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 Motivation to plasma based accelerators
* What is a plasma?

* Plasma based acceleration

* Plasma source

e Beam driven scheme

 What is a high power laser?

e Laser scheme

* Plasma acceleration @LNF: SPARC_LAB
 EuPRAXIA and EuAPS projects
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W Motivation to plasma based accelerators
Accelerators | | 1994 | 2014

Electron accelerators >300 keV 1500 ~5000
Electron accelerators <300 keV >1000 ~8000
lon implanters and ion analysis >2000 ~12 000
Neutron generators ~2000
Soence | | oo | o0
Medicine ~4200 ~14 000
Electron accelerators ~4000 ~13 000
Proton and ion accelerators L7 ~59
Production of radioisotopes ~200 ~1100
TOTAL >9700 42 000

Chernyaeyv, A. P, and S. M. Varzar. "Particle accelerators in modern world." Physics of Atomic Nuclei 77.10 (2014): 1203-1215.
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W Motivation to plasma based accelerators

The accelerating gradients have more or less remained constant over the past few decades, in the order
of 20 =50 MV/m
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Motivation to plasma based accelerators

Conventional RF structures: Plasma module:
(20 — 40) MV/m E [GV/m ] =96 (n, [cm™3])¥?
range m - km n.=10¥cm3 =>100 GV/m

range mm -cm
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w— What is a plasma?

* Quasi-neutral gas of charged particles showing collective behavior

l

* Local balance inside a plasma: n,=Zn,

Inertial

Magnetic fi t
usion \ ’con inemen

reactor > "S'°"

=10 - 200 kA

3 Solar = 40k — 50k K

P ki Lightnine

2 y A Plasma source for
2 Solar wind /V o Son 7 accelerators:

g il A Ip=0.3-2 kA

£ 104 Interstellar space Fluorescent light P = 2 ) .
- Aurora Flames ;I-/FF)) __ 50_ 2_013\(/) K

B !
10° 10° 10" 102" 107 10%
Number Density (Charged Particles / m3)

Copyright © 2010 Contemporary Physics Education Project

G. Costa XXI LNF Spring School Bruno Touschek 6



W Plasma based acceleration

‘:p Plasma frequency Electron beam
Wy = (n. 92/50 rne)l/2

or

Laser pulse
I =10 W/cm? and ct < A,/2

cold wave-breaking
Self-injection

Ez
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W Plasma based acceleration

23 Jury 1979

VOLUME 43, NUMBER 4 PHYSICAL REVIEW LETTERS

Laser Electron Accelerator

T. Tajima and J. M. Dawson
Department of Physics, University of California, Los Angeles, California 90024
(Received 9 March 1979)

An intense electromagnetic pulse can create a weak of plasma oscillations through the
action of the nonlinear ponderomotive force. Electrons trapped in the wake can be ac-
celerated to high energy. Existing glass lasers of power density 10!®W/cm? shone on plas-
mas of densities 10!® cm™3 can yield gigaelectronvolts of electron energy per centimeter
of acceleration distance. This acceleration mechanism is demonstrated through computer
simulation. Applications to accelerators and pulsers are examined.
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W Standard vs Plasma accelerators
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W Plasma source
H,

600 Capillary:
] S50A - 0,5 mm in radius
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W

Stark Broadening:

n, = 8.022 x 1012 (

«  AA=FWHM Hg

a

Plasma source

3

AAN2
) cm™3

* Hg =656 nm, Hg =486 nm

* «a=const.

G. Costa
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https://www.sciencedirect.com/science/article/pii/S0065219908600330

W Beam driven plasma acceleration

| Focusing (E)

E i Relativistic
o = = T TR i-f- T glect:]on
p = e : unc
At +% * +L+ ulkgs In Neutral
SR St o i e Plasma
27 Driver bunch
A = .
! @ Ap | Witness bunch
] n,= 10" em™
@ o, =2x10" Hz
Bdtdah [V/m] = — l ~ 96, /ny [cm_3] GV
ey e EO =30 —m
( N _
n, Linear regime (nb < np) ’lp 100 zm (300 fS)
— unch .
a = Weakly NL regime  (nb = np) o., =25 um (75 fs)
. Non-linear regime  (nb>>np) o, ~2 um
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How can we get an
ultra-short high-power
pulse?




