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irst Principles: Global Optimization (PAC 2007)

Horizontal emittance (natural):  (fundamental limit is IBS).

Optimize (for Insertion Devices, (EPAC 2008):
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http://accelconf.web.cern.ch/AccelConf/e08/papers/tuxm01.pdf
http://accelconf.web.cern.ch/AccelConf/p07/PAPERS/MOOAAB01.PDF
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Systematic Approaches

“Closed-Loop” Control:
• lattice design,
• control of DA,
• guidelines for engineer-

ing tolerances, ring 
magnets, and insertion 
devices,

• correction algorithms,
• aka TQM in industry.

“Use Case” approach:
• model based control.
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http://www.jot.fm/issues/issue_2003_07/column1.pdf
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R ust Design and Control: Model Based (ICAP 2009)

Num
Methods

Model(s) &
Controls Alg.

Realistic
Model

Signal
Processing

Analytic
Methods

Control System
(equip. control)

Real
Accelerator

Challenge: re-use the design model
for model based (on-line) control.
ob

http://accelconf.web.cern.ch/AccelConf/ICAP2009/papers/tu3iopk04.pdf
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hasman-Green Lattices and Damping Wigglers
 Chasman, G. Green, E. Rowe “Preliminary Design of a Dedicated Synchrotron Radia-
acility” PAC 1975.

. Sommer “Optimization of the Emittance of Electrons (Positrons) Storage Rings” LAL/
-15 (1983).

 Teng “Minimum Emittance Lattice for Synchrotron Radiation Storage Rings” ANL LS-
85).

 Vignola “The Use of Gradient Magnets in Low Emittance Electron Storage Rings” NIM 
, 12-14 (1986) (-> ALS).
 Wiedemann “An Ultra-Low Emittance Mode for PEP Using Damping Wigglers” NIM 
, 24-31 (1988).
 Balewski et al “PETRA III: A New High Brilliance Synchrotron Radiation Source at 
” EPAC 2004.

 Ozaki et al “Philosophy for NSLS-II Design with Sub-Nanometer Horizontal Emittance” 
2007.
 Wang et al “Results of the NSLS-II Commissioning” APS, 2015.

dy 1985 Teng noted that (p. 18):
 theoretical minimum should be at least a factor 2 smaller than the desired 

tance because when one gets to the later steps, it is unlikely that one can 
n and then maintain optimum values for all the parameters.”
 system approach.
C
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http://accelconf.web.cern.ch/AccelConf/p75/PDF/PAC1975_1765.PDF
http://ccdb4fs.kek.jp/cgi-bin/img/allpdf?198402160
http://ccdb4fs.kek.jp/cgi-bin/img/allpdf?198402160
http://www.aps.anl.gov/Science/Publications/lsnotes/content/files/aps_1417575.pdf
http://www.aps.anl.gov/Science/Publications/lsnotes/content/files/aps_1417575.pdf
http://dx.doi.org/10.1016/0168-9002(86)90035-5
http://dx.doi.org/10.1016/0168-9002(86)90035-5
http://dx.doi.org/10.1016/0168-9002(88)90354-3
http://dx.doi.org/10.1016/0168-9002(88)90354-3
http://accelconf.web.cern.ch/AccelConf/e04/PAPERS/THPKF019.PDF
http://accelconf.web.cern.ch/AccelConf/p07/PAPERS/MOOAAB01.PDF
http://meetings.aps.org/link/BAPS.2015.APR.M12.2
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Ring-Based Syncr. Light Source

ynamic equilibrium for the horizontal emittance and

 (linear dispersion action)

artition numbers are governed by (“sum rule”, Robi
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http://dx.doi.org/10.1103/PhysRev.111.373
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ing-Based Syncr. Light Source: B

ynamic quantities can be expressed in terms of the 
rties for the lattice (Sands, 1970)

nvenient for linear optics design.
 isomagnetic lattice
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http://inspirehep.net/record/60854


9 of 46

ing-Based Syncr. Light Source: Basics (cont.)

 fixed number of dipoles, it follows that

e  is the total radiated power.
e, apart from IBS (Intra Beam Scattering), there is no “sho w stopper” for a 
ction limited ring-based synchrotron light source.

