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Storage Ring based light sources
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* The needs of materials research
* The properties of synchrotron radiation
» Electron storage rings as light sources

*» The Swiss Light Source SLS

= Achievements of SLS operation
= Upgrade plans

= Summary & outlook
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Materials research: particles

Neutral particles

penetrating matter
(no Coulomb interaction)

— diffraction
experiments

= neutrons
= SINQ

= photons
= organic matter
= very high flux

= SWISSFEL
=>SLS

/'

Penetration depth for neutrons, photons,

electrons of 1.4A as a function of atomic number Z
Figure taken from Roger Pynn, Neutron scattering - a primer,
Los Alamos neutron scattering center, 1989
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Materials research: energy

= Molecular scales
~1A =101m
(Range 10-1...10-"m)
= scale of structure

$

size of probe

= Photon wavelength
A ~1A
= Photon energy
E =pc~ 10 keV

= Neutrons: E;, ~0.1eV

Figure based on Roger Pynn, Neutron scattering - a
primer, Los Alamos neutron scattering center, 1989 &
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Materials research: brightness

= small sample size: e.g. protein crystal <0.1 mm
= high resolution micro- & spectroscopy
= many samples: short measuring time

= high photon density on sample:
* photons per second
* photons per band width BW = AE/E energy interval (usually 0.1%)
* photons per area on sample: depends on beam line photon optics

= figure of merit: Brightness
= 6-dimensional invariant photon phase space density

a photons
~ (area) x (solid angle) x (time) x (energy interval)

photons
s mm*mrad’BW

= prightness unit:
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Synchrotron radiation: power

= circular acceleration of
highly relativistic electrons ﬂ

= Lorentz factor y =E/m ? ~ 10310 “dipole magnet
- radiated power of accelerated charge P, ~ (dp/dt’)?
 acceleration in moving system dp/dt” = y dp/dt
 acceleration in lab system dp/dt =E/R

= centrifugal acceleration in magnet of of radius R

= radiated power of electron, scaling P, ~E*

= Total radiated power of storage ring
4
PIkW] =885 kw x 1. [a] EL5eVD)

beam R [m]
= SLS : P=205kW
lpoarn= 0.4 A, E=24GeV (y=4700), R=57m(B=14T)
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Synchrotron radiation: collimation

= Lorentz transformation to laboratory system

p,=E/c p,/ =0 p,=p, pP,=yE’/c=7p,

= Collimation angle: ® =p,/p,=1/y
= SLS: ®=0.2 mrad
= pbeam spot @ 1cm after 25 m
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Synchrotron radiation: photon energy

= Observation from
narrow sector (20 <<1)

= pulse duration = time delay:
electron — photon

~ 2R®  2Rsin®
cp C

= “typical” energy
Eyp = hv = h/At ~ 3hc/(4R) x v?

= SLS: E,, =17 keV = X-ray!

Al

typ
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Synchrotron radiation: spectrum

Radiation spectrum 1

from dipole magnet
dP/dw = P/lox S(w/ow,) E =ho

—-— —
/ -

0.777 &72/e5| ™\

. . 10 ™3
H. Wiedemann, Accelerator physics 2 i—

10
= Continuous _ \
spectrum . R I D S S
p' ' R AR 10 2 10 - 1 )e=ow,
= Critical energy | | . :
EC — Etyp/ﬂ Fig. 7.12. Universal function: S(w/wc)=—8;r—w—cw}£cK5/3(a;) dz

E. [keV] = 0.665 B [T] - (E, [GeV])? -
= SLS:E,=5.3keV (B=14T, E=24GeV)
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Synchrotron radiation: Undulator

= many small dipoles
N ~ 20...100 periods

= angle/pole < 1/y
(1/y = radiation opening angle)

= Interference
= line spectrum
SLS UE54 undulator —
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Synchtron radiation: undulator brightness
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Synchrotron radiation: brightness

_ N (E)
(6,@¢&,(E))x (g, De, (E)xBW

N(E) spectral photon flux (dipole or undulator)

