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Context: plasma acceleration, EUPRAXIAand EUAPS
projects, PhD with Sapienza University and based inINFN
Milano

A Betatron radiation studies : accelerated self
Injection and extreme emission regimes in focusing
ion channels

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

Collaborations and joint publications with INFN LNF
(SPARC _LAB)JCLA(PBPL) andESY(EuXFEland REGAE).
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Chapter 1: the background

Plasmawakefield and plasmalensing
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Plasma Wakefield PSI
Plasma Wakefield: wiggling
electron beam laser driver

A Driver-based: either a short laser pulse (WFA) or a particle Ppe=-="" /

beam (PWFA) interacts with neutral plasma or gas target, Tt STt | ey

exciting a nonlinear response, the so called plasma bubble -..';_-: ------------ ’
A Mainly electrostatic forces , both focusing and accelerating, - —T-

develop in the wakefield plasma bubble

A In LWFA schemes©(100) MeVcan be generated inO(1) mm of
interaction lengthe WWR U WI 3¢ @ WG RN 1J

Laser
N ™

Betatron radiation
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Plasma Wakefield

Plasma Wakefield:

A

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

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

In LWFA schemesQ(100) MeVcan be generated inO(1) mm of
interaction lengthe WWR U WI 3¢ @ WG RN 1J

Baseline forbetatron radiation sources

Self-injection of plasma electronprovidesthe beam, strong
focusing provides radiation

Driver energy loss andlephasing (laser) requiresdriver
staging + HOFI channelsfor long interaction distances
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Plasma Wakefield

aql ¢cTUHEqY ! RIJ

A The randomized injection amplitudes results irtransverse 5 bl
betatron oscillations with large amplitude and phase spread 100) MR | )|
A Acting as a wiggler, betatron motion givesultrashort radiation = =
pulses emission, usually in a broadband spectrum (L) | ) ~
-50 . ' oy
A Amplitude spread-> L-spread which is statistically lower | R
bounded: e increasing energy
0.0 0.1 0.2 o[.'3] 0.4 - 0.5 0.6
[U [ QI ] ;g _ 3_2 _1~02363 . spectrum
T

1 25 i mmmm betatron
’ s synchrotron

linear with amplitude

U Possiblygood level of transverse coherence (small source)

U For temporal coherence and monogromatic emission, other
YGqRYUt We !l WY WHYWI+FGaY!I I B

10t 100 10t 102
E [keV]
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Plasma Lensing

Plasma Lensing (active):

A Driverless beam optics element

L4

A Aplasma discharge arc is generated applying |=( )T R
to neutral gas, resulting in |( )1 Acurrents

A The ideally uniform current density results in strong
magnetic linear focusing of f( )T i , acting
simultaneously alongboth transverse planes

Y PSI Center for Accelerator Science and Engineering 15.06.2026
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Plasma Lensing

PSI

. : Xc! Ye
Plasma Lensing (active): |

A Driverless beam optics element

A Aplasma discharge arc is generated applying |( )T R
to neutral gas, resulting in |( )1 Acurrents

A The ideally uniform current density results in strong

magnetic linear focusing of |=( )1 fjfi , acting Credit: MBI / Evaldas Svirpl
simultaneously alongboth transverse planes

Magneticfield distribution

U First orderpreservation of beam energy

U Easier staging thanks to the driverlessoperation

U Needs anexternally injected beam ->more control on
beam quality

0 Usually capillary-H¢ + 1JT B
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10

Plasma Lensing

so why not play a bit withshapes?
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Plasma Lensing and more

9 INFN LNF, 2024first experimental attempt to run a curved active
plasma lens

A 1took care of developing the analytical and numerical description of
beam dynamics, and providingdesign equations

A The basics are quite intuitive: aroptimal injection offset is found
which provides the rightdipolar error in the focusing field
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Plasma Lensing and more

