
Equivalent
Energy

Energy of colliders
is plotted in terms
of the laboratory
energy of particles
colliding with a
proton at rest to
reach the same
center of mass
energy.
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Electrostatic Accelerator: Van de Graff



T=qDV

Possible Higher energy DC accelerator?

v



DVT=0

Forbidden by Maxwell



B can vary in a RF cavity







Microtron - Synchronization



Energy gain/revolution

• In a microtron, due to the electrons' increasing momentum, the
particle paths are different for each pass. The time needed for
that must be an integer multiple k of the RF period. The allowed
energy gain/pass must fulfill the above condition.



The Lawrence Cyclotron



The Cyclotron concept





The Synchrotron concept
The main principle is to keep separated the bending and focusing devices 
(magnets of various types) from the ones that accelerates (resonant cavities). 

There is main difference from cyclotrons: the particles always ride on the same 
orbit. Therefore: 
• the cavities field must be synchronous with particle crossing and
• the bending magnet field must change in order to keep constant the radius of 

curvature.



Phase stability and longitudinal focusing

v





Betatron oscillations and transverse focusing



� to get vertical stability, the bending field should decrease with r, as in cyclotrons,
� to get horizontal stability the decrease of B with r should be moderate, so that, for r > 
r0, the Lorenz force exceeds the centripetal force.
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Weak focusing with combined function magnets



Weak focusing è Field index



Strong focusing

The overall effect is 
focusing!!

Strong focusing with combined function magnets
It is not possible to get strong focusing in both planes at the same time



Strong focusing with separated function magnets



MAGNETIC QUADRUPOLE
Quadrupoles are used to focalize the beam in the transverse
plane. It is a 4 poles magnet:

ÞB=0 in the center of the quadrupole

ÞThe B intensity increases linearly with the off-axis
displacement.

ÞIf the quadrupole is focusing in one plane is defocusing in the
other plane
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Fermi’s Globatron: ~5000 TeV Proton beam
1954 the ultimate synchrotron

Bmax 2 Tesla 
r 8000 km 
fixed target 
3 TeV c.m.
170 G$
1994 



LHC few data



“The Universe in a Nutshell”, by Stephen William Hawking, Bantam, 2001

Without further novel technology, we will eventually need an 
accelerator as large as Hawking expected. 

Hawking: the Solartron
Towards the Planck scale



… or accelerator on a Chip?



Courtesy R. Assmann

Advanced Accelerator Concepts
Massimo.Ferrario@lnf.infn.it



Options towards higher energies

Compact and Cost 
Effective….              



Beam Quality Requirements

Future accelerators will require also high quality beams :
==> High Luminosity & High Brightness,
==> High Energy & Low Energy Spread

€ 

L =
Ne+Ne− fr
4πσ xσ y –Small spot size => low emittance

–N of particles per pulse => 109

–High rep. rate fr=> bunch trains

€ 

Bn ≈
2I
εn
2

–Little spread in transverse
momentum and angle => low
emittance

–Short pulse (ps => fs)



High Gradient Options

Metallic accelerating structures =>
100 MV/m < Eacc< 1 GV/m

Dielectrict structures, laser or particle driven =>
Eacc < 10 GV/m

Plasma accelerator, laser or particle driven =>
Eacc < 100 GV/m

Related Issues: Power Sources and Efficiency, Stability, Reliability, Staging,
Synchronization, Rep. Rate and short (fs) bunches with small (µm) spot to match high
gradients



Conventional RF accelerating structures





High field ->Short wavelength->ultra-short bunches-> low charge



X-band RF structures – State of the Art

A limit on the acceptable Break-Down Rate
has been set at < 3 10-7 per pulse

• Kilpatrick, W. D., Rev. Sci. Inst. 28, 824 (1957).
• A. Grudiev et al, PRST-AB 12, 102001 (2009)
• S. V. Dolgashev, et al. Appl. Phys. Lett. 97, 171501 2010.
• M. D. Forno, et al. PRAB. 19, 011301 (2016).