B(E)

g, €, €lectron beam horizontal /vertical emittance:
» 2-d phase space area (position & angle)

e units: mm-mrad, nm-rad, pm-rad

¢ SLS emittances: g =55nm, ¢g,~1.10pm " vertically
¢, (E) diffraction emittance: g~ A/4n (A = hc/E) Hited
* e.g. protein crystallography: E~10keV = ¢ ~10pm —»| source

@ convolution of 2-d phase space distributions
« matched distributions: & = + ﬁ
(same aspect ratio and tilt)

matched: + unmatched: ®
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Storage ring: equilibrium emittance

Horizontal emittance in electron storage ring:
lradiation dampingd = equilibrium < Tquantum excitationT

iIndependent from initial conditions !

classical radiation damping guantum excitation

photon emission:
recoil & energy loss

initial momentum

initial path

~~ radiation
.............................. ; in magnet
p 2 I
| >ps reference
acceleration
in cavity path for AE<0
recirculation: @ particle oscillations: stochastic

damping of transverse momenta distribution of transverse momenta

how to

ﬁ maximize this -- and -- minimize this ﬁ

?
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Storage ring: low emittance lattice

Beam energy
Deflection angle per dipole

Minimum emittance [/ peam opics.
g, ~ 1/6 pm (E[GeV])? (D[°])* F

= many (n) small dipoles: ® = 360°/n

= focus to magnet center: F = 2.5 x F_i

Foa= 3 dispersion Foa= 1 Foin 1
vV ] Vv T HE

end bend centre bend [longitudinal gradient]

many dispersion-free straight sections for undulators:
= combine end & centre bends to
double/triple/N-bend achromats (DBA, TBA, NBA)
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Storage ring: building low emittance lattices...

B, = “beta function” = normalized beam size = ¢,%/e, (z=x;y)

D = dispersion = off-momentum orbit = Ax/(Ap/p)
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Storage ring: dynamic aperture challenge

= Bright photon beams ir‘notr;‘a'[‘n”;agrgg”p"’;]”;fes
= small electron beam space (y, p,)

= strong focusing

=> chromatic quadrupole errors

= correction by sextupole magnets
= nonlinear sextupole field B ~ x?

= deterministic chaos:
particle losses beyond some
amplitude: dynamic aperture

= reduced lifetime of stored beam

reduced rate of injection into ring SLS magnets
42 dipoles

= -I.-O do . 177 quadrupoles

= find optimum sextupole scheme 120 sextupoles

= correct machine imperfections 12 undulators

= SLS2009: | 1gg d:(pole cor(;ectorls
measured lifetime agrees with i S e¥V qula rupo etS
calculation for the ideal machine. Sextupole correctors
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Storage ring: vertical emittance

Quantum emittance

« vertical emittance for ideal, flat lattice:
no vertical dispersion = no excitation of oscillation

 only direct photon recoil (1/y radiation cone)
* Independent of beam energy

¢ SLS quantum emittance =0.20 pm

= ultimate limit of vertical emittance

Coupling emittance

« Magnet misalignments and imperfections:
displacements and rotations

=>spurious vertical dispersion: vertical quantum excitation

= betatron coupling: horizontal oscillation = vertical oscillation
Vertical equilibrium emittance

 usually: coupling emittance >> quantum emittance
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/AN

transfer lines
90 keV
pulsed (3 Hz)
thermionic 100 MeV
electron gun pulsed linac

Synchrotron (“booster”)

SLS: layout

Electron beam cross
section in comparison
to human hair

Current vs. time

100 MeV —> 2.4 [2.7] GeV
within 146 ms (~160’000 turns)
2.4 GeV storage ring
8)(: 5068 nm, Sy: 110 pm/v
400+1 mA beam current '
top-up operation
- / 349.35 | 4 day:s
shleldlng/ >
walls cireerns oyoeros wsaeus syieorey ecaeen mencns wiecrm e s