PSI

© INFN LNF, 2024first experimental attempt to run a curved active o) — —
plasma lens \ -
A 1took care of developing the analytical and numerical description of ‘\
beam dynamics, and providingdesign equations \\ Pe
A The basics are quite intuitive: aroptimal injection offset is found ‘\
which provides the rightdipolar error in the focusing field \ ®
A
U Collective betatron oscillations are suppressed “ 6 discharge
circuit
U Beam quality degradation is minimized ‘ 0(10) kV
0(1) Hz
U The beam basically follows the prescribed arc
7, = -—>\ N\
II i 1>l lt \
- V< b l '
\\K « ¥ /
N e /, /
~ —
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© INFN LNF, 2024first experimental attempt to run a curved active

A Measurements showedsuccesful operation of the ABP ,

13

plasma lens (ABP)

and excellent agreement with simulations, resulting in
a PRL publication and a PRAB theoretical paper
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Plasma Lensing and more PSI

© INFN LNF, 2024first experimental attempt to run a curved active

plasma lens (ABP) _
ABP chicane

.............................. capiary ans

- CAPERry Doundary

A Measurements showedsuccesful operation of the ABP , iy
and excellent agreement with simulations, resulting in
a PRL publication

U In the meantime | started working on design equations
for ABP-chicanes for beam diagnostic purposes, and a e ot e i &
new chapter started after noticing the appearance of )
sub-AWq¢aql YOWYt ARGGCqRY Ut B
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Plasma Discharge Undulator: lensing -based undulation

A

16

side view:

Proposed concept: spatially modulated plasma undutated plasma discharge 0 (k4)

discharge to reproduce the magnetic undulator behavior
through analternated dipolar kick

Appu

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

U Geometric wavelength controlled, in phase
undulation of all beam particles

0 High spectral purity with narrow bandwidth emission

0 Driverless operation: ease of devicelength scaling

0 Possiblymillimeter -range undulation period . ‘B'f"eld‘sef:t"f" g
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Plasma Discharge Undulator: dynamics

A The implemented model is a simplariven harmonic
oscillator

7 Qo o (& w (@ ?A|(%Q()

e Qaalg s
@ w AT(Qg) 5 bq AT(Q & AT1(Qoa)

EVaeROQWA Y1l w |0 QO
Yt #ARGGcqRYUt WYUU! ®

U The beam is now ircounter -phase with respect to the
capillary modulation

U Proper injection atw provides suppression of collective

betatron oscillations, givingpure undulation of beam
centroid
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side view:
undulated plasma discharge 0(kA)
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-— example trajectory
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Plasma Discharge Undulator: dynamics

A Injection offset & provides relevant design and operation
guidelines

U Shows that aline of sigth through the device is needed
for beam transport

also needed for radiation extraction!

® & sill the current flow straigth?

NY PSI Center for Accelerator Science and Engineering
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Plasma Discharge Undulator: dynamics PSI
3.0 allowed Ax/d,
A Injection offset & provides relevant design and operation 25( T~ cearance fhreshold
guidelines 2N q6
0.0 0.5 1.0 1.5 2.0
@ AprpufAg
T DU, SOOI T TRt
U Suppression of collective betatron motion is the condition 6] st A AYYVY .
which optimizes beam quality preservation = | e LAY E
3 L9(=0.612m l, 7= . +00§
Good news for O(16100) cm long propagations Y : “' A A A AARAVAAAL - 43,‘;
. . . | \, AAS y vy v Ab o
x Verified through comparison between analytical and Lok ‘~5U' anananaranananan:-| fl g g
numerical predictions
10
- 5 o
AX~2~ 27T)/k'3]0rc <
) 1nj — ~10+
Osat = 1/ Oy i > = 3IUAy/y v

0.0 0.2 0.4 0.6 0.8 1.0 1.2
z[m]

19 PSI Center for Accelerator Science and Engineering 15.06.2026



Plasma Discharge Undulator: radiation

A Central beam particles now have finite oscillation
amplitude: Lt becomes hyperbolic with amplitude
and features lower to vanishing spread

3/2

1\*? X2y Az% i — Kppu
€n < | = 5 3 ~— €pPDU

Iy 16w Téﬁ oxg — 0

A Mixed betatron/undulator motion breaks field
antisymmetric condition for _  ¥¢ translations,
resulting in a linear combination of
betatron/undulator frequencies: both even and
odd harmonics appear on axis