W What is a laser?

Liawr . ..
A MeLFICATION .. ’

BY 5‘\'\HOLM'ED - B ~ )
E Mes\oN

or {L sarion
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W What is a high power laser?

—_—

Gratin
g Compressed pulse

Long wavelength \\

N

— Short wavelength
Stretched pulse

o\

Grating

Grating compressor
Red light— longer distance — closer to blue

Blue light — shorter distance — catches up

G. Costa XXI LNF Spring School Bruno Touschek 15



w— What is a high power laser?

Chirped Pulse Amplification

CPA - chirped pulse amplification ih& pulss 15 compresaod

and its intensity increases
dramatically.

Short light pulse The pulse is stretched, The stretched
from a laser. which reduces pulse is amplified.
its peak power.

me e M\Ai

Grating pair, Amplifier Grating pair,
pulse stretcher pulse compressor

Physics NOBEL PRIZE 2018

Short pulse — Stretch in time (chirp) &> Amplify &> Compress in time

G. Costa XXI LNF Spring School Bruno Touschek 16



What is a high power laser?

Oscillator ) kBIOO,f'te" Regenerative
Pump + active medium iy T pump Pump + active medium
; + amplifier Stretch
+ resonant cavity PRIl L cner + three Pockel cells
IN: 3.5 W, 630 nm Saruraoie ansarper Two gratings IN: pl

OUT: 300 mW, 800 nm LN OUT: 10 pJ

. OUT: pl : :
REP. RATE: 80 MHz. REP. RATE: 10 Hz. Multipass Amplifier

. Amplifiers
Experimental Compressor Pumps + active media
Area Two gratings IN: 10 mJ

OuT: J

G. Costa XXI LNF Spring School Bruno Touschek 17



W What is a high power laser?

example of a Multipass Amplifier

3 g

G. Costa XXI LNF Spring School Bruno Touschek 18



W Laser plasma acceleration

Normalized laser intensity a, = eEy/(m.w,c)
Electron motion in a laser field oscillation in the direction of the electric field
velocity 6 = —a,sin(wt)
* 3,<1 linear regime = no wavebreaking
* 3,=1 non-linear regime = v, = ¢ = self-injection

* a,> 1 strongly non-linear regime = plasma bubble can focus and accelerate
electrons to high energies

G. Costa XXI LNF Spring School Bruno Touschek 19



W Laser plasma acceleration

Gas jet flow within a supersonic nozzle Along the propagation direction of a laser beam that is focused
N w
N Rayleigh length z;
o = Sex distance from the laser
e ) X waist wy to the point
\} where the cross-sectional
‘ L area is doubled
=,

N 7 p Laser with intensity transverse gradient

!

plasma refractive index acts as a convex lens

Laser self-focusing in plasma

!

increasing the pulse confinement length

G. Costa G. Costa XXI LNF Spring School Bruno Touschek 20



W Laser plasma acceleration

Laser interaction chamber

| WA ) ()
: - \\al : ; ' =

—

G. Costa XXI LNF Spring School Bruno Touschek ‘ 21



W Laser plasma acceleration

Plasma density interferometric measurements

Mach Zehnder interferometer:

Path difference between probe and reference laser

4

interference fringes

gas/plasma

Plasma refractive index souce

1
-(1-3)
n= m

ne = e” plasma density
* n.=critical e density

G. Costa XXI LNF Spring School Bruno Touschek 22



W Laser plasma acceleration

High power pulse: few J — 25 fs — 20 um @focus === | 3ser intensity 10° W/cm?

t
0 19
%0
35
2
£ 4 15
£ 1
05
25
2.5 -2 -1.5 -1 -0.5 0 05 1
mm

typical densities ~ 101° M= sy self-injection!

