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photon energy ~spatial resolution

L. De Broglie

W. Heisenberg

EUV and X-rays are ideal probes of chemical bonds, where most 
of science is rooted. They can be used to visualizeproteins 
ǎǘǊǳŎǘǳǊŜΣ ƳƻƭŜŎǳƭŀǊ ŘȅƴŀƳƛŎǎΣ ŀǘƻƳƛŎ ƭŜǾŜƭǎ ŀƴŘ ƻǊōƛǘŀƭǎΧ
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FLUORESCENCE
EXAFS, XRF

ABSORPTION
Spectroscopy, 

EXAFS, XANES 

SCATTERING
SAXS

DIFFRACTION
Cristallography

e- PHOTO-EMISSION
electronic structure

ὖ ᶿ ᶿ ÅHigh energy electrons

ÅStrong magnetic field

SRLS = storage 

ring light source 

Courtesy J. Als-

Nielsen, D. McMorrow
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Almost all experimental techniques gain from a large 6-D photon density, or 

brilliance (also, spectral brightness)
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Diffraction Limit

This drives the race to 4th generation 

synchrotron light sources, for ultra-

low emittance, matched beams.
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Ç
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is a conserved quantity in a perfectoptical system. However, a real beamline 

includes slits, mirrors, gratings, etc. for manipulation of the light pulse. They show geometrical 

and surface imperfections, which are stronger for larger spatial and angular footprint of the 

light on the optical elements.

Courtesy A. Bianco

Courtesy B. Diviacco

Machine design at the state-of-the-art is a good investment 
because the higher the brilliance at the source is, the 

higher the brilliance at the sample is!
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ü The beam energy roughly sets the SRLS size:Ç The e-beam energy determines 
the photon energy range:
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PILL-BOX (standing-wave):

ñRF bucketò
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(zero-current limit)

typically, 
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Synchrotron oscillations:

ü RF cavities replenish the energy lost every turn  
Ý beam energy is constant on average in a turn:
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High energy electrons on a circular path:

ὴ ὩὄὙ

Ὁ Ὁ Ὁ +é
Dispersion function:
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wŜǾƻƭǳǘƛƻƴ ŦǊŜǉǳŜƴŎȅ ŘƛŦŦŜǊŜƴŎŜ ǇŜǊ ǳƴƛǘ ƻŦ ŜƴŜǊƎȅ ŘŜǾƛŀǘƛƻƴ όάǎƭƛǇ ŦŀŎǘƻǊέύΥ

GeV energies

ϳὨὒὒ

ϳὨὴ ὴȟ

5ŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ƳŀƎƴŜǘƛŎ ƭŀǘǘƛŎŜΩǎ ǇǊƻǇŜǊǘƛŜǎΣ ƻŦŦ-energy particles arrive either 
earlier or later at the RF cavity, w.r.t. the on-ŜƴŜǊƎȅ όάǎȅƴŎƘǊƻƴƻǳǎέύ ǇŀǊǘƛŎƭŜΦ
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Ç 1.5 - 8 GeV, 200 ï500  mA, 100 ï1000 bunches per turn 

Ç 10 ï50 photon beamlines operating simultaneously 

Ç > 5000 hours per year (24h, 7/7 ), ~1000 hours reserved for machine physics 

Ç > 1000 users / year

Triv~1 ςfew µsShorter photon pulses can be produced 
in dedicated schemes of few bunches, or 
with advanced e-beam manipulations.

ÇwC ŦƛŜƭŘ ƛƳǇƻǎŜǎ ŀ ǎȅƴŎƘǊƻƴƛȊŀǘƛƻƴ ǿƛǘƘ ǘƘŜ ǇŀǊǘƛŎƭŜǎΩ ŀǊǊƛǾŀƭ ǘƛƳŜΥ
Á The harmonic number hƛǎ ǘƘŜ ƳŀȄΦ ƴǳƳōŜǊ ƻŦ άǎǇŀŎŜǎέ ǘƻ ōŜ ŦƛƭƭŜŘ όRF buckets)

‫ Ὤ‫ ȟὬᶰᴓḻρ

Adapted from NGLS CDR
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Vacuum chamber (Al, Cu, Steel) 
at ultra-low pressure (< 10-9

mbar), to avoid gas-scattering

Particle beam must be kept in!
Ą external magnetic focusing 300 MV/m !