20 Andrea Frazzita
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A Simulations showundulator -like emission, with
discharge current kacting as the gap in conventional
undulators, linearly tuningundulator strength L

A The field features should allowlongitudinal -type

microbunching , suggesting the possibility oFEL
process

A Millimeter-range period, fixed target wavelenght:
U Reduced beam energy requirements (factor 3)

U Reduced FEL saturation lengths (factor 10-100)

EEETTTE N N E R

4nm 5mm 400MeV 0.1 mmmrad 04 m 70GW

1l
P
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Chapter 3: the experimental journey

Building it all @PSI
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Towards PDU experimental realization PSI

A Idea first proposed in September 2025 aEAAC?25 in Elba
island: lot of interest!

A First discharge tests performed at INFN LNFin January
2026 showed a promising plasma distribution
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Towards PDU experimental realization

AfT Iecwsl t quWGIl Y G EIMEMUR FEERANIGEafiIHC AL
Rt 0 dWYigaln WWRUGq I 13t qr

Al RIt qWwl Rt #E38Jd I'niYId djdid + LUgR ks ¢[ Qe ¢ | ! |
SMIBWNs I We WG YOGRt RUNDWGO ek ¢ WI F

0 bRt Ws ¢t WOYqUWN! ¢UqT WHIHEE
 RD6qWaél YeNR6EWaq6IWHE GROG ¢ |

A Still alot to find out about the undulated discharge:
plasma undulates but will the current density do the
same?

U x 1J dpuiildl a capillary -based plasma disf ’%C) it
bench at PSland find out s

proVed! first measurements @LNF
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PSI

Towards PDU experimental realization

A It all started in February2026 at
Z140 inSwissFEL with Toni and
an exsiccator vacuum
chambers WW¢ U T édpelidnce LW
with vacuum. Thanks Toni!
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Eg

Piezo valv
found out
luck

A Andthen a new lifewas givento
the exsiccatom fHedingthrough
whatever

\
\
—

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

»

=
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Towards PDU experimental realization PSI

PRESSURE LOGGER cnm 4

A Soonit all started to look more like a lab,
with valve control and live pressure
monitoring, which is now the base for a
dischargeinterlock system

Thanks
Nir!

MINI SWITCHER  “70o:.
Model TPM 30512C 5;':'5':»; ;

sV

Input: 100 - 240 VAC, 50/60 Hz <

0,75A max. REWC T an S
utput: 5VDC, 3,0A max. 1
+/-12VDC, 0,6A max.

WM €T o= Carlo!

TRACO ELECTRONIC AG ZURICH / SWITZERLAND
WWw.tracopower.com
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Towards PDU experimental realization !

A Andit looked like a good time to
start prototyping: 3D printed
test capillaries and fitting
components, with some cute
initial mistakes

il 2 g
Gct dc Wt gqe nnlWR
maybe this is a bit too much

Thanks Elmar! Recycledswagelok
circuit/sample holder

111
=<
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Towards PDU experimental realization ! i PSI

A And moreprototyping, trying to
exploit 100% the 3D printing
freedom: what about a tunable
period capillary?

~ Assembly was a
beautiful nightmare

29
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Towards PDU experimental realization
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Towards PDU experimental realization PSI

A And buildingit H ¢ & but lbtter
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Towards PDU experimental realization

A YsI1HcRIUqIIl nih YWOUERG d ¢ | !
GORUNIWHY U &AWL N Wn Y |
GciloreeUD U ¥ d REHLe U1 WG Y
Y UBIJ _
schlieren
imaging

3
G
H
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Towards PDU experimental realization

A B lle are planning toattempt magneto -optical
Imaging to assessplasma discharge
modulation, thanks Gian Luca and Helge for
assistance!

~ Intensified
camera
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Towards PDU experimental realization PSI

A The keymissing element was just veryrecently
addedto the lab setup:a test discharge circuit , the
heart of the plasmadischarge test bench.

Thanks Martin for your help!
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