Quality of produced and accelerated electron bunches:
e divergence

* energy spread -> emittance

Limitations of this scheme:

« diffraction

* pump depletion

* dephasing

G. Costa XXI LNF Spring School Bruno Touschek 23



W Laser plasma acceleration

e” energy gain & Acceleration field x Acceleration length —» 7 Zp

ﬂ Rayleigh length 7 = ﬁ
=> Diffraction “R — n,10

optical guiding in plasma
ex: forr; = 60 um

2
_<2L2> « ny ~2.5%10%cm?
* gaussian intensity laser pulse I(r) =1Ie \"i « ng ~6x107 cm3
%108
. . . . . 1 , : 2.6
e parabolic density distribution plasma channel = =l
1258
7 \2 0.8}
n(r) =ny + (—) ng for r<m, ol 24 &
"m z | §
1 g | 23 &
« ifwaistradius 1, =1, = (T1,Ng) 2 2os| 5
2 5i 55 8
Qg U4 =
= g
e )\ =laser wavelength 0.3 {21 &
* r,,=matching radius 0.2}
. 12
* r.=e"radius 0.1}
* np=plasma density on the axis 0 ‘ A 1.9
. . . -300 -200 -100 0 100 200 300
* ng = density difference axis-walls pm
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Laser plasma acceleration

Laser external injection scheme

Electron m
. ectron bea Plasma electrons

_Laser Pulse (200 TW, ~25 fs,E,___ ~ TV/m) (plasma cell, ~10" cm")

e e T T o T e T D o O e T e T U ST s s,
.

St

...................
-------------------------

Plasma cavity (€~ 10GV/m)
Electron beam :
_ LaserPulse (€ ~ Tv/m)

L0 T DT T N 00 Bl e s h-:' a0 "'.';.-‘,G’"l." T RIS ATL S PR T SIS LTINS "'?‘g'
o bty 05T 00 Bt ¢ t-._..--:. % AN DS S RS ATS <0 S
0% %2 e -.*

.

~70 um

o W oely L P _'.
Al Al A R T S SR A B

B Sm—
~100 um
(330fs)

Plasma electrons
(plasma cell, ~10" cm?)

G. Costa

laser
imaging CCD

f=20cm

photodiode
vacuum chamber

.CCD 3

Pi hexapod

CCD ref

dichroic mirror

800R-400T efi'zs %
: ——

o E = f=100 cm
‘68 f=50/75 cm

§o

o T

28 |f=10cm

%)
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Laser plasma acceleration

BELLA driver laser

Driver final

\ steering mirror

Magnetic spectrometer

Wedge with hole Capillary discharge
waveguide

7.8GeVin20cm
Gonsalves, A. J., et al. "Petawatt laser guiding and
electron beam acceleration to 8 GeV in a laser-

heated capillary discharge waveguide."Physical
: review letters122.8 (2019): 084801.

S sees b e e e g Off-axis paraboloid
CCD array

iber collimator

Vacuum

D 8000
Telescopef | ]

cCD 5320

e | g
1 Near-infrared

iPointing and
:timing diagnostics
I

| :
lHeater mode imager n | Stage I: Plasma

| . ”
I Driver mode imager -, | Driver final gas jet lens  Plasma-mirror
| steering mirror tape

Translation stage —

Wave front sensor

Magnetic
spectrometer

-
-

_____ Sfage II: 7 = X
- 0.10 7 dis"ch-érge capijl {
Staging E " — o Lanex screen E
Nature530.7589 (2016): 190-193. £ 005 (removable) A e
:% : Lanex screen
" 0.00 0.02 0.04 0.06 0.08
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w Plasma acceleration

Recap different schemes of plasma acceleration

e Laser only: easiest to implement, requires to tune the laser and the target,
but difficult control over the whole process

* Electrons only: easier implementation than external injection, no need for
independent synchronization system and driver guiding, but it depends
heavily on the ability to properly tailor the driver(s) and witness phase
spaces

e Laser + electrons: in principle has the best potentialities in term of e-beam
brightness and energy, but it is the hardest to implement for laser guiding
and synchronization issues