rly, PETRA III, NSLS-II, and MAX-IV (R&D by MAX-III) have “paved the way”; 
ow to avoid the “chromaticity wall”. An artifact originating from the TME 

eoretical” Minimum Emittance) cell; reductionism vs. “engineering-science”.
circumference for a few existing facilities are:

Facility Circ. [km] E [GeV]
ESRF 0.84 6
APS 1.1 7

SPRING-8 1.4 8
PEP X 2.2 4.5

PETRA III 2.3 6
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s. “A Common Mistake” (M. Borland, FLS 2010)
v

http://www-conf.slac.stanford.edu/icfa2010/proceedings/RingOverview10.pdf
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A Perspective (ESRF, LEL 2015)

http://indico.cern.ch/event/370770/session/1/contribution/3
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A easure for Stiffness of Chrom. Ctrl (ICFA 57, 2012)
 M

http://icfa-usa.jlab.org/archive/newsletter/icfa_bd_nl_57.pdf
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A Measure for Stiffness of Chrom. Ctrl (cont.)
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The NSLS-II “Wind Tunnel” (BNL, 2006)

Lie-Lib
(Forest)

TPSA-Lib (Berz)
(+, -, *, /)

Mod. Symplectic
Integrator

Polymorphic
Number Class

(+, -, *, /)

Tracking

Taylor
 Maps

Vector Flow
( )V 

Phase Space Vector
(+, -, *, /)

Dynamic
Aperture

Optics, ,
Lie generators,

Param. Dep.

NAFF-Lib 
(Laskar)

Frequency
Maps

Magnetic
Lattice

Tune
Scans

Engineering
Tolerances

Initial
Conditions

Euclidian
Group

Dynamic
Aperture

=> self-consistent: numerical simulations/analysis and
analytic techniques applied to the same (realistic) model.
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The NSLS-II “Wind Tunnel” (cont.)

ementation (~50,000 lines of C++, C, and FORTRAN code; two different 
s, Tracy-2 in C and Thor in C++, at the time).

Tracy-2
Library

Thor
(PTC)

Lattice File
bare lattice)

“Real” Lattice
(Flat File)

C Program:
lattice errors

obal orbit correction
control of IDs

ntrol of V. Emittance

Lattice Functions
Emittance (“real” lattice)

Tracking Data
FFT Results

Dynamic Aperture
Frequency Maps

Taylor Maps
Lie Generators

Map Normal Form
Tune Scans

Chromatic Correction
Impl
code

(

gl

co
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Lessons Learnt, ALS: Control of Orbit

• Only 2 sextupole families.
• Orbit control not robust; not “tied down” in the 

sextupoles (BPM placement based on linear 
optics).

• For the “48-Knob Scheme” see AIP Conf. Proc. 
255 (1991).

• For validation of the nonlinear model (Tracy-2), 
see J. Bengtsson et al (PAC 1994).

D. Robin et al (EPAC 1996)

r the linear optics see 
nola NIM 246A 1986.

EPAC 1988
Fo
Vig

http://escholarship.org/uc/item/3px2b4br
http://link.aip.org/link/?APCPCS/255/229/1
http://link.aip.org/link/?APCPCS/255/229/1
http://accelconf.web.cern.ch/AccelConf/e94/PDF/EPAC1994_1021.PDF
http://accelconf.web.cern.ch/AccelConf/e96/PAPERS/MOPL/MOP069L.PDF
http://dx.doi.org/10.1016/0168-9002(86)90035-5
http://accelconf.web.cern.ch/AccelConf/e88/PDF/EPAC1988_0359.PDF
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Closing-the-Loop (EPAC 1994)

http://accelconf.web.cern.ch/AccelConf/e94/PDF/EPAC1994_1021.PDF
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Lessons Learnt, SLS: Seven-BA-6

perspective see:
treun “Nonlinear Dynamics at the SLS Storage Ring” LER 2010 (4 phase tromb. and 33 sext. fam.).
altchev et al “Lattice Studies for a High Brightness Light Source” PAC 1995.

