized

ü The beam basically follows the prescribed arc

Å Measurements showed succesful operation of the ABP , 
and excellent agreement with simulations, resulting in 
a PRL publication

ü In the meantime I started working on design equations 
for ABP-chicanes for beam diagnostic purposes, and a 
new chapter started after noticing the appearance of 
sub-ĤĲƣċƣƖŸŰШŸƚĦŔũũċƣŔŸŰƚв

ABP chicane
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ÂũċƚůċШũĲŰƚŔŰŊШŉŸƖШŔŰƚĲƖƣŔŸŰЮĬĲƻŔĦĲƚ



Plasma Discharge Undulator: lensing -based undulation
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Å Proposed concept: spatially modulated plasma 
discharge  to reproduce the magnetic undulator behavior 
through an alternated dipolar kick

üBetatron motion: beam matching and transport, with 
focusing in both transverse planes

üGeometric wavelength: controlled, in phase 
undulation of all beam particles

o High spectral purity with narrow bandwidth emission

o Driverless operation: ease of device length scaling 

o Possibly millimeter -range undulation period



Plasma Discharge Undulator: dynamics
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üThe beam is now in counter -phase with respect to the 
capillary modulation

üProper injection at ὼ provides suppression of collective 
betatron oscillations, giving pure undulation of beam 
centroid

Å The implemented model is a simple driven harmonic 
oscillator
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Plasma Discharge Undulator: dynamics
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Å Injection offset ὼ provides relevant design and operation 
guidelines 

ü Shows that a line of sigth through the device  is needed 
for beam transport

also needed for radiation extraction!

вƽill the current flow straigth?

line of sigth



Plasma Discharge Undulator: dynamics
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Å Injection offset ὼ provides relevant design and operation 
guidelines 

ü Shows that a line of sigth through the device  is needed 
for beam transport

also needed for radiation extraction!

вƽill the current flow straigth?

ü Suppression of collective betatron motion is the condition 
which optimizes beam quality preservation 

Good news for O(10-100) cm long propagations

× Verified through comparison between analytical and 
numerical predictions

ũŔŰĲШŸŉШƚŔŊƣő
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Ὅ ρπƪ!

Ὅ ρπ ƪ!

ǎƛƴƎƭŜ ǇŀǊǝŎƭŜ

ƳŀǘŎƘŜŘ ōŜŀƳ

ƻƴ ŀȄƛǎ 
ǎǇŜŎǘǊǳƳ

ƻƴ ŀȄƛǎ 
ǎǇŜŎǘǊǳƳ

Å Central beam particles now have finite oscillation 
amplitude: ╚ becomes hyperbolic with amplitude 
and features lower to vanishing spread
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Plasma Discharge Undulator: radiation

Å Mixed betatron/undulator motion breaks field 
antisymmetric condition for ‗ Ⱦς translations, 
resulting in a linear combination of 
betatron/undulator frequencies: both even and 
odd harmonics  appear on axis
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real space

Å Simulations show undulator -like emission, with 
discharge current ╘ acting as the gap in conventional 
undulators, linearly tuning undulator  strength ╚

Å The field features should allow longitudinal -type 
microbunching , suggesting the possibility of FEL 
process

, ȟ ᶿ‗
Ⱦ
Ὅ Ⱦ  
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microbunching simulations

‗ ᶿ
‗

ς‎

ÅMillimeter-range period, fixed target wavelenght:

ü Reduced beam energy requirements (factor 3)

ü Reduced FEL saturation lengths (factor 10 -100)

ⱦ ⱦ╟╓╤ E ▪ꜗ ╛▼╪◄ȟ╓ ╟▼╪◄ȟ╓

4 nm 5 mm 400 MeV 0.1 mm mrad 0.4 m 70 GW

ÂũċƚůċШ?ŔƚĦőċƖŊĲШÖŰĬƨũċƣŸƖаШв[ExШƖċĬŔċƣŔŸŰе

longitudinal phase space
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Chapter 3: the experimental journey

Building it all @PSI



Towards PDU experimental realization 
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Å Idea first proposed in September 2025 at EAAC25 in Elba 
island: lot of interest!