G. Costa XXI LNF Spring School Bruno Touschek 27



W Plasma acceleration @LNF: SPARC_LAB test facility

PMQs triplets

e-beam *

EOS diagnostics
C-band structure

" Optical/THz
" diagnostics

A a

Energy (30 — 180) MeV
Energy Spread ~ 0.01% — 1%
Charge 10 pC — 1 nC
Bunch length range (FWHM) 50 fs—10 ps
Normalised Emittance (1 —3) mm mrad (77
Max Rep. Rate 10 Hz :

XXI LNF Spring School Bruno Touschek 28




W Plasma acceleration @LNF: SPARC_LAB test facility

High-power Ti:Sa based laser, ultra-short CPA based pulse
FLAME Laser

Ultrafast High-energy

oscillator \ ulse Stri
AN PULSE o ) oy A o BN ﬁ S e

Stretcher Amplifier Compressor
Peak power 250 TW 5 mm_,_, s = e m—— T?T
Energy on target 7J i To SPARC
Rep. rate 10 Hz = ~ ==
Temporal length 25 fs Qeotorovel =6som 2 =TT
laboratorio -1 g m
FW 1/62 @ focus 20 pm CPA/ SUP=220.00 m- t: :
IntenSity 1019 W/Cm2 J:L' __ LASER CLEAN ROOM u =
: ] B[ ) ki Bkt — o
Contrast-ratio 100 il I supersonic nozzle for self-injection experiments
‘ e and X-rays radiation emission
d= e ™
PROBE PULSE «— —
Energy on target 10md ‘
Temporal length 50 fs Interaction
chamber ¢

FW 1/e? @ focus 120 pm e —d
Intensity 106 W/cm? Oscillator Booster Stretcher Amplifiers

80 MHz, 220 mW
FG Bisesto, et al., doi:10.1016/j.nima.2018.02.027
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W Plasma acceleration @LNF: SPARC_LAB test facility

S[a.u)
0.014¢
0.012;

FLAME experimental setup per plasma acceleration

Betatron Beam

o.o1o§ Betatron . Electron plasma density —pe - Laser energy 6 J
zz: Spectrum ' | o3
51 Eo | « Laser temporal length 30 s FWHM
0.002} 05 0
Bl o zoiss o aague SN 25 2 15 -1 0 05 1 . _
S i R S e o S— - Laser focal spot 18-20 um FWHM
\ LANEX
_ screen
@ T ——————— € @
- Electron \ 'He, o
Beam WNSTRZAM SL( u\
Laser Kr“ XcAM SMun a/u )
Ma.u] Gas-jet focus il [
25 — T\
20 D @ @E ‘*u“m
15 Electron ;
10 Spectrum ] ] \
. G0
5
T 200 250 300 ElMeV]

G. Costa

Courtesy M Galletti
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W Plasma acceleration @LNF: SPARC_LAB test facility