EPAC 1994 EPAC 1996
For a 
1.  A. S
2.  P. K

http://accelconf.web.cern.ch/AccelConf/p95/ARTICLES/FAB/FAB14.PDF
http://indico.cern.ch/event/74380/session/7/material/slides/1?contribId=30
http://accelconf.web.cern.ch/AccelConf/e94/PDF/EPAC1994_0627.PDF
http://accelconf.web.cern.ch/AccelConf/e96/PAPERS/WEPG/WEP102G.PDF
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Lessons Learnt, SLS: Seven-BA-6 -> TBA-12

G. Mülhaupt et al (NIM 404, 1998) A. Streun et al (PAC01)

 level of agreement between model & measurements is expected; for single 
icle dynamics. A matter of a first principles approach.
This
part

http://dx.doi.org/10.1016/S0168-9002(97)01168-6
http://accelconf.web.cern.ch/AccelConf/p01/PAPERS/TOPA003.PDF
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Closing-the-Loop: Beam Studies (2007) 

A. Streun et al 2009

www.diamond.ac.uk/dms/Events/NBD-workshop/day3/Andreas_Streun.pdf
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Closing-the-Loop (2009)

A. Streun et al 2009

www.diamond.ac.uk/dms/Events/NBD-workshop/day3/Andreas_Streun.pdf
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Observation, SOLEIL: Alpha Buckets

SOLEIL PAC 1999; validation by
6D phase-space tracking.
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D. Robin, E. Forest, C. Pellegrini, A. Amiry 
“Quasi-Isochronous Storage Rings” Phys. 
Rev. E 48 (1993).
H

'

http://accelconf.web.cern.ch/AccelConf/p99/PAPERS/TUP26.PDF
http://dx.doi.org/10.1103/PhysRevE.48.2149
http://dx.doi.org/10.1103/PhysRevE.48.2149
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NSLS-II: Initial Concept (EPAC 2003)

ar scaling of SLS:
BA-12, C = 288, = 5.5 nm·rad @ 2.4 GeV
×SLS”:
TBA-24, C = 523 m @ 3.0 GeV

 nm·rad @ 3.0 GeV

ever, dynamic aperture does not scale:  (J. Bengtsson EPAC 2006).

amer, J. Bengtsson “Optimizing the Dynamic Aperture for Triple Bend Ach-
tic Lattices” EPAC 2006.
insky, J. Bengtsson, S. Kramer “Consideration of a Double Bend Achromatic 
ce for NSLS-II” EPAC 2006.
aki, J. Bengtsson, S. Kramer, S. Krinsky, V. Litvinenko “Philosophy for 
-II Design with Sub-Nanometer Horizontal Emittance” PAC 2007.

x
3.0
2.4
------- 
  2 1

23
----- 5.5  1.1= =

̂x b
Line
 T

to “2
  

gives

How

S. Kr
roma
S. Kr
Latti
S. Oz
NSLS

http://accelconf.web.cern.ch/AccelConf/e06/PAPERS/THPLS088.PDF
http://accelconf.web.cern.ch/AccelConf/e06/PAPERS/THPLS090.PDF
http://accelconf.web.cern.ch/AccelConf/e06/PAPERS/THPLS087.PDF
http://accelconf.web.cern.ch/AccelConf/p07/PAPERS/MOOAAB01.PDF
http://accelconf.web.cern.ch/AccelConf/p03/PAPERS/TOPA007.PDF
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NSLS-II: Lattice Evolution

TBA-24 EPAC 2006-24 EPAC 2004 DBA-30+4 DWs EPAC 2006

3.8 1.2  C 630 m== 
Cell
---------- 2.1 1.1  C 758 m== 

Cell
---------- 3.3 1.4  C 780 m==

ngtssonEPAC06
TBA


Cell
----------

J. Be

http://accelconf.web.cern.ch/AccelConf/e06/PAPERS/THPLS087.PDF
http://accelconf.web.cern.ch/AccelConf/e06/PAPERS/THPLS088.PDF
http://accelconf.web.cern.ch/AccelConf/e04/PAPERS/THPKF088.PDF
http://accelconf.web.cern.ch/AccelConf/e06/PAPERS/THPLS090.PDF
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NSLS-II: Parametric Evaluation (CDR, 2006)

.