1 Teslaé

Normalized quad 

strength:

Courtesy I. Cudin
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█
▓■▲ focal length

Alternated focusing and defocusing quads can provide effective 
focusing, i.e. stability, simultaneously in both planes. 

IƛƭƭΩǎ eqs. (pseudo-oscillators) assume linear motion& no frictional forces:

Betatron tune = # oscillations per turnEmittance:
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1. Particles at (slightly) different energies are 
focused differently ςlinear chromaticity:

16

effect enhanced by 
many strong quads

2. aŀƎƴŜǘǎΩ ƳƛǎŀƭƛƎƴƳŜƴǘ ŀƴŘ ŦƛŜƭŘ 
ŜǊǊƻǊǎ άǊŜǎƻƴŀǘŜέ ǿƛǘƘ rational tunes 
ςresonancescan lead to beam loss!

ὗ

ὗ

3. Sextupolemagnets correct the chromaticity, 
but at the cost of higher order aberrations! 

effect enhanced 
by many dipoles
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Ç Radiation quanta emitted with small but non-zero 

angle. Total momentum of electrons is reduced. 

Ç RF cavities restore the longitudinal

momentum only. Transverse

divergence of electrons is reduced. 

Ç Average variation of oscillation amplitude2 in a turn:

Characteristic 
damping time: † Ὕ

Ὁ

Ὗ
Radiated power & 
dispersivemotion
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This is driving world-wide upgrades 

to multi-bend lattices (4th generation). 

Radiation is far more collimated and 

more intense ïhigher ñbrillianceò!

damping times
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Ç Intrabeamscattering(multiple small angle events) enlarges the 
emittances through diffusion, in proportion to the 3D charge density. 

Á Mitigated through higher harmonic RF cavity, used to flatten the 
beam longitudinal phase space and make 3ς10 ³longer bunches.

Å Still, (sub-)psX-ray pulsesare being considered. Flux and 
transparency to standard operation remain a challenge.

I. Martin, PhD Thesis (2011)

S.C. Leemann, PRST-AB 17, 050705 (2014) 

◕◄╫ᶿ
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The dynamics of a non-dissipative system obeys Hamiltonôs equations:

The phase space area (hyper-volume) in proximity of an orbit is a constant of motion.

A storage ring is not a Hamiltonian system because of radiation emission and acceleration.

However, it behaves as if it were a Hamiltonian system.

ÝThe ñphase spaceò beam emittance is a constant of motion

A storage ring is not a linear system because of high order 

magnetic field components.

However, it behaves as a linearized system.

ÝThe ñstatisticalò beam emittance is a constant of motion
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Ç From relatively sparse to tight, 

dense, strong focusing lattices

ÁComplex dipoles with transverse 

and/or longitudinal gradients

ÁCombined multipole magnets

ÁFringe-field interference

Á3-D ñAIò-driven optimization of 

magnets design

‐ȟ ᶿὊὯ ϳ‎ ὔ

COMPLEX BEND
DIPOLEðQUAD

Courtesy I. Cudin,             

G. Le Bec, T. Shaftan
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4th generation:

MBA + RB

3rd generation: DBA, TBA
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magnets

technology

Courtesy L. Hoummi
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Stronger field by shorter poles 

Shorter poles permit 

lower beam energies

technological challenge

energy & cost saving

Superconducting HTS

Courtesy B. Diviacco, H. Tarawneh, M. Valleau, S. Casalbuoni, M. Calvi
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