: ‘ ‘ e TR Plasma acceleration results @SPARC_LAB
- Driver 50 M50 250 1 . . . .
e o— dbunts *  Two-bunches configuration produced directly at the cathode with laser-comb
54 ! Witness - technique
2 . 1 * 200 pCdriver (charge increased up to 350 pC) followed by witness bunch (20 pC)
2t 1 (IR
! Initial energy * 4 MeV acceleration in 3 cm plasma with 200 pC driver
82 84 86 88 90 92 94 <  Ultra-short durations (200 fs + 30 fs) obtained with velocity-bunching technique
Energy (MeV) . .
* 133 MV/m accelerating gradient
e 2x10% cm-3 plasma density
0.25 . . .
=cls * Demonstration of projected energy spread compensation: spread from 0.2% to 0.12%
g 0.2 %O L L .
~ (o] - . ‘3.
'8015 %oOQ} - OOO~‘J
g ¥ ERED & 1 nature
01 Pl %o : LETTERS
Uo). & - %‘Qj' thSICS https://doi.org/10.1038/541567-020-01116-9
0.05 2 S e 2 M) Check for upd
92.5 93 93.5 94 |©) oo Torvpees,
Energy (MeV) s & d o . .
= B Energy spread minimization in a beam-driven
@ 207 ® 40 | .
g 15| g5 plasma wakefield accelerator
§ 10 ‘g 20} R. Pompili®'%4, D, Alesini', M. P. Anania®', M. Behtouei', M. Bellaveglia', A. Biagioni’,
o 5 O 10! { F. G. Bisesto', M. Cesarini®'2, E. Chiadroni’, A. Cianchi?, G. Costa’, M. Croia’, A. Del Dotto®’,
© 0 © L | D. Di Giovenale', M. Diomede', F. Dipace ®', M. Ferrario', A. Giribono®", V. Lollo’, L. Magnisi’,
92 925 93 935 94 0.05 0.1 0.15 0.2 0.25 M. Marongiu®, A. Mostacci®?, L. Piersanti®’, G. Di Pirro', S. Romeo', A. R. Rossi*, J. Scifo’,
Energy (MeV) Spread (MeV) V. Shpakov', C. Vaccarezza', F. Villa®' and A. Zigler's
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W Plasma acceleration @LNF: SPARC_LAB test facility

Grating FEL spectrum EQOS trace

w
EOS
Plasma DW
e il Q‘{Q

" Dipole PMQ
Undulators | b
- -

Energy spectrum

5
ol Proof of SASE and Seeded FEL driven by PWFA @SPARC_LAB
g 4 *  Proof-of-principle experiment to demonstrate high-quality PWFA acceleration able to
el ] drive a Free-Electron Laser
3 " J\‘\ : *  Witness is completely characterized (energy, spread, X/Y emittance) allowing to
= aed i i 699 RHD match it into the undulators beamline
avelength (nm)
nature e litter is online monitored with Electro-Optical Sampling (EOS) diagnostics
IR AN M. B * Imaging spectrometer with iCCD used to detect FEL radiation

*  Spectrum of the SASE FEL radiation emitted at 830 nm

Article | Published: 25 May 2022

Free-electron lasing with compact beam-driven plasma

wakefield accelerator
B ompB( 0 Mesinl - oy St sthon In collaboration with
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W Laser plasma acceleration

1,500 400
’(Bu?r?r:gt:ole Profile 1 Profile 2
. -7 P Profile 1 -2 - -2 300
1/ E ’ ’E\
', £0 & | EO q | {200
Undulator 1, 2, 3 > 5 500 > > 100
target 2 0 2 8 2 0 2 9
X (mm) X (mm)
Electron  Quadrupoles ) X
spectrometer 1 ' t‘f ay i
iy spectrometer
T N Y |
: V,,"\ ,
Wang, W.,, et al. "Free-electron lasing at 27 - f : :
nanometres based on a laser wakefield R ook >
accelerator." :
Nature 595.7868 (2021): 516-520. Electron o
spectrometer 2 ~ "
g~ 4,,
|
o
|
|
— laser focused on a gas-jet | =mm -

— Electron beam generated from a 200 TW (I~4x10%8 W/cm?) V:/O | 2::]( )3 i 4°°(M V)5°°
n nm ner
v' Peak energy ~ 490 MeV, 0.5% spread (measured), emittance 0.5 um (estimated) — e
v' Radiation energy from 0.5 to 150 nJ
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W Plasma acceleration @LNF: SPARC_LAB test facility

Focusing with active-plasma lenses

Pompili, R., et al., Physical review letters 121.17 (2018): 174801.
Pompili, R., et al., Applied Physics Letters 110.10 (2017): 104101.

.t @ V.

