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Free Electron LaserFree Electron Laser

High Brightness High Brightness ee--  beamsbeams
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Undulator Undulator RadiationRadiation

High Gain FEL High Gain FEL ==> ==> SASESASE

SeedingSeeding

Free Electron LaserFree Electron Laser
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Undulator Undulator RadiationRadiation
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The electron trajectory is determined by the The electron trajectory is determined by the undulator undulator field and thefield and the
electron energyelectron energy
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Relativistic MirrorRelativistic Mirror
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Counter propagating pseudo-radiationCounter propagating pseudo-radiation Compton back-scattered radiation Compton back-scattered radiation inin
the moving mirror framethe moving mirror frame

Doppler effect in the laboratoryDoppler effect in the laboratory
frameframe

TUNABILITY
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Radiation Simulator – T. Shintake, @ http://www-xfel.spring8.or.jp/Index.htm
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Due to the finite duration the radiation is not monochromatic but contains a
frequency spectrum which is obtained by Fourier transformation of a
truncated plane wave
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Lpulse = Nulrad



9

† 

x

† 

I w( ) µ
sinx

x

Ê 

Ë 
Á 

ˆ 

¯ 
˜ 

2

† 

x =
DwTpulse

2
= pNw

w -wres

wres

† 

Dw
w

ª
1

Nw

Spectral IntensitySpectral Intensity

Line width



10

† 

P1 =
e2

6peoc
3 g 4˙ v ̂2

† 

PT = Ne
e2

6peoc
3 g 4˙ v ̂2

† 

PT =
Ne

2e2

6peoc
3 g 4˙ v ̂2

Peak power of accelerated charge:

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

Incoherent Spontaneous Radiation Power:

Coherent Stimulated Radiation Power:

WE NEED micro-BUNCHING !
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High Gain FELHigh Gain FEL

  

† 

dg
dt

= -
e

mc
r 
E ⋅

r 
b = -

e
mc

r 
E ̂ ⋅

r 
b ̂

Energy exchange occurs only if there is transverse motion

Consider“seeding”by an external light source with wavelength lr
The light wave is co-propagating with the relativistic electron beam
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After one wiggler period the electron sees the radiation with the same phase 
if the flight time delay is exactly one radiation period:
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In a resonant and randomly phased electron beam, nearly one half electrons
absorb energy and half lose enrgy, with no net gain

The particles bunch around a phase for which there is no coupling with the
radiation
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Newton Lorentz Equations

Maxwell  Equations
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J^
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Erad ,Bw

Question: can there be a continuous energy transfer from electron
beam to light wave?

Answer: We need a Self Consistent Treatment
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The electron beam acts as a dielectric medium which slows down the phase
velocity of the ponderomotive field compared to the average electron longitudinal
velocity. Hence resonant electrons bunch around a phase corresponding to gain.

The particles within a micro-bunch radiate coherently. The resulting strong
radiationfield enhances the micro-bunching even further.

Result: collective instability, exponential growth of radiation power.

Even if there is no external seeding: Self Amplified Spontaneous Emission
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SASE FEL at short wavelengths require a very intense,
high quality e-beam

• FEL Parameter

• Exponential growth

• Gain Length

• Saturation power

• Constraint on emittance

• Constraint on energy spread

• Relative bandwidth
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SASE Saturation ResultsSASE Saturation Results

TTF-FEL
DESY

98 nm

TTF-FEL
DESY

98 nm

Since September 2000:
3 SASE FEL’s demonstrate saturation
Since September 2000:
3 SASE FEL’s demonstrate saturation

LEUTL
APS/ANL
385 nm

LEUTL
APS/ANL
385 nm

September 2000September 2000

VISA
ATF/BNL

840 nm

VISA
ATF/BNL

840 nm

March 2001
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TTF FEL

LEUTLE
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SASE Longitudinal coherence

The radiation “slips” over the electrons for a distance Nulrad

_

independent 
processes

† 

Nulrad
Slippage length ª
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SASE

Courtesy L. Giannessi (Perseo in 1D mode http://www.perseo.enea.it)
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SEEDING

Courtesy L. Giannessi (Perseo in 1D mode http://www.perseo.enea.it)
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The Quantum FEL SASE

Classical Quantum

When the electrons emit on average less than one photon , there are only two
available momentum state and the device behaves like a quantum two level
system