: ~$1 M per m.

x
IBS 0.2 0.25–  nm·rad=
• 

• 



C

http://www0.bnl.gov/nsls2/project/CDR/
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SLS-II: Parametric Evaluation (CDR, 2006, cont.)
N

http://www0.bnl.gov/nsls2/project/CDR/
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V al Accelerator (J. Rowland, DIAMOND, PAC 2005)

EPICS

VIOC

High Level
Applications

VIOC ... VIOC

Tracy-3

Connect EPICS to a virtual accelerator simulated with
Tracy-3 by Virtual IOCs; aka J.M.S. (James’ Model Server).
irtu

http://accelconf.web.cern.ch/AccelConf/p05/PAPERS/RPAE052.PDF
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Closing-the-Loop (M. Böge, SLS, PAC 2001)

e-use accelerator design model (Tracy-2) as on-line model:
y machine translating (with p2c) ~10,000 lines of Pascal code to C.
easible because the code is organized as a library and the internal beam 
ynamics model is: architectured, layered, and recursive.
• R
b

• F
d

http://accelconf.web.cern.ch/AccelConf/p01/PAPERS/TOPB012.PDF
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Model Based Control by Thin Clients (CD2, 2007)

Client-Server Architecture for HLA

Distributed  
Front-Ends

MMLT 
Client

Middle Layer 
Servers

Physical 
Device

Ethernet

PVAccess
Model 
Server

Production 
HLA Client

PVAccess/CAC PVAccess/CAC

Control 
System 
Studio

PVAccess / CAC

Diagnostics
CASPVA

Tracy-3

PVAccess
Channel 

Finder Svr

SQL

RDB

PVAccess/CAC
Multi-

Channel 
Arrays Svr

Physical 
Device

Power Supplies
CASPVA

Physical 
Device

RF
CASPVA

Physical 
Device

Vacuum
CASPVA

Physical 
Device

Utilities etc..,
CASPVA

PVAccess/CAC
Save/Compar
e Restore Svr

SQL

Scripting 
HLA Client

PVAccess/CAC

IRMIS

PVAccess
Lattice 
Server

SQL

IRMIS

PVAccess/CAC
Magnet 
Conv, 

Response 
Matrix, 

Dispersion, 
etc….

Serves orbit, 
magnets, any 
array of 
channels

Completed
Early Development
Being Extended

LS2 Simulation
(Tracy-3)

Diag & PS
CASPVA

• In collaboration 
with B. Dalesio.

Improved by G. 
Shen et al (PAC 
2011):
Name Srv, Twiss 
Srv, etc.

http://accelconf.web.cern.ch/Accelconf/PAC2011/papers/mop250.pdf
http://accelconf.web.cern.ch/Accelconf/PAC2011/papers/mop250.pdf
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LS-II: Storage Ring Commissioning (APS, 2015)
NS

http://absuploads.aps.org/presentation.cfm?pid=11411
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NSLS-II: Predictable Results (APS, 2015)

http://absuploads.aps.org/presentation.cfm?pid=11411
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NSLS-II: Predictable Results (APS, 2015)

http://absuploads.aps.org/presentation.cfm?pid=11411
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tside the Box”: MAX User Mtg 2008 (M. Eriksson)

Question:
What is
fundamentally 
different from
previous
designs?
“Ou

https://www.kth.se/polopoly_fs/1.125173!/Menu/general/column-content/attachment/KTH-MAXIV.pdf
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Pushing the Envelope: MAX-IV Seven-BA-20

re TME, instead, focus on . Provide space (by innovative magnet 
gn). Introduce octupoles to improve (=> direct) control of the second order 
upolar driving terms (M. Eriksson et al PRST-AB 12, 120701, 2009).

1 N3

-IV Project Status Report, 2010:
mittee consider MAX-IV an innovative and daring project and concluded 

R (Detailed Design Report) has addressed all the issues relevant to achiev-
he performance goals... tolerance requirements... are demanding but not 
nd what is reachable...”

See also V. Litvinenko FLS 1999
Igno
desi
sext

MAX
“Com
that
...DD
ing t
beyo

http://dx.doi.org/10.1103/PhysRevSTAB.12.120701
https://www.elettra.trieste.it/events/2010/ESLS_XVIII/docs/ESLSXVIII_Tavares.pdf
http://www.aps.anl.gov/News/Conferences/1999/FLSworkshop/proceedings/papers/inv04.pdf
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Colliders: The FODO Ce

near optics for a FODO cell

l known (for )

 we have used .
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Colliders: The FODO Cell (c

s considered being used for e.g. a damping ring, th

,

  is the linear dispersion action

 to leading order is

as a min for
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Colliders: The FODO Cell (c

ver, this is a leading order result. An exercise in alg
esult (Helm, Wiedemann SLAC PEP Note 303, 1973)

 has a min for

ver, a formula is (to our knowledge) not provided for
an show that
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


=

http://www.iaea.org/inis/collection/NCLCollectionStore/_Public/20/037/20037614.pdf
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“R&D”: The OFODOFO Cell

linear dispersion action has a min for

.