Focusing produced by electric discharge in plasma-filled capillary

Magnetic field follows Ampere Law

I

L ’
o 0 j o )‘r dr Magnetic Field (By) vs Force on electrons (F)
0

‘~__¢ 77”73? 7!: Y\
o> (6 (05>
0—> g P -agd P ag
Weak chromaticity < bundh C (: C C
O

Discharge OFF

Like in quadrupoles > K~1/y

Radially symmetric

Like in solenoids

Compactness

kT7/m magnetic field > much larger than strongest quadrupoles available (PMQ)

Not sensitive to beam distribution
Courtesy R Pompili
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W Plasma acceleration @LNF: EuPRAXIA user facility

PLASMARESEARCH [ . | EuPR%A ‘
ACCELERATOR WITH 5
EXCELLENCE IN

Frascati future facility
Beam-driven plasma accelerator
Europe most compact and most southern FEL

The world most compact RF accelerator (X band with CERN)

Electron energy 1-5 GeV

FEL user facility 1 GeV —3 nm

500 MeV by RF Linac + 500 MeV by Plasma (LWFA or PWFA)
1 GeV by X-band RF Linac only

XXI LNF Spring School Bruno Touschek 35



Plasma acceleration @LNF: EuPRAXIA user facility

INFN

Istituto Nazionale di Fisica Nucleare

EuPRAXIA@SPARC_LAB

Conceptual Design Report

G. Costa

INFN (Italy):
Facility for beam-driven
plasma accelerators I
Plasma
Accelerator
RF RF
Injector -»> Accelerator |
- |aser - Plasma
Accelerator
) clectrons
el POSitrONS

FEL user area 1
Undulator Undulator

FEL user area 2

ICS X-ray source
user area (BU3)

HEP detector test
Conversion & P> user area
ang . —————— —
coNditioniNg  weepr| GeV-class positron
user area

WEREEEES

XXI LNF Spring School Bruno Touschek
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W Plasma acceleration @LNF: EuAPS user facility

The PNRR EuUAPS Project WP2

EuAPS will be the first brick of EUPRAXIA, a user facility based on the radiation emitted by electrons plasma accelerated

e The source will be hosted at LNF-INFN

» Several parts will be realized at CNR (Photon Diagnostics) and at Tor Vergata (User end Station)

* INFN-Mi will take care of simulation and data analysis

* Trieste University focuses on applications

T

INFN-Mi
LNF-INFN
LNF-INFN
CNR-Potenza

Tor Vergata

CNR- Montelibretti

G. Costa

Parameter
Electron beam Energy

Plasma Density
Simulation & Data Analysis

Plasma source Photon Critical Energy

Synchronization Number of Photons/pulse

Photon Diagnostics Repetition rate
End user station

: . : Beam divergence
Photon time diagnostics

Value unit

100 - 500 MeV

107¢-107° cm3

1-10 keV

106- 10°

[ &) Hz

3-20 mrad
Courtesy A Cianchi
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W Plasma acceleration @LNF: EuAPS user facility

Betatron radiation emission Longitudinal electric field — acceleration along the laser propagation axis

Radial electric field — oscillations around the reference trajectory

Emission of synchrotron-like radiation = Betatron radiation

«  Energy from soft to hard X-rays
. *  Spatially coherent
*  High peak brilliance

«  Temporally incoherent

B ~ 1020 Photons *  Pulse ~ few fs

s -mm? - mrad? - 0.1% BW

G. Costa XXI LNF Spring School Bruno Touschek 38



Plasma acceleration @LNF: EuAPS user facility

Synchrotrons vs FELs

Betatron radiation:

X-ray free-electron laser (FEL)

In FELs, accelerated electron bunches are “wiggled” in a
- magnetic undulator, causing them to throw off coherent,

Electrons, accelerated to ht ! bright and laser-like X-ray beams for experiments

and booster ring, whirl around
X-rays that feed beamlines for multipl

Synchrotrons and X-ray FELs

Large bandwidth like a Synchrotrons
Short pulse duration like a FEL

Storage
ring Booster

ring

Experimental
stations

g d'N
| dtdQdSda | 2

undulator Ph/ (s mm2 mrad? 0.1% of bandwidth)

Coherent
superposition
accelerator

/ «—— Electron absorber

«—— Intense, coherent
X-ray pulses Patricia Daukantas Synchrotron Light Sources for the

21st Century Optics & Photonics News Settembre
2021
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Plasma acceleration @LNF: EuAPS user facility

