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What’s in a name?

USR
• The term “ultimate storage ring” was first use 

in 2000:
A. Ropert, J.M. Filhol, P. Elleaume, L. Farvacque, L. 
Hardy, J. Jacob, U. Weinrich, "Towards the Ultimate 
Storage Ring-Based Light Source", Proc. EPAC 2000, 
Vienna.

• “Ultimate” may have many meanings, 
including providing everything for every user

4GSR
• 4th generation storage ring
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DLSR
• Diffraction limited storage ring
• All storage rings are diffraction limited for some λ

𝜺𝜺𝒓𝒓 𝝀𝝀 =
𝝀𝝀
𝟒𝟒𝝅𝝅



The evolution of accelerator-driven X-ray sources in 100+ years

3HEPS Beijing



Circular particle accelerators
Ion cyclotron (1931)

Electron betatron (1935)

A German 6 MeV 
electron betatron in 1942

Electron synchrotron (1945)

First observation of man-made 
“Schwinger radiation” from GE 70-
MeV electron synchrotron - 1947
Pollock, Langmuir et al.



Ring-based synchrotrons and the first storage rings
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Anello di Accumulazione – ADA, ~1 GeV
B. Touschek, proposed 1960

300 MeV electron synchrotron 
at University of Michigan, 1949 1968 – Tantalus I - first 

dedicated SR storage ring 

Cosmotron – early 50s  ~3 GeV 
proton synchrotron

https://en.wikipedia.org/wiki/University_of_Michigan


1st generation of storage ring light sources
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• Parasites on electron synchrotrons (1950s and 60s)
Moscow Univ/Lebedev Inst, DESY, Roma Univ/Frascati, Bonn Univ, NBS/Washington DC, 
Univ of Tokyo, Cornell, CEA, NINA

• Parasites on e+/e- colliders (1970s +)
SPEAR, DORIS, VEPP-3, DCI, CESR/CHESS, ...

• Bend magnet and wiggler X-ray sources

SPEAR 1971



SSRP beamlines

1971
1972

1974



2nd generation of storage ring light sources
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• Parasitic or dedicated on storage rings using bend magnets and 
wigglers

• Typically FODO lattices, few hundred nm-rad emittances
SOR-RING, SRS, Photon Factory, UV-SOR, NSLS-I, Aladdin, Super ACO, Hefei,  …

1981 - Daresbury SRS, first 
dedicated 2nd gen source (2.5 GeV)

NSLS – 1982 VUV, 1984 X-ray (2.5 GeV)1982 - Photon Factory (2.5 GeV)

Ken Green, 
Marty Blume, 

Renata Chasman

Chasman-Green lattice (DBA) 
becomes basis of 3rd generation, 

with variants



Brightness and undulators
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• Narrow slits (spectroscopic resolution), small apertures, 
microfocus applications, etc., become more important

• Brightness becomes a metric of interest in late 70s and 
80s

• Undulators become IDs of interest 
• Vitaly Ginzburg showed theoretically that undulators could be built 

in a 1947 paper.
• Julian Schwinger reduced the necessary calculations to Bessel 

functions in 1949.
• Hans Motz and his coworkers at Stanford University demonstrated 

the first linac undulator in 1952.
• Installation of undulators in storage rings at the Lebedev Institute in 

Moscow and the Tomsk Polytechnic Institute in 1970s.
• Undulators only became practical devices for insertion in 

synchrotron light sources in 1981, when teams at the LBNL, SSRL, 
and at BINP developed permanent magnetic arrays, known 
as Halbach arrays,

Klaus Halbach with Kwang-Je 
Kim witha model of an undulator 

that Halbach designed in 1986

https://en.wikipedia.org/wiki/Vitaly_Ginzburg
https://en.wikipedia.org/wiki/Julian_Schwinger
https://en.wikipedia.org/wiki/Bessel_function
https://en.wikipedia.org/wiki/Hans_Motz
https://en.wikipedia.org/wiki/Stanford_University
https://en.wikipedia.org/wiki/Halbach_array


Brightness and coherence formulation
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others:
R. Walker
R. Coisson
......



Brightness and coherence
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Spectral brightness: photon density in 6D phase space

𝐵𝐵𝑎𝑎𝑎𝑎𝑎𝑎(𝜆𝜆) ∝
𝑁𝑁𝑝𝑝𝑝(𝜆𝜆)

(𝜀𝜀𝑥𝑥 (𝑒𝑒−)⨁𝜀𝜀𝑟𝑟 (𝜆𝜆)(𝜀𝜀𝑦𝑦 (𝑒𝑒−)⨁𝜀𝜀𝑟𝑟 (𝜆𝜆))(𝑠𝑠 � %𝐵𝐵𝐵𝐵)

Coherent fraction:

𝑓𝑓𝑐𝑐𝑐𝑐𝑐 𝜆𝜆 =
𝜀𝜀𝑟𝑟2(𝜆𝜆)