(R.Bonifacio, N. Piovella, G. Robb, in preparation)



22R. Saldin et al.  in    Conceptual Design of a 500 GeV e+e- Linear
Collider with Integrated X-ray Laser Facility,   DESY-1997-048

FEL Electron Beam Requirements:FEL Electron Beam Requirements:
High Brightness High Brightness BBnn  => => High Peak Current & Low High Peak Current & Low EmittanceEmittance
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High Brightness High Brightness ee--  beamsbeams
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Schematic View of the Envelope EquationsSchematic View of the Envelope Equations
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r>>1

r<<1

Laminar Beam

Thermal Beam

The The beam undergoes beam undergoes two regimestwo regimes  along   along the the acceleratoraccelerator::
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x

px

Projected Phase Space Slice Phase
Spaces

Emittance Oscillations and Growth are drivenEmittance Oscillations and Growth are driven
by space charge differential defocusingby space charge differential defocusing

in core and tails of the beamin core and tails of the beam
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Matching Conditions with the Matching Conditions with the LinacLinac

† 

¢ g =
2

sw

ˆ I 
2I0g

† 

g =
8
3

ˆ I 
2Ioeth ¢ g 

† 

s '  =  0
25 MV/m

150 MeV



31

Typical  X-FEL BeamTypical  X-FEL Beam

If  enth = 0.3 mm.mrad  @ 1 nC
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SPARC - SPARXINO - SPARXSPARC - SPARXINO - SPARX
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SPARC ProjectSPARC Project          7.5 +2.5 7.5 +2.5 MM€€        (MIUR+INFN)(MIUR+INFN)

    R&D program towards high brightness R&D program towards high brightness ee--beambeam
for for SASE-FELSASE-FEL’’ss

SPARX Phase ISPARX Phase I    10 + 2.35 10 + 2.35 MM€€     (MIUR+INFN)     (MIUR+INFN)

- R&D towards an X-ray FEL-SASE source- R&D towards an X-ray FEL-SASE source

- Test Facility at 10 nm with the - Test Facility at 10 nm with the DaDaffne Linacne Linac
((SPARXINOSPARXINO))

SPARX Phase IISPARX Phase II      12 12 MM€€  ?         ?         (MIUR)(MIUR)

- - Linac Linac energy up-grade (1.5 energy up-grade (1.5 GeV GeV ?) -> 2 nm ??) -> 2 nm ?
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Under INFN responsibility

SPARC 3D CAD model

Under ENEA
responsibility

Collaborations
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GUN PARAMETERS    LINAC PARAMETERS FEL PARAMETERS

Frequency:            2856 MHz    Frequency:       2856 MHz Wavelength: 530 nm

Peak Field:            120 MV/m     Accelerating Field:  25-12.5-12.5 MV/m Coop. Length: 300 mm

Solenoid Field:      0.27 Tesla       Solenoid Field:        0.1 Tesla 

Beam Energy:        5.6 MeV   Beam Energy:         155 MeV

Charge:                  1 nC

Laser:                     11.5 ps x 1 mm  (Flat Top with <1 ps rise time)

Thermal emittance 0.3 mm

14.5 m1.5m

20º
1.5 mD

10.0 m 6.0 m

RF sections
Undulator

Gun Solenoids

SPARC Working PointSPARC Working Point
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2002 - Stage I  - FEASIBILITY
 

• Project formulation      
• Feasibility Study
• Strategy design
• Approval

2003-2004- Stage II - PLANNING  & DESIGN

• Base design
• Detailed Cost and schedule
• Detailed planning
• Major contracts for procurement

2004-2005 - Stage III  - CONSTRUCTION

• Manufacturing
• Delivery
• Civil works
• Installation

2006 - Stage IV - COMMISSIONING
    & OPERATION

• Final Testing
• Commissioning
• Operation

2002 2003 2004 2005 2006
Project duration
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Pulse ShapingPulse Shaping

New Working PointNew Working Point

How to increase How to increase ee--  BrightnessBrightness
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Low Low EmittanceEmittance
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        Thermionic injectors
with sub-harmonic bunchers
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Photoninjectors

SUMITOMOSUMITOMO

Low Low Emittance Emittance Sources Sources HerasHeras
Thermionic Thermionic InjectorsInjectors = ==> => RF RF PhotoinjectorsPhotoinjectors  &&  Emittance Emittance CompensationCompensation