Å First discharge tests performed at INFN LNF in January 
2026 showed a promising plasma distribution 



Towards PDU experimental realization 
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first measurements @LNF

ÅfĬĲċШǯƖƚƣШƓƖŸƓŸƚĲĬШŔŰШÉĲƓƣĲůĤĲƖШΞΜΞΡШċƣШE 9ΞΡШŔŰШEũĤċШ
ŔƚũċŰĬаШũŸƣШŸŉШŔŰƣĲƖĲƚƣг

Å[ŔƖƚƣШĬŔƚĦőċƖŊĲШƣĲƚƣƚШƓĲƖŉŸƖůĲĬШċƣШf [ Шx [ШŔŰШsċŰƨċƖǃШ
ΞΜΞΣШƚőŸƽĲĬШċШƓƖŸůŔƚŔŰŊШƓũċƚůċШĬŔƚƣƖŔĤƨƣŔŸŰШ

üÑőŔƚШƽċƚШŰŸƣШŊƖċŰƣĲĬШĤĲĦċƨƚĲШŸŉШƣőĲШŰĲĦĲƚƚċƖǃШũŔŰĲШŸŉШ
ƚŔŊőƣШƣőƖŸƨŊőШƣőĲШĦċƓŔũũċƖǃ

Å Still a lot to find out about the undulated discharge: 
plasma undulates but will the current density do the 
same? 

üxĲƣќƚbuild a capillary -based plasma discharge test 
bench at PSI and find out



Towards PDU experimental realization 
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Å It all started in February2026 at
Z140 in SwissFEL, with Toni and 
an exsiccator vacuum 
chamberвШċŰĬШǍĲƖŸШexperience
with vacuum. Thanks Toni!



ÑŸƽċƖĬƚШÂ?ÖШĲǂƓĲƖŔůĲŰƣċũШƖĲċũŔǍċƣŔŸŰШ
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Å And then a new life was givento 
the exsiccatorвШfeeding through
whatever

Å It is actually perfect for plasma 
device prototyping and 
characterization, given the 360° 
view on cointained samples

Piezo valve 
found out of 
luck



Towards PDU experimental realization 
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Å Soon it all started to look more like a lab, 
with valve control and live pressure 
monitoring, which is now the base for a 
discharge interlock system  

Thanks 
Nir!

Thanks 
Carlo!



Towards PDU experimental realization 
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Å And it looked like a good time to 
start prototyping: 3D printed 
test capillaries and fitting 
components, with some cute 
initial mistakes

KF-type quick 
release 
connector

OťШƓũċƚůċШƚƣƨŉŉШŔƚШƣŔŰǃвШĤƨƣШ
maybe this is a bit too muchRecycledswagelok

circuit /sample holder
Thanks Elmar!



Towards PDU experimental realization 
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Å And more prototyping, trying to 
exploit 100% the 3D printing 
freedom: what about a tunable
period capillary?

Assembly was a 
beautiful nightmare



Towards PDU experimental realization 
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~ŸƻŔŰŊШƣőĲШũċĤШŉŸƖШ
ũŸŊŔƚƣŔĦШƖĲċƚŸŰƚ



Towards PDU experimental realization 
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Å And building itĤċĦťвШbut better



Towards PDU experimental realization 

15.06.2026PSI Center for Accelerator Science and Engineering

Å ŸƽƽĲőċƻĲŔŰƣĲƖŉĲƖŸůĲƣƖǃŉŸƖШĦċƓŔũũċƖǃ
ǯũũŔŰŊШĦŸŰƣƖŸũЯШƚĦőũŔĲƖĲŰŔůċŊŔŰŊШŉŸƖШ
ƓũċƚůċШĬŔċŊŰŸƚƣŔĦƚыìfÂьШċŰĬШůŸƖĲШƣŸШ
ĦŸůĲв

interferometry

schlieren
imaging



Towards PDU experimental realization 
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ÅвШwe are planning to attempt magneto -optical 
imaging to assessplasma discharge
modulation, thanks Gian Luca and Helge for 
assistance!

intensified
camera

ĲǂƓĲĦƣĲĬШ7рǯĲũĬШůĲċƚƨƖĲůĲŰƣШ



Towards PDU experimental realization 
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Å The key missing element was just veryrecently
added to the lab setup: a test discharge circuit , the 
heart of the plasma dischargetest bench.

Thanks Martin for yourhelp!

Current lab 
layout


