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- — 7 gl \Why do we need X-rays?

photon energy ~ spatial resolution

W. Heisenberg

<

Chemical
bond Core
lengths 1000 Photon electrons
energy

Molecules (eV)

Proteins Valence
electrons

EUV and Xays are ideal probes of chemical bonds, where most
of science is rooted. They can be usedigualizeproteins
a0NHzZOUdzNBE = Y2t SOdzf I NJ Ryl YAOQas |
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q o Srone How do we generate and use X-rays?

A High energy electrons
A Strong magnetic field

e- PHOTO-EMISSION

electronic structure
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Why accelerator-based light sources?
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Almost all experimental techniques gain from a large 6-D photon density, or
brilliance (also, spectral brightness)

i
®jey B B 7 |, @ies  p
. " > o) . .
311 T ++ +t | Difraction Limit 311 1l p)
: Coupling, I — p
Eﬁ;?is’: X Radiation-matched,
size X diffraction limited source
&5 = A/4T,
ﬁx,s=ﬁx,y . . .
This drives the race to 4t generation
x x synchrotron light sources, for ultra-
N N low emittance, matched beams.
Electron beam, Diffraction Iimh‘
£es P Af4m,
ﬁx,siﬁx,\(
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- — 7 4"l The importance of being brilliant
j

is aconserved.gquantityin aperfectoptical systemHowever, aeal beamline

G
includes slits, mirrors, gratings, etc. for manipulation of the light pulse. They show geom:e
and surfacamperfections which are stronger for larger spatial and angudsotprint of the
light on the opticdl«€lements | imor
o201 s s = e .
i N
(grating)
g o i Courtesy A. Bianco
W __—"" '+ M0 \| Machine design at the statef-the-art is a good investment
b R SR I o T=-Ye=1IL the higher thebrilliance at the sourceis, the
shoton anergy a1
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- — 4l Development of SRLS

* First observation:

1947, General Electric, 70 MeV synchrotron
* First user experiments:

1956, Cornell, 320 MeV synchrotron

* 1st generation light sources: machine built for High | vl\:;;l;ilz?le Undulator
Energy Physics_or_ other purposes used parasitically for = b
synchrotron radiation z \
5
Multipole = | Dipole
« 2nd generation light sources: purpose built synchrotron viggler | maenet

light sources, SRS at Daresbury was the first dedicated %
machine (1981 — 2008) \\
o - 1

Photon energy

Angle-integrated

» 3rd generation light sources: optimised for high brilliance
with low emittance and Insertion Devices; ESRF, Diamond, Undulator

Intensity (arb. un.)

25 5 75 10 12.5 15
IAMAGEIERT SvaTER Photon energy (keV)
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VTS Accelerator size

C The ebeam energy determines U The beam energy roughly sets tB®LESisize
the photon energyrrange au
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C— 7 4Tl Synchrotron oscillations

U RFccavitieseplenish the energy lost every turn 4 5;
Y beam energy is constaon averagean a turn:

. 1 /
PILL-BOX (standing-wave): /

| E; ~ E, g cos(wt + ¢p) /

9
- Zz —
f = ©
M P
N b ;
r=R rcsona/rll cavity ™ magnetic fields
Synchrotron oscillations:
¢ [rad]
O . 270 _ [ _aVonwrr sin s _ pealy.
s(t) 1= T =\ Cp —> typically, ¢ ~ 0 — OURst
s S ge ~ TP (zero-current limit)
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PV Sl Dispersion function

Dispersion function:

High energy electrons on a circular path:

wS@2ft dziA2y FTNBIljdzSyOeé RAFTFSNBYOS LISNI dz

dw / ws 1 Qpo [ 1 Dy (s)
= —u > — & = | ¢ ] dsTg
1 Apz/ pz,s :[? lr]Gev energies ‘ NN C f 5 R(s)

5SLISYRAY3I 2y GKS YL 3y-énargyQarticlesanive Githen a
earlier or later at the RF cavity, w.rt.the-&ny SNHE&é 6 aaey OKNR Y ?
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CwC FASER AYLR&Sa | ““yOKNzyv\quzu)\hzwa@
A TheharmonicmunibethA & KS YII E® Yy dzY o S NRFzhickets & L

Shorter photon pulsesan be produced(\ T.,~1¢few s
s, Or

in dedicated schemes of few bunches, ‘
with advanced éoeam manipulations

T —m’m— ~10 ps \
] —]| -

Adapted from NGLS CDR

1.5-8 GeV, 2001 500 mA, 1001 1000 bunches per turn
10T 50 photon beamlines operating simultaneously
> 5000 hours per year (24h, 7/7 ), ~1000 hours reserved for machine physics

> 1000 users / year
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Magnetic Lattice
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Courtesy I. Cudin

e Strong focusing

Vacuum chamber (Al, Cu, Stee
at ultra-low pressurg< 10
mbar), to avoid gascattering

y

magnetic pole

Particle beam must be kept in! o Ja %
A external magneticffocusing 300 MV/m ! .0
_ _ S/ " Ry e\ X
Fel _ 4qlEl _ E — 9 IEI _ o]
— p— = — - 5h = =, — C X 4 2
| Fn | q|TAB| vB | B| ﬁ Normalized quad ‘*-;,;’N
/ ) strength:

1Tedl®es | aé
[T/ m]

21 __
klm™*] = 029987}92[(361//4
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"V gE S| Betatron motion

Y ~y . Alternatedfocusing and defocusing quads can provide effective
V \i\\ﬂl/ A s focusing, i.estability, simultaneously itboth planes

Hilk'sfeds (paeudeoscillators) assumknear motion& no frictional forces

u(s) = /2JuBu cos Apy

u'(s) = —4/ %%” (@, cos Apy, + sin Auy,)

@ &
\ /
Emittance: Betatron tune = # oscillations per turn

~ Area 0, = % ds 271;_RS
EH — 7T — U-HU-HI 271' ﬁu( ) ﬁu
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"— v 29 Nonlinearities

1. Particles:at (slightly) different.energies-a 2al 3VSian YAalta

focused . differenthys linear ehromaticity: S NNE NE & NBatichaltunes
¢ resonancesan lead:to:beam:lo4s

effect enhanced by
many strong quads

3. Sextupolemagnets.correct the chromaticity,

put at the cost-of, higher order aberrations!

effect enhanced

.12 by many d|p0|eS
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q o rone Radiation damping, quantum excitation

C Radiation quanta emitted with small but non-zero C RF cavities restore the longitudinal
angle. Total momentum of electrons is reduced. momentum only. Transverse
divergence of electrons is reduced.

PHOTON

ELECTRON

C Average variation of oscillation amplitude? in a turn:

h Ai X C _
{%{JA§}¢}R = {%{dﬂi'ﬁ}é)ﬂ + {%%(HZ}H 27‘ BIR + zjjﬁ (H .E%u‘}ﬁ\: 0
Characteristic ; "Y!O Radiatedpower &
,,,,,,,,, damping time Y dispersivemotion
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PV ZUS Horizontal emittance

T T T T T T T

g 4 =2t/t -2t/t
Quantum fluctuations Snarmal = 816’ S O eq (1 — € d )

h or
intra-beam scattering | )

il \ 2 H> C 2
| ey = C, 2 Hx)R |— pCe
/Em i x.'eq CB IJC R ¥ Ng
Equilibrium value 7
s i R This is driving world-wide upgrades
0 2 4 6 8 to multi-bend lattices (4" generation).
damping times Radiation is far more collimated and

more intensei hi gher Abri
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Pulse Length (ps)
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Bunch length

10*

C Intrabeamscattering(multiple small angle events) enlarges the

T T T T T
I. Martin, PhD Thesis (2011)
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Voltage (MV)

emittances through diffusion, in proportion to the 3D charge dens

A Mitigated through higheharmonic/RF cavityised to flatten the
beam longitudinal phase space and maka@2 longer bunches

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

S.C. Leemann, PRST-AB 17, 050705 (2014) 90— T T T T 3 480
T (incl. IBS) —— /
80 Ty (N0 I1BS) + IBS 4 460
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60 4420 ©
= g
=
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e 2
40 <4380 &
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-Vl | iouville’s theorem

4 . .. . , .. , X . aH - oH )
The dynamics of a non-dissipative system obeys Hamilton's equations: q = » PTag
The phase space area (hyper-volume) in proximity of an orbit is a constant of motion. )

KA storage ring is mot a Hamiltonian system because of radiation emission and acceleration.\
However, it behaves as if it were a Hamiltonian system.

¥ The éphdisp dpacs’ebeasnpmitierde isbaec@nntane onindtivm

KA storage ring is not a linear system because of high order )
magnetic field components.

However, it behaves as a linearized system.
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S Multi-bend lattices
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5 " - C From relatively sparse to tight,
- K OQr Ju ‘ .
dense, strong focusing lattices

A Complex dipoles with transverse
and/or longitudinal gradients

cowpLexeenD A Combined multipole magnets
| A Fringe-field interference

300cm

A 3-D fi-évived optimization of
magnets design

Courtesy I. Cudin,
G. Le Bec, T. Shaftan
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Emittance landscape

BT

TLS-N SSRC
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3'd generation: DBA, TBA

n- .
M DA PLS Light from 2-bend
, 7 o s/ : :
MAX-II / ) L o ¥ _ELETTRA . cell magnetic lattice
SESAME 15 ¢ ~TSRF =
2
CAND ‘ z
o LEIL =
magn ets tgaPs ! Fe DIAMOND
NanoTerasug 3mm
teChnOIOQy 5P5||’x..’/ m 2 4 0 1 2 3
Horizontal Position
APS ,
GLETTRA-2.D @ SPRINGS @ PETRA-III Light from ©b=-bend

cell magnetic lattice

@ 51S-2
BESSY-IlI

ALBA-II
SOLEIL 11

Vertical Position

4th generation:
MBA+RB B3mm 2 1 0 1 2 3

PETRA-IV

MBA +RB

50 Courtesy L. Hoummi
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o one Smaller beams drive undulator technology

Stronger field by shorter poles - technoVogi’caV chaWenge

=[C=r—pUTr—

Shorter poles permit

lower beam energies Q energy & cost saving

Courtesy B. Diviacco, H. Tarawneh, M. Valleau, S. Casalbuoni, M. Calvi
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-|Commun. Phys
6, 82 (2023).
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