Max accelerating field: trf-1/6
Stored energy: f -3



Andrea.Mostacci@uniroma1.it35800MHz

110GHz3MHz

1.3GHz

3GHz 450GHz

dielectricfuture

The E.M. Spectrum of Accelerating Structures



High Gradient Options

Metallic accelerating structures =>
100 MV/m < Eacc< 1 GV/m

Dielectrict structures, laser or particle driven =>
Eacc < 10 GV/m

Plasma accelerator, laser or particle driven =>
Eacc < 100 GV/m

Related Issues: Power Sources and Efficiency, Stability, Reliability, Staging,
Synchronization, Rep. Rate and short (fs) bunches with small (µm) spot to match high
gradients



Dielectric Laser Acceleration
DLA



Laser based dielectric accelerator





Dielectric Structures Applications

DLA module can be built onto the end of
a fiber-optic catheter and attached to an
endoscope, allowing to deliver
controlled, high energy radiation
directly to organs, tumors, or blood
vessels within the body.

Electrons with 1–3MeV have a range of
about a centimeter, allowing for
irradiation volumes to be tightly
controlled.

A combination of DLA modules and
optical undulator allows dreaming for a
compact table top FEL



Dielectric Photonic Structure

� Why photonic structures? 
� Natural in dielectric 

� Advantages of burgeoning field 
� design possibilities

� Fabrication

� Dynamics concerns

� External coupling schemes

Biharmonic ~2D structure

e-beam

Laser pulses
180 degrees 
out of phase

Schematic of GALAXIE
monolithic photonic DLA



Laser-Structure Coupling: TW
GALAXIE Dual laser drive structure, large reservoir of power recycles 

e-beam

Laser pulses
(180 degrees 
out of phase)







Plasma Wakefield Acceleration









Surface charge density Surface electric field

Restoring force

Plasma frequency

Plasma oscillations



Principle of plasma acceleration

Laser Wakefield Accelerator 
(LWFA): 

Drive beam = laser beam

Plasma WakeField
Accelerator (PWFA):

Drive beam = high energy 
electron or proton beam

no= 1016 cm−3   ⇒  λp= 300  µm← →%%%%%%%% ω p =
noe

2

εome



Horizon2020

Plasma Wake-Acceleration



Horizon2020

Plasma Wake-Acceleration



Horizon2020

Plasma Wake-Acceleration



Horizon2020

Plasma Wake-Acceleration



Horizon2020

Plasma Wake-Acceleration



Principle of plasma acceleration

Break-Down Limit? 
Þ Wave-Breaking field: Ewb ≈ 100 GeV /m[ ] no cm

−3#$ %&



Principle of plasma acceleration

∂2

∂t2 +ω p
2"

#
$

%

&
'
n
no

= c2∇2 a2

2

a =
eA
mc2 ∝ λJ

1/2

∂2

∂t2 +ω p
2"

#
$

%

&
'
n
no

= −ω p
2 nbeam
no

nbeam =
N

2π( )3
σ r

2σ z

LWFA limitations: Diffraction, Dephasing, Depletion
PWFA limitations: Head Erosion, Hose Instability

Driven by Radiation Pressure

Driven by Space Charge

Linear Regime

Non Linear Regime

Beam Loading



Laser Driven
LWFA



Laser beam

Electron beam

1 mm

Direct production of e-beam





Diffraction - Self injection - Dephasing – Depletion



Break-Down Limit? 
Þ Wave-Breaking field: Ewb ≈ 100 GeV /m[ ] no cm

−3#$ %&



















Active Plasma Lens
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Principle of plasma acceleration
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LWFA limitations: Diffraction, Dephasing, Depletion
PWFA limitations: Head Erosion, Hose Instability

Driven by Radiation Pressure

Driven by Space Charge

Linear Regime

Non Linear Regime

Beam Loading



Beam Driven
PWFA



Blumenfeld, I. et al. Energy doubling of 42 GeV
electrons in a metre-scale plasma wakefield
accelerator. Nature 445, 741–744 (2007).

Litos, M. et al. High-efficiency acceleration of an
electron beam in a plasma wakefield accelerator.
Nature 515, 92–95 (2014).