Betatron radiation test @ FLAME

Photon I Measured Radiation

S[a.u.] Number I Simulated Radiation
- Betatron radiation spectrum detected by

0.014 the CCD-X camera working in single 107
0.012 photon counting.
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0.006 1000 Betatron radiation spectrum
0.004 detected by the CdTe spectrometer.
0.002 10 ElkeV]
b ey o g e gy g e e
- : : E[keV
5 2 6 2 10 [keV] 5 10 15 20 25
. Laser energy 71 J - temporal length 30 fs - focal spot rms 5 um . Laser energy 1.5 J - temporal length 35 fs - focal spot rms 5 um
«  Plasma density 70’ cm - acceleration length 1.7 mm «  Plasma density 6 x 70’8 cm™3 - acceleration length 7 mm
. e” energy 300 MeV - energy spread 20% - bunch charge 5 pC . e energy 200 MeV - energy spread 30% - bunch charge 5 pC

A. Curcio et al., First measurements of betatron radiation at FLAME laser facility, Nucl.
Instr. Meth. B (2017), http://dx.doi.org/10.1016/j.nimb.2017.03.106
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W Plasma acceleration @LNF: EuAPS user facility

Ongoing betatron radiation test @ FLAME
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Ross-filter:
Ti15 um -Ag33 um —Ni 7 um — Mo 4 um
Aubum-Fe25um-2Zn10 um — Cu 8 um
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W Betatron radiation applications

Photon Science from betatron radiation Imaging — The pilot experiment

X-ray imaging of leaves (and wood) aiming at
the (tens of) microns resolution.

Experiments performed with the broad
radiation spectrum filtered by different materials
to obtain difference maps emphasizing the
presence of heavy metal contaminants -
pollution control.

« Imaging of biological and cultural heritage samples:
Exploits the brilliance and coherence of betatron

radiation, requires small divergence and good

focusing Reale et al. - MIDIX Soft X-rays microradiography

- Static X-ray Spectroscopy and Ultra-fast X-ray Single shot phase contrast X-ray imaging:

X-ray absorption contrast image of
an orange tetra fish. The spectrum is
synchrotron like with a critical energy
E.~10 keV. The phase contrast
images are taken in a single shot 30
fs exposure.

spectroscopies:
The second one requires timing between pump and

probe pulses, exploits the fs pulse duration

* Wide angle scattering, diffraction:

; ; i ; Ref. Kneip, S., et al. "X-ray phase contrast imaging of biological specimens with femtosecond
ReqUIreS monochromatlc beams Wlth hlgh ﬂUX pulses of betatron radiation from a compact laser plasma wakefield accelerator.“ APL 99.9

(2011): 093701.

Courtesy F Stellato
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W

Imaging, Tomography and Phase Contrast

Betatron sources can fill the gap between synchrotrons and
X-ray tubes for imaging and Computer Tomography (CT)

Guo et al. Scientific Reports 2019
Cole et al. PNAS 2018

Wenz et al. Nature communications 2015

G. Costa

Betatron sources have a spatial
coherence that allows
performing Phase Contrast
Imaging (PCI). In PCI, it is
measured the difference in
wavefront, while in traditional
imaging, it is measured the
difference in the  X-ray
absorption coefficient between
different objects.

PCI provides better contrast
than radiography, especially
when dealing with biological
samples.

Betatron radiation applications
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3D medical imaging: Tomographic reconstruction of bone
sample: (a) A raw image of the bone sample recorded on
the xray camera. (c) Application of the inverse Radon
transform to the sinogram in (b). (d) Pixels are classified as
bone (black) or vacuum (white). (e) Stacking together 1300
slices generates a 3 D voxel map of the bone sample. An
isosurface marking the detailed structure of the bone
surface is constructed, rendered using a ray-tracing
method.

Ref. Cole, J. M., et al. "Laser-wakefield accelerators as hard x-ray sources
for 3D medical imaging of human bone." Scientific reports 5.1 (2015): 1-7.
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Thank you for the attention!

gemma.costa@Inf.infn.it
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