Andreas Streun, PSI Juas visit to PSI, February 2014

Legend:|

ARIDI-PCT:CURRENT |




. storage ring lattice

12 TBA: . Mﬂx B, D M -
8°/14°/8° o

= [m]
]

20 - F-o0.1

12 straights:
3x11.5m " o
3x 7.0m .- N
6x 4.0m . , v ) A |

LIUE LU UUUIE N UL LU TLEL AL

Energy 2.4 GeV Mom. compaction 6.3-104

Emittance 5nm rad Radiation loss 512 keV

Circumference 288 m Damping times 9/9/4.5ms

Radio frequency 500 MHz Energy spread 8.9-104

Tunes 20.41/8.17 | | rms bunch length 3.5mm

Chromaticities -66 / -21 Beam current 400 mA

all data before FEMTO upgrade, without insertion devices and without harmonic cavities
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SLS: beam lines overview

Andreas Streun, PSI Juas visit to PSI, February 2014



SLS: history

June
June

Dec.

June

July

Jan.
May

Dec.

1990

1993
1997
1999

2000
2001

2001

2005
2006
2010
2011

Andreas Streun, PSI

First ideas for a
Swiss Light Source

Conceptual Design Report
Approval by Swiss Government
Finalization of Building

First Stored Beam _——

Design current 400 mA reached
Top up operation started

First experiments

Laser beam slicing “FEMTO”
3 Tesla super bends
~completion: 18 beamlines
Vertical emittance record: 1 pm
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Achievements: beam stability

Top up operation: thermal stabllity
Beam position monitors: resolution < 0.3 um

Digital power supplies:
stability and reproducibility < 30 ppm

Frequent beam based BPM calibration
(“beam based alignment”)

Undulator feed forward tables

Fast orbit feedback system (<100 Hz)
Photon-BPM integration in orbit feedback
Filling pattern feedback system

= Photon beam stability <1 um rms (at frontends)
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Achievements: ultra-low vertical emittance

= Dynamic girder alignment system

= Vertical alignment with stored
beam and orbit feedback.

= Measurement of coupling matrix:
vertical orbit response to horizontal excitation

= Measurement of spurious vertical dispersion:
vertical orbit as function of energy

= Model based compensation using 36 skew quadrupoles.

= High resolution monitor:
beam size from vertical polarized
synchrotron light image

= Random walk optimization
of beam size using skew quads.

= World record low vertical emittance:
€y = 0.9+0.4 pm (quantum limit; 0.2 pm)
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Achievements: optics corrections

= correction of beta functions tuning 177 quadrupoles
= beta beat (= AB/f ) down to ~ 2% rms.
= suppression of coupling using 36 skew quadrupoles

= suppression of sextupole resonances using 12
auxiliary sextupoles

= momentum acceptance skew quads and
(=momentum dependent A sext O
dynamic aperture) restored.

= beam lifetime in agreement
with design calculations.

Theory

(ideal lattice) skew quads and

aux.sexts OFF

nominal

Measured beam lifetime _——
RF-Voltage [MV] value

(normalized to o, and bunch current)
as a function of RF voltage

Normalized life time [hrs mA / um]
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Achievements: FEMTO

Tunable sub-picosecond X-ray source

= 50 fs FWHM high power laser

= Modulator wiggler
- energy modulation in thin slice of bunch —”

= Magnetic chicane
 translation of modulation to horizontal separation

= Radiator undulator . 100 fs
* source of X-ray synchrotron radiation o fideasks

= Beam line optics (slits & toroid) \ N gttt
« extraction of radiation from modulation

Y
— 150 fs FWHM X-ray pulses

* low flux, but high stability
* time resolved sub-ps X-ray experiments

== (5 -% 2), 1 mJlem?®
e (5 -% 2), 7 mdicm?
e (5.2 2), 7 mdiem?