Qf Qf

Qd

xc
Lb

24
----------,= 'xc 0,=

xc 0,= xc
Lb

2 15 1 3
8
---kdLb– 3

80
------kd

2Lb
2+

-----------------------------------------------------------------------,=

H s  min
Lb

2

12 15
---------------- 1 3

8
---kdLb– 3

80
------kd

2Lb
2+=
The 
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“R&D”: The OFODOFO Cell (cont.)

can also show that

.

x 2 3
15

----------
1 1

4
---kdLb–

1 3
8
---kdLb– 3

80
------kd

2Lb
2+

---------------------------------------------------------–

 
 
 
 
 

atan=

x
12

8 15
-----------------

1 1464
3072
------------kdLb– 254

3072
------------kd

2Lb
2 13

3072
------------kd

3Lb
3–+

1 1
8
---kdLb– 

  1 30
80
------kdLb– 3

80
------kd

2Lb
2+

-----------------------------------------------------------------------------------------------------,–=

y 43008 24672kdLb 25200kd
2Lb

2– 6330kd
3Lb

3 609kd
4Lb

4– 20kd
5Lb

5+ + + =

/ 4sqrt 242810880– 91594752kdLb– 163349504kd
2Lb

2 15035392kd
3Lb

3– 34034880kd
4Lb

4–+

17085840kd
5Lb

5 3894596kd
6Lb

6– 500032kd
7Lb

7 37141kd
8Lb

8– 1490kd
9Lb

9 25kd
10Lb

10–+ + 
One 

and
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“R&D”: The OFODOFO Cell - Scaling Laws

hor linear chromaticity is essentially flat and the vertical has a min for

h gives

the total cell length is
.

n example, we may choose

scale it by a factor 0.1.
estingly, the linear chromaticity is not increased.

kdLb 1.24088–

kd
1.24088–

Lb
----------------------, L1 0.88121 Lb , kf

2.86572
Lb

-------------------

yc 13.1 Lb , x 0.781, y 0.220, x 1.195,– y 1.718–

L 1 2L1+ Lb 2.76242 Lb=

b 3°,= Lb 1.0 m,= b
Lb
b
------ 19.1 m=
The 

whic

with

and 

For a

and 
Inter
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&D”: The OFODOFO Cell - Scaling Laws (cont.)
“R
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eality Check: A Min Emittance Cell for MAX-IV

ill now return to our initial example:

,

ce  by a factor of  to  nm·rad @3 GeV for minimum hor/
inear chromaticity, and compare it with the MAX-IV unit cell, i.e., for the same 
r dispersion action .
rticular, the MAX-IV unit cell has  but  because the Qd gradi-
s integrated into the dipole.

b 3°,= Lb 1.0 m,= b
Lb
b
------ 19.1 m=

x r 13= x 0.615=

H

x 0.334= Jx 2
R

We w

redu
ver l
linea
In pa
ent i



43 of 46

 Parametric Plot of Hor/Ver Linear Chromaticity
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R lity Check: A Min Emittance Cell for MAX-IV (cont.)
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R lity Check: A Min Emittance Cell for MAX-IV (cont.)

tune and linear chromaticity are

eas the MAX-IV unit cell has
.

mmarize, the MAX-IV unit cell it is well (numerically) optimized for the given 
meters.

 be scaled according to the scaling properties summarized on slide 32, with-
ffecting the linear chromaticity; but the peak beta functions and hor linear 

ersion will change.

x 0.244, y 0.089, x 0.232,– y 0.232–

x 0.265, y 0.082, x 0.270,– y 0.241–
ea

The 

wher

To su
para

It can
out a
disp
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Conclusions

miltonian dynamics, perturbed by classical radiation and quantum fluctua-
s, and related numerical and analytical methods provide the foundation for 

f-consistent, realistic modeling of modern ring-based synchrotron light 
rce.
ther words: predictable results.

plications include: conceptual design, engineering design, simulation of the 
elerator for testing and validation of controls algorithms (aka “high level 
lications”), and model based control for commissioning.

Thank You.
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