==>==>  Pulse Shaping & Pulse Shaping & Emittance Emittance Oscillation ControlOscillation Control

SPARCSPARC

PITZPITZ
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Pulse ShapingPulse Shaping
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Shaping obtained with single passage in the AO

crystal + 30 cm dispersive glass

Laser Pulse Shaping with  “Dazzler” experiments 

Slow Axis (mode 2)

Fast Axis
(mode 1)

Acoustic
wave
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Brookhaven experiment layout

Dazzler location
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Pulse shape after amplification and compression

BNL
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Magnesium-film on copper Cathodes tested at LNF
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Emittance Oscillation ControlEmittance Oscillation Control
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Matching Conditions with the LinacMatching Conditions with the Linac
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Movable Movable EmittanceEmittance-Meter-Meter
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 Slice analysis of beam properties Slice analysis of beam properties
at the at the undulator undulator entranceentrance
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Radiation power growth along the Radiation power growth along the undulator undulator @ 530 nm@ 530 nm

UNDULATOR

Undulator period (cm) 2.8
Undulator parameter k 2.143
Undulator gap (mm) 9.25
# Undulator sections 6
# Undulator periods per section 78
Drift length between undulator sections (cm) 36.5
Additional quadrupole gradient (T/m) 5.438
Additional quadrupole length (cm) 8.4
FEL radiation wavelength (fundamental, nm) 499.6
Average beta function (m) 1.516
Expected saturation length (m) < 12

GENESIS simulation of the SPARC SASE-FELGENESIS simulation of the SPARC SASE-FEL
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High Peak CurrentHigh Peak Current
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Coherent Synchrotron Radiation (CSR)Coherent Synchrotron Radiation (CSR)Coherent Synchrotron Radiation (CSR)

• Powerful radiation generates energy spread in bends•• Powerful radiation generates energy spread in bendsPowerful radiation generates energy spread in bends

• Causes bend-plane emittance growth•• Causes bend-plane emittance growthCauses bend-plane emittance growth
• Energy spread breaks achromatic system•• Energy spread breaks achromatic systemEnergy spread breaks achromatic system

DE/E = 0DE/E = 0

DDx = Rx = R1616((ss))DDE/EE/E

bend-plane emittance growthbend-plane emittance growth

ee––
RR

sszz
coherent radiation forcoherent radiation for  ll >  > sszz

overtaking length:overtaking length:   L   L00  ªª (24 (24sszzRR22))1/31/3

DE/E < 0DE/E < 0

ss
DxDx

qq

LL00

ll
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no SASEno SASE

T. T. LimbergLimberg,,
P. P. PiotPiot, et al., et al.

Energy Spectrum at TTF-FEL (DESY)Energy Spectrum at TTF-FEL (DESY)

TraFiC4

simulation
TraFiC4

simulation
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Magnetic and RF Compressors studiesMagnetic and RF Compressors studies

Beam ConditioningBeam Conditioning

SeedingSeeding

CascadingCascading

SPARC energy upgradeSPARC energy upgrade

New Cathodes developmentNew Cathodes development

High repetition rate gunHigh repetition rate gun

11 GHz accelerating structures11 GHz accelerating structures

High resolution DiagnosticHigh resolution Diagnostic
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sszz
coherent radiationcoherent radiation

forfor  ll >  > sszz

qq

LL00
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MAMBOMAMBO

+ ChannellingChannelling
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MAMBOMAMBO

ChannellingChannelling
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EEx x   @  @  22gg22EElaslas (1-cos (1-cosyy))

• Produzioni di impulsi X :

    101099 fotoni/s fotoni/s, durata 3 ps, monocromaticimonocromatici

    tunabili nel range 20 20 keV keV - 1 - 1 MeVMeV.

    Raggiungimento di 10101111 fotoni/s fotoni/s con spot focali all’interazione di
5 5 mmmm.

• Studi di tecniche di mammografia (e angiografia coronarica)

con X monocromatici.

• Studi di single molecule protein cristallography.