X Normalized diffraction intensity
ol
Fo

-0.5
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SLS upgrade: a new generation of rings

Pioneer work: MAX IV (Lund, Sweden)
Aperture reduction <@ Multi-Bend Achromat

[m]

HEEOODOOR BT
Ha D00 e D

Dizp

g 'BXﬂy Lo.o
20 - Lo.o
: 83
91s- [~6.02 &
# L -0.04 %
210 - F-0.06
5 L -0.08 U
H L -0.

m 5-

= F-0.

] F=0.

MAX-4 ol i

Ty —————

Small magnet bore: short & strong multipoles
high gradient — = short lattice cells

pumping by distributed = low angle per bend
getter metal (NEG)

Emittance ~ (bend angle)3

= Emittance reduction from ~nm to ~10...~100 pm range

Andreas Streun, PSI Juas visit to PSI, February 2014



SLS upgrade: new light sources

> 2020 : SLS no longer competitive !
Machines under construction

NSLS-II 2.0 nm (> 600 pm with DW [damping wiggler]) @ 3 GeV, 2014
MAX-1V 340 pm (= 170 pm with DW) @ 3 GeV, 2015

SIRIUS 280 pm @ 3 GeV, 2016

Light source lattice upgrade plans, keeping tunnel and beam lines
ESRF 4.0nm @ 6 GeV - 160 pm (2019 ?)

Spring-8 3.4nm @ 8 GeV -2 68 pm @ 6 GeV (2020 ?)
APS 3.1nm @ 7 GeV -2 60 pm @ 6 GeV (2020 ?)
ALS 20nm @ 1.9 GeV -2 52*pm @ 2 GeV (2020 ?)
SLS 50nm @ 2.4 GeV -2 100pm @ 2.4 GeV ?
Re-use of HEP machines, keep tunnel and parts of old lattice
PETRA-III - 1 nm (with DW) @ 6 GeV, 2008 v

PEP-X USR -2 29 pm (= 11 pmwithDW) @ 4.5 GeV
Tevatron-USR 2> 3*pm @ 9 GeV

*fully coupled: g, = &,
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SLS-2 upgrade: concept

Constraints
= keep building, tunnel and injector complex

« challenge: relatively small circumference of only 288 m
= keep all beam lines (undulators and dipoles)

Concept

= use longitudinal gradient superbends
- field variation B,(s) — low emittance
* hard X-rays for users: 6T peak field — 40-100 keV photons

Plan

= Letter of Intent submitted to government (Jan. 2014)
= get onto “road map” for 2021-24

= Time schedule and cost estimate:
« 2014-17 pre-studies & conceptual design report.
¢ 2017-20 detailed design report & prototypes.
¢ 2021-24 construction & commissioning.
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SLS-2 upgrade: draft design for € <100 pm

51622

g\ S 2

8° longitudinal gradient 6 T-superbend

for hard X-ray flux and low emittance | = pics A/\/vm [000n
B B, D oo

° FI| IF-I-1D 11 ' I|lll:lql LNl a-qu
s T Emittance reduction

) 5020 pm (SLS)

ke 33338

T o, 87 pm (SLS-2) =

0 20 40 60 80 100

Dipole Flux [ph/mr”2/sec/0.1%bw]

3.50E+13 +
3.00E+13 +
2.50E+13 +
2.00E+13 +
1.50E+13 +
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Summary and outlook

= 13 years of positive experience with SLS

* Experimental program

» Accelerator operation
« World records: stability and vertical emittance

* Femto: unique source of sub-ps X-rays

= Complementary: SLS <& SwissFEL

* FEL: few beam lines, very high peak brightness
« Storage ring: many beam lines, excellent stability

= Upgrade plans
» factor 50 lower horizontal emittance ?

= major SLS upgrade > 2020 ?

Juas visit to PSI, February 2014
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SLS: budget

iIn MCHF (costs < 2002)

Total Project Budget 159

Building 63

Accelerators planned
General 12
Linac 6
Booster 12
Storage Ring 42
total 96

4 Initial beam lines 24
+ SLS related PSI budget

(no salaries included)
("turn key", incl. infrastructure)
spent
11
6
11
40

92 __,
28 <

~ 90
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