(𝜀𝜀𝑥𝑥 (𝑒𝑒−)⨁𝜀𝜀𝑟𝑟 (𝜆𝜆)(𝜀𝜀𝑦𝑦 (𝑒𝑒−)⨁𝜀𝜀𝑟𝑟 (𝜆𝜆))

Coherent flux:

𝐹𝐹𝑐𝑐𝑐𝑐𝑐 𝜆𝜆 = 𝑓𝑓𝑐𝑐𝑐𝑐𝑐 𝜆𝜆 � 𝐹𝐹(𝜆𝜆) = 𝐵𝐵𝑎𝑎𝑎𝑎𝑎𝑎 𝜆𝜆 �
𝜆𝜆
2

2

𝜺𝜺𝒓𝒓 𝝀𝝀 = 𝝈𝝈𝒓𝒓 𝝀𝝀 𝝈𝝈′𝒓𝒓 𝝀𝝀 =
𝝀𝝀
𝟒𝟒𝝅𝝅 (εr = 8 pm-rad for λ = 1Å) 



• General representation brightness that accommodates diffraction, transverse and longitudinal 
extent of source, near field distribution, and that can be propagated with transport matrices

• In wave optics, distinct position in phase space not possible - Heisenberg uncertainty principle
• Fourier transform of mutual coherence function of electric fields

Brightness: phase space method in wave optics
KJK, 1986 and before
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Wigner quasi-probability distribution - 1932



Photon diffraction-limited emittance...?

𝜺𝜺𝒓𝒓 𝝀𝝀 =
𝝀𝝀
𝟐𝟐𝝅𝝅

Elleaume



3rd generation of storage ring light sources
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Dedicated facilities optimized for undulators, <10 nm-rad emittances
ESRF
APS
SPring-8
ALS
ALBA
BESSY-II
SPEAR3
SLS
DLS
Soleil
Elettra
SSRF
TPS
PLS
NSLS-II
etc.

ESRF
Grenoble

ALS
Berkeley

NSLS-II
Brookaven

SPring-8
Hyogo PrefectureSSRF

Shanghai

APS
Argonne



Light sources around the world
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𝜀𝜀𝑋𝑋~𝐹𝐹(𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)
𝐸𝐸2

𝑁𝑁𝑑𝑑3

ℋ 𝑠𝑠 = 𝛾𝛾(𝑠𝑠)𝜂𝜂 𝑠𝑠 2 + 2𝛼𝛼(𝑠𝑠)𝜂𝜂(𝑠𝑠)𝜂𝜂′(𝑠𝑠) + 𝛽𝛽(𝑠𝑠)𝜂𝜂′(𝑠𝑠)2

𝛾𝛾 𝑠𝑠 =
1 + 𝛼𝛼(𝑠𝑠)2

𝛽𝛽(𝑠𝑠) 𝛼𝛼 𝑠𝑠 =
−𝛽𝛽𝛽(𝑠𝑠)

2

𝜀𝜀𝑥𝑥 = 𝐶𝐶𝑞𝑞
𝛾𝛾2

𝐽𝐽𝑥𝑥

∮ℋ(𝑠𝑠)/𝜌𝜌(𝑠𝑠)3𝑑𝑑𝑑𝑑
∮ 1/𝜌𝜌(𝑠𝑠)2𝑑𝑑𝑑𝑑

Low emittance lattices and the diffraction limit

𝜀𝜀𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝜆𝜆) =
𝜆𝜆
4𝜋𝜋

𝜀𝜀𝑊𝑊
𝜀𝜀0

≈
1

1 + �𝑈𝑈𝑊𝑊
𝑈𝑈0

damping wigglers

𝜀𝜀𝑥𝑥 =
1

1 + 𝜅𝜅 𝜀𝜀0 𝜀𝜀𝑦𝑦 =
𝜅𝜅

1 + 𝜅𝜅 𝜀𝜀0



Dawn of the 4th generation MBA  era – on paper



2003: 3 GeV, 528 m 
330 pm
7BA

MAX-IV - Sweden



MAX-IV
Courtesy S. Leemans

SPring-8
concept
K. Soutome

heater tape for 
in-situ NEG 

bake-out Sirius

APS and APS-U chambers

Small aperture magnets made possible with 
NEG-coated chambers



4GSRs in the works

844 m, 6 GeV, 200 mA, 150-pm
hybrid 7BA  (Raimondi) + permanent magnet 
longitudinal gradient dipoles (Wrulich, 1992)

ESRF-EBS

Sirius - Brazil
479.7m, 3 GeV, 280-pm, 5BA

• 288 m, 2.4 GeV, 400 mA, 98-126 pm
• 7BA +  longitudinal gradient dipoles + antibends

(Streun)
• Longitudinal injection being considered

SLS-2

1100-m, 6 GeV, 200-mA, 42-pm 
hybrid 7BA + longitudinal gradient dipoles + 
antibends, swap-out injection (Borland et al.)