† 

NX µ ST f
Ne - Nhn

s coll
2 = 2 ⋅ 109 / 11
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La realizzazione di una immagine (su superficie 18x24 cmLa realizzazione di una immagine (su superficie 18x24 cm22) in tempi) in tempi
di di 2600 s2600 s scende a  scende a 2.6 s2.6 s con  con ll’’upgrade upgrade previsto su SPARC che portaprevisto su SPARC che porta
il il numnum. di fotoni a 2.5 10. di fotoni a 2.5 101111  gg/s/s

The constrast (sensitivity to tissue density variations) goes from 8% to 0.1%, while the
spatial resolution goes from 0,15 -0,3 mm to 0.01-0.015 mm. This means the capability to
detect a tumor 30 times smaller in volume, i.e. a 2 year earlier detection of the tumor.

        MaMBO Experiment:MaMBO Experiment:
Mammography Monochromatic Beam OutlookMammography Monochromatic Beam Outlook
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Channeling of Charged Particles and Channeling RadiationChanneling of Charged Particles and Channeling Radiation
(S. Dabagov et al.)(S. Dabagov et al.)

@ Channeling@ Channeling:

e-

Atomic plane of crystal

@ Channeling Radiation@ Channeling Radiation:

)~(1 E
U

Ljjj <<< - the the LindhardLindhard angle is the critical angle for the channeling angle is the critical angle for the channeling

Powerful radiation source of X-rays and g-rays:
•polarized

•tunable
•narrow forwarded
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ChRChR
lab 022

2

1

2
w

gq
g

w
+

ª

2/1gµ
dt

dN ph

2gµP

- radiation frequency- radiation frequency

- number of photons per unit of time- number of photons per unit of time

- radiation power- radiation power

For X-ray frequencies:For X-ray frequencies:

 100  100 MeVMeV electrons channeled in 105  electrons channeled in 105 mmm m SiSi (110) emit ~ 10-3 ph/e- (110) emit ~ 10-3 ph/e-

corresponding to a Photon Flux  ~ 10corresponding to a Photon Flux  ~ 108 8 ph/secph/sec

““Channeling 2004Channeling 2004””
Workshop on Charged and Neutral Particles ChannelingWorkshop on Charged and Neutral Particles Channeling

(Frascati 2 - 6  November 2004)(Frascati 2 - 6  November 2004)

@ Channeling Radiation@ Channeling Radiation:
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Accelerazione a plasmaAccelerazione a plasma di pacchetti di elettroni ( di pacchetti di elettroni (25 25 pCpC) da) da
100 100 MeV MeV a 130 a 130 MeVMeV  con con spread spread energetico < 5%, energetico < 5%, emittemitt..
< 1 < 1 mmm, con laser non guidato (5 mm m, con laser non guidato (5 mm accacc. . lengthlength).).
Accelerazione con laser guidato (Accelerazione con laser guidato (5 cm5 cm) fino a 400 ) fino a 400 MeVMeV,,
gradienti > 5 GV/mgradienti > 5 GV/m..

F p ª 50  mm
lp ª 30 - 100  mmen £ g

Dnp
np

l p
2p
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The SPARXINO OpportunityThe SPARXINO Opportunity

1 1 GeVGeV

Energy [GeV]

lcr
[nm]

I = 1 I = 1 kAkA
K = 3K = 3
sse e = 0.1 %= 0.1 %

eenn=4=4

eenn=1=1
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SPARC Injector + DASPARC Injector + DAFFNE LinacNE Linac
SPARXINOSPARXINO

a 10 nm SASE FEL source at LNFa 10 nm SASE FEL source at LNF
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600 MeV
8 sections

SPARC
150 MeV IV

45 MW 45 MW 45 MW 45 MW

1075 MeV e-

DAFNE-LINAC                          SPARXINO  +  DAFNE2

PC

150 MeV

45 MW

NEW 
COMPONENTS

4 RF STATIONS + SLED

MAGN. COMPRESSOR

4 ACC. SECT. +  IV ARM CAV

SPARC

1050 MeV E+

45 MW

475 MeV e-

75 MeV 150 MeV

45 MW

1225 MeV e-

G
per DAFNE2

250 MeV
DAFNE-Linac 

low energy section

45 MW
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The SPARXINO PhysicsThe SPARXINO Physics
(Some example suggested by INFN people)(Some example suggested by INFN people)