SPARC_LAB is the test and training facility at
LNF for Advanced Accelerator Developments
(since 2005)







High Brightness Photo-injector with Velocity Bunching



Electron source and acceleration



PWFA vacuum chamber at SPARC_LAB 



http://w3.lnf.infn.it/primi-elettroni-accelerati-con-plasma-a-sparc_lab/



Beam Driven

Dw



R. Pompili12th International Particle Accelerator Conference - IPAC’2187/26

Plasma acceleration experiment



R. Pompili12th International Particle Accelerator Conference - IPAC’2188/26

Beam configuration

Two-bunches configuration produced directly at the cathode with laser-comb technique

200 pC driver (charge increased up to 350 pC) followed by witness bunch (20 pC)

Ultra-short durations (200 fs + 30 fs)

Separation approximately equal to¾ of the plasma wavelength (~1 ps)

Nearly the same energy
with plasma OFF

D
W



R. Pompili12th International Particle Accelerator Conference - IPAC’2189/26

Plasma acceleration results (2)

By increasing the driver charge a
larger ion bubble is produced

Achieved 7 MeV acceleration in 3
cm plasma with 350 pC driver

~233 MV/m accelerating gradient

2x1015 cm-3 plasma density

Energy spread of the accelerated
beam slightly increased

Energy spread from 0.2% to 0.26%

Still order of magnitudes lower
spread with respect to previous
experiments

Initial energy



The near future



Beam Quality Requirements

Future accelerators will require also high quality beams :
==> High Luminosity & High Brightness,
==> High Energy & Low Energy Spread

€ 

L =
Ne+Ne− fr
4πσ xσ y –Small spot size => low emittance

–N of particles per pulse => 109

–High rep. rate fr=> bunch trains

€ 

Bn ≈
2I
εn
2

–Little spread in transverse
momentum and angle => low
emittance

–Short pulse (ps => fs)



EUROPEAN
PLASMA RESEARCH
ACCELERATOR WITH
EXCELLENCE IN
APPLICATIONS

This project has received funding from the European Union’s Horizon 2020 
research and innovation programme under grant agreement No 653782.

http://eupraxia-project.eu

EuPRAXIA Design Study started on Novemebr 2015
Approved as HORIZON 2020 INFRADEV, 4 years, 3 M€

Coordinator: Ralph Assmann (DESY)



Horizon2020
Motivations

PRESENT EXPERIMENTS

Demonstrating 
100 GV/m routinely
Demonstrating GeV
electron beams
Demonstrating basic 
quality

EuPRAXIA INFRASTRUCTURE

Engineering a high 
quality, compact 
plasma accelerator
5 GeV electron beam 
for the 2020’s
Demonstrating user 
readiness
Pilot users from FEL, 
HEP, medicine, ...

PRODUCTION FACILITIES

Plasma-based linear 
collider in 2040’s
Plasma-based FEL in 
2030’s
Medical, industrial
applications soon

Courtesy R. Assmann





EuPRAXIA@SPARC_LAB
EuPRAXIA@SPARC_LAB

RF power modules

1 GeV LINAC

Beam user areas

FEL user area @3nm

Undulators

Plasma module

0.5 PW Laser

Secondary
Sources

http://www.lnf.infn.it/sis/preprint/pdf/getfile.php?filename=INFN-18-03-LNF.pdf



• Candidate LNF to host EuPRAXIA (1-5 GeV)
• FEL user facility (1 GeV – 3nm)
• Advanced Accelerator Test facility (LC) + CERN

• 500 MeV by RF Linac + 500 MeV by Plasma (LWFA or PWFA)
• 1 GeV  by X-band RF Linac only
• Final goal compact  5 GeV accelerator