APS-U



4GSRs in the works – cont.

1435.4 m, 6 GeV, 100 mA, 149-pm 
hybrid 5BA + longitudinal gradient dipoles
6-GeV injection from linac

SPring-8-II

6-GeV SACLA FEL
SPring-8 has it all....

1360 m, 6 GeV, 200 mA, 34 pm
7HBA, longitudinal bends, reverse bends
Booster/accumulator for swap out/recovery
Investigating longitudinal injection

HEPS
Beijing

197 m, 2 GeV, 500 mA, 
< 85 pm, 9BA, reverse 

bends, accumulator for 
swap-out/recovery

ALS-U

2304 m, 6 GeV, 500 mA, 
~10 pm, h7BA, reverse bends
XFELO?

PETRA-IV
early planning
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courtesy A. Nadji, Soleil
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courtesy A. Nadji, Soleil



Trends in storage ring lattice design
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MAX-V 19BA? courtesy R. Walker, DLS



More aggressive lattices?
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“Complex Bend” – T. Shaftan



Diffraction limited source
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courtesy C. Steier



New IDs for APS-U
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Super Conducting Arbitrary Polarizing Emitter (SCAPE)
 A 4-jaw superconducting undulator for providing variable polarization 

source for use in POLAR beamline, APS-U
 Two ~1.3 m long devices in one cryostat
 Provides both circular and linear polarization

fast orbit switching

SC planar 
undulators 

E. Anliker, J. Fuerst, E. Gluskin, Q. Hasse, 
Ivanyushenkov, M. Kasa, I. Kesgin, J. Lerch, 

Y. Shiroyanagi, E. Trakhtenberg



Photon transport simulation tools
Levels of simulation: accuracy vs efficiency
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Coherent wavefront preservation
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4GSRs enable pivotal research across disciplines
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Ultimate storage rings?

FELs becoming more ring-like: higher rep 
rate, reduced photons/pulse (e.g. LCLS-II)

Can rings become more FEL-like: increased ph/pulse, 
reduced energy spread, short pulses, lasing?

Transverse and longitudinal transform-limited beams?
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FELs on rings

Vertical 
TGU

Bunch switched 
into FEL bypass 
(10-100 kHz) 

Z. Huang, Y. Cai, Y. Ding 

IPAC 2013

2013: PEP-X
4.5 GeV

300 Apk, 1 ps
1.5 nm FEL

2015:  Eletttra
1 GeV 455 Apk, 

0.7 ps
25 nm FEL

TGU

2007: PEP-X
4.5 GeV, 300 Apk, 10 ps

10 nm FEL



XFELO on 4GSR
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K-J Kim, R. Lindberg

2018: PETRA-IV
6 GeV, 40 Apk, 5 ps
9.4/9.4 pm, 18/3.6 pm, etc.
3 MHz rep rate  
14.4 keV FEL
under consideration

photon BW ~ 10-6
Will ERL light sources be back?

This workshop: Yong- Chul Chae1, Ryan Lindberg3, Ilya 
Agapov1, Wolfgang Hillert2, Kwang-Je Kim3, Ralf Röhlsberger1



back-up



Why bother with storage rings?



Because....
• Rings serve a much larger 

community of simultaneous users
• Spectral agility 
• A much lower cost per user and 

per photon
• Rings also have a 6D stability 

advantage over pulsed linac FELs 
(it could be a different story for 
CW linac FELs)

• Tickle and probe
• Take the CW FEL brightness and 

divide by 30+ ports and you lose a 
factor of 30+

“Brightness isn’t everything” – B. Stephenson, ex APS Director

courtesy S. Streiffer



Advanced simulation, tracking and analysis tools

DA, MA separated DA, MA together

Symplectic Tracking based methods

Robustness to magnetic, alignment errors Robustness ID configurations

MADX TRACY AT OPALEGO ELEGANTTracking codes: PTC

Frequency Maps 
FMA

Diffusion factor

GLASSDirect tracking based optimization

Resonance identification

Nonlinear 
“LOCO”

Genetic Algorithm
MOGA

Lie Algebra/Differential Algebra

Amplitude Tuneshift
minimization

Analytical based method

Resonance Driving Terms
RDT minimization

Canceling 
Sextupole
Resonances 

Interleaved 
sextupoles

Phase advances

from L. Nadolski, 
ICFA LowEring, 

Oxford 7/13
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courtesy 
A. Nadji



PEP-X
2007:   PEP3 study started

2013:  2.2-km hexagon
6 GeV, 200 mA
11/11 pm w/DW
7BA

2009: 2.2-km hexagon
4.5 GeV, 1.5 A 
160 pm w/ DW,
DBA

PEP-Xtra:  2.2-km circle
6 GeV, 200 mA
5/5 pm w/DW
7BA
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