73

† 

DE ª
h
Dt

Classical VacuumClassical Vacuum Quantum VacuumQuantum Vacuum

QED test: QED test: Vacuum Magnetic BirefringenceVacuum Magnetic Birefringence

G. Cantatore, R. Cimino, D. Babusci

Thursday, 13 May 2004 - h. 15:00  Auditorium B. TouschekThursday, 13 May 2004 - h. 15:00  Auditorium B. Touschek

 G. Cantatore G. Cantatore
(INFN -Trieste)(INFN -Trieste)

Experimental study of the "vacuum elementExperimental study of the "vacuum element”” with PVLAS with PVLAS
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Quantum VacuumQuantum Vacuum

Perturbing field and probe light do not "mix"Perturbing field and probe light do not "mix"
and the exiting probe photons are unchangedand the exiting probe photons are unchanged

The perturbing field "changes" the structure ofThe perturbing field "changes" the structure of
the quantum vacuum: probe light and field nowthe quantum vacuum: probe light and field now
"mix" and exiting photon carry information on"mix" and exiting photon carry information on
the structure of the vacuum.the structure of the vacuum.

The properties of the QUANTUM VACUUM are recordedThe properties of the QUANTUM VACUUM are recorded
in the polarisation state of the probe light, which hasin the polarisation state of the probe light, which has
changed from linear to elliptical. This phenomenon ischanged from linear to elliptical. This phenomenon is
also called Vacuum Magnetic Birefringencealso called Vacuum Magnetic Birefringence

Classical VacuumClassical Vacuum

QED test: QED test: Vacuum Magnetic BirefringenceVacuum Magnetic Birefringence
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• Measurement schematic

• Relevant requirements
– high magnetic field strength

– long optical path in the magnetic region

– high photon energy/high photon flux

– low background/high signal to noise ratio

QED test: QED test: Vacuum Magnetic BirefringenceVacuum Magnetic Birefringence



To investigate structure and molecular bonding in gas, liquids and solids

A. Marcelli

XAS XRS

Resonant X-ray Raman Scattering

The radiative inelastic scattering is a 2 step process
It is a very weak process compared to the intense
x-ray coherent scattering phenomena.

FEL’s machine are necessary because XRS demands:

- monochromatic source
- extremely bright source
- well collimated source
- polarization (linear/circular) control (if possible)

Energy 
for molecule studies: C (290 eV ~43 Å) 
and O (540 eV ~23 Å) K edge
for liquids & solids: <1 KeV ( ~12.5 Å)
(e.g., L edge TM elements - N edge RE elements)

Science - 1 April 2004/www.sciencexpress.org
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- (Pulsed )Neutron beam– by photoproduction
- Possibility to obtained a pulsed neutron beam – well defined time-structure (to be desired:

electron energies ~ 2.5 GeV, even if  1 GeV beam ~ OK…)

- Problem: duty cycle?

- Interests:

- TOF method to measure cross sections

- Fundamental physics with neutrons (Electric Dipole Moment; charge independence of strong
force…);

- Research studies on neutron therapy

- Astrophysics studies (exotic nuclei)

- Electron scattering measurements
Search of T-invariance in electromagnetic interactions

         Measurement of two-photon exchange contributions

S. Bartalucci, C. Petrascu, A. Fantoni

Neutron Beam Source - Nuclear PhysicsNeutron Beam Source - Nuclear Physics
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The SPARX Future?The SPARX Future?

2.5 GeV2.5 GeV

Energy [GeV]

I = 2.5 kAI = 2.5 kA
K = 3K = 3
sse e = 0.03 %= 0.03 %

lcr

[nm]

eenn=1=1

eenn=4=4
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40 nm ==> 10 nm ==>  ?40 nm ==> 10 nm ==>  ?

MAMBOMAMBO

2003       2004       2005      2006      2007      2008 2003       2004       2005      2006      2007      2008 2009        2010       2011   20122009        2010       2011   2012

TTF-IITTF-II
6 nm6 nm

LCLSLCLS
0.1 nm0.1 nm

TESLATESLA
X-FELX-FEL
0.1 nm0.1 nm

            SASE            SASE   Seeding       Angstrom      Angstrom

+ ChannellingChannelling

SPARX-I     =>    Test Facility SPARX-I     =>    Test Facility      =>   =>          SPARX-IISPARX-II
                            (SPARXINO)(SPARXINO)

R&D X-FELR&D X-FEL             10  nm             10  nm                                                  2 nm2 nm