132 m

24 m
55 m 40 m

31 m

32 m

12 m

6 m

52 m



Free Electron Laser



Conceptual Design Report Ready
for the LNF site 

http://www.lnf.infn.it/sis/preprint/pdf/getfile.php?filename=INFN-18-03-LNF.pdf



Synchrotron Radiation

F

v

Laboratory frame



Generations of Synchrotron Light Sources

I. Bending magnets in HEP rings

II. Dedicated Undulators

III. Optimized Rings

I. Short Wavelength FEL

II. Compact Sources



X-FEL based on last 1-km of existing SLAC linac

LCLS at SLAC- First Lasing 2009
1.5-15 Å



XFEL first lasing – Hamburg May 2017 



Electron source and acceleration



Long undulators chain



Beam separation
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P1 =
e2

6πεoc
3 γ

4 ˙ v ⊥
2Peak power of one accelerated charge:

€ 

PT =
N e

2e2

6πεoc
3 γ

4 ˙ v ⊥
2Coherent Stimulated Radiation Power:

€ 

PT = N e
e2

6πεoc
3 γ

4 ˙ v ⊥
2

Different electrons radiate indepedently hence the total power depends linearly on the  
number Ne of electrons per bunch:

Incoherent Spontaneous Radiation Power:

Bunching on the scale of the wavelength:



A Free Electron Laser is a device that converts a fraction of 
the electron kinetic energy into coherent radiation via a 

collective instability in a long undulator

(Tunability - Harmonics)
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Radiation Simulator – T. Shintake, @ http://www-xfel.spring8.or.jp/Index.htm



€ 

Lpulse = N uλrad < 1 ps

Nu = 5{ {{ { {



Free Electron Laser



R. Pompili12th International Particle Accelerator Conference - IPAC’21115/26

Demonstration of FEL driven by PWFA

Proof-of-principle experiment to demonstrate high-quality PWFA acceleration
able to drive a Free-Electron Laser

Witness is completely characterized (energy, spread, X/Y emittance) allowing to match
it into the undulators beamline

Jitter is online monitored with Electro-Optical Sampling (EOS) diagnostics

Imaging spectrometer with iCCD used to detect FEL radiation
In collaboration with



R. Pompili12th International Particle Accelerator Conference - IPAC’21116/26

FEL driven by PWFA: first spectrum

Single-shot spectrum of SASE FEL radiation emitted at 830 nm

6 undulators matched on the plasma accelerated witness bunch

Clear signals, reproducible and stable (<10% disregarded shots)

Preliminary



R. Pompili12th International Particle Accelerator Conference - IPAC’21117/26

FEL driven by PWFA: exponential gain

Exponential gain of FEL radiation energy

Data taken with 6 (Si) photo-diodes downstream the undulators

Preliminary



The FEL Applications





E. Muybridge at L. Stanford in 1878

E. Muybridge,  Animals in Motion, ed. L. S. Brown (Dover Pub. Co., New York 1957)
Courtesy Paul Emma (SLAC).

used spark photography to freeze this ‘ultra-fast’ process

E. Muybridge

disagree whether all feet leave the ground during gallop…



Experimental hall (Single Protein Imaging)

http://lcls.slac.stanford.edu/AnimationViewLCLS.aspx





Coulomb Explosion of Lysozyme (50 fs)

J. Hajdu, Uppsala U.

Atomic and 
molecular 
dynamics occur 
at the fsec-scale

Single Molecule Imaging with Intense X-rays



xfel.desy.de



House of Papyrus Scrolls - Ercolano – 79 A. D.





Tomografia a raggi X in contrasto di fase
Vito Mocella del CNR-IMM di Napoli in collaborazione con E.Brun e C. Ferrero dell'ESRF





Conclusions

• Accelerator-based High Energy Physics will at some point become practically limited by the
size and cost of the proposed e+e- colliders for the energy frontier.

• Novel Acceleration Techniques and Plasma-based, high gradient accelerators open the
realistic vision of very compact accelerators for scientific, commercial and medical
applications.

• The R&D now concentrates on beam quality, stability, staging and continuous operation.
These are necessary steps towards various technological applications.

• The progress in advanced accelerators benefits from strong synergy with general advances
in technology, for example in the laser and/or high gradient RF structures industry.

• A major milestone is an operational, 1 GeV compact accelerator. Challenges in
repetition rate and stability must be addressed. This unit could become a stage in a
high-energy accelerator..

• è PILOT USER FACILITIES Needed



Thank for your attention


