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Outline

hat’s Known.

SR LS “Thermodynamics” (physics limitations).

An IBS Limited (deterministic) Approach: TME => no “Chromaticity Wall”.

hromatic Control: (deterministic approach).

Pseudo-Knobs: A Leading Order (reductionist) Approach.

ignal Processing 101.

“Closing-the-Loop”: In the Control Room (deterministic approach).

odel Based Control by Thin Clients (deterministic approach).

lenge:

hen a (brute force) numerical approach doesn’t “cut it”, how to “fix it”?
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SR LS “Thermodynamics”

he horizontal emittance is given by (isomagnetic lattice)

 is the no of dipoles, , . No dipole gradients => .

ith damping wigglers, the natural horizontal emittance  scales with the 

diated power

.e., on behalf of . High end Insertion Devices requires .
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Intrabeam Scattering (IBS)

librium

e

.

εx εx
SR εx

IBS+ τx ESR( ) Hx Dδ
SR ρ( ) Dδ

IBS+( )⋅  ,= =

σδ
2 τδ ESR( ) Dδ

SR ρ( ) Dδ
IBS+( )=

E E0–
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----------------, Hx η̃

T
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http://www.bnl.gov/nsls2/project/CDR/
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uschek Life Time Trade-Offs (NSLS-II CDR, 2006)
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An IBS Limited (deterministic) Approach

Power Consumption (P)

Circumference (C)

1/Hor.
Chromaticity

Hor.
mittance

Cost of
Operations

Cost of
Footprint

0

∞
0

∞

or. emittance (natural): .

ptimize (globally, for Insertion Devices):

damping diffusion↔

• Since

,

 bend radius.

• Fundamental limit is 
IBS: .

εx
1

ρ2 P⋅
--------------∼

ρ

2 3–( ) εx IBS⋅

TRA-3, NSLS-II, and MAX-IV avoid the “chromaticity wall” with damping wig-
rs and a 7-BA. A TME (reductionist) artifact; by ignoring (linear) chromaticity.
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0
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NSLS-II CDR (2006): Parametric Evaluation

.

: ~$1 M/m.

x
IBS 0.2 0.25–  nm·rad=
• 

• 

ε

C

http://www.bnl.gov/nsls2/project/CDR/
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Implementations

: DBA, TBA -> 7BA. Reduced peak dispersion => a stiffer (nonlinear) system 

ODEs) for chromatic control.

-IV (7BA-20 => relaxed optics, by innovative engineering ).

X “baseline” (TME ) -> “ultimate” (2.8×MAX-IV ).

7 (10BA-40 in the Tevatron tunnel ). 

: gradient dipoles (incl. -dependent), Robinson wigglers, 

it (i.e., “dipoles”) in the quadrupoles. Insertion Devices => .

chromatic straights (effective hor. emittance). Symmetric lattice => disper-
n at the RF cavity.

: damping wigglers. Requires achromatic straights => ). But also 

vide “free” beamlines. Insertion Devices => .

 Bene: While facilities based on DBAs, after converting to chromatic 
ghts, to my knowledge, have only reported the relative improvement.

εx 0.26=

εx 0.16= 1 2.83⁄ εx→ 0.012=
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http://dx.doi.org/10.1103/PhysRevSTAB.12.120701
http://www-public.slac.stanford.edu/sciDoc/docMeta.aspx?slacPubNumber=slac-pub-13999
http://accelconf.web.cern.ch/AccelConf/IPAC2011/papers/thpc075.pdf
http://beamdocs.fnal.gov/AD/DocDB/0040/004051/001/TevUSR06.pdf
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Chromatic Control: First Principles

lenge: How to control the swamp of undesirable terms generated by (linear) 
matic correction for a strongly focusing lattice?

 the undesirable terms in ; a highly over constrained problem. The most 
tive approach: use symmetry (reduces all terms). For example, linear achro-
 (in the phase-space variables): DBA, TBA, 7BA, etc.

itional design strategies:

voidance (weakly focusing rings with high periodicity): Introduce two chro-
atic families and choose the working point so that systematic resonances 

re avoided.

nti-symmetry (FODO lattices): Introduce two chromatic families separated 
y horizontal- and vertical phase advance of . However, this will 
rive  and  systematically.

igher order achromats (strongly focusing lattices): define a unit cell, repeat 
t  times, and choose the phase advance so that all the 1st and 2nd order 
riving terms are cancelled. However, the working point is now on an integer.

M A
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Example: 5-Cell Second Order Achromat

Introduce two chromatic sextupole families.

he first order driving terms are cancelled by e.g.:

ntroduce 1 more chromatic and 5 geometric (i.e., a total of 9 families => full 
ontrol of all the first order driving terms); to provide leeway for the choice of 
orking point (SLS Tech Note 9/97).

he required number of sextupole (-> multipole) families, placement, etc. can 
e evaluated & optimized by analyzing the rank conditions for the Jacobian 
f the driving terms (J. Bengtsson et al NIM 404, 1998).

Cell

1 (8/5, 3/5)=(1.60, 0.60) 1.60 3.20 1.20 4.80 0.40 2.80

2 3.20 6.40 2.40 9.60 0.80 5.60

3 4.80 9.60 3.60 14.40 1.20 8.40

4 6.40 12.80 4.80 19.20 1.60 11.20

5 8.00 16.00 6.00 24.00 2.00 14.00

νx y, νx 2νx 2νy 3νx νx 2νy– νx 2νy+
1. 

2. T

3. I
c
w

4. T
b
o

http://ados.web.psi.ch/slsnotes/sls0997.pdf
http://dx.doi.org/10.1016/S0168-9002(97)01168-6
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t Order Chromatic Effects Cancelled Over 5 Cells
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t Order Geometric Effects Cancelled over 5 Cells
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NSLS-II: Higher Order Achromats

ν x ν y ν x 3ν x ν x-2ν y ν x+2ν y 2ν x 2ν y 4ν x 4ν y 2ν x-2ν y 2ν x+2ν y 5ν x ν x-4ν y ν x+4ν y 3ν x-2ν y 3ν x+2ν y

.500 0.625 6/4, 5/8 1.50 4.50 0.25 2.75 3.00 1.25 6.00 2.50 1.75 4.25 7.50 -1.00 4.00 3.25 5.75

.000 1.250 3.00 9.00 0.50 5.50 6.00 2.50 12.00 5.00 3.50 8.50 15.00 -2.00 8.00 6.50 11.50

.500 1.875 4.50 13.50 0.75 8.25 9.00 3.75 18.00 7.50 5.25 12.75 22.50 -3.00 12.00 9.75 17.25

.000 2.500 6.00 18.00 1.00 11.00 12.00 5.00 24.00 10.00 7.00 17.00 30.00 -4.00 16.00 13.00 23.00

.400 0.600 7/5, 6/10 1.40 4.20 0.20 2.60 2.80 1.20 5.60 2.40 1.60 4.00 7.00 -1.00 3.80 3.00 5.40

.800 1.200 2.80 8.40 0.40 5.20 5.60 2.40 11.20 4.80 3.20 8.00 14.00 -2.00 7.60 6.00 10.80

.200 1.800 4.20 12.60 0.60 7.80 8.40 3.60 16.80 7.20 4.80 12.00 21.00 -3.00 11.40 9.00 16.20

.600 2.400 5.60 16.80 0.80 10.40 11.20 4.80 22.40 9.60 6.40 16.00 28.00 -4.00 15.20 12.00 21.60

.000 3.000 7.00 21.00 1.00 13.00 14.00 6.00 28.00 12.00 8.00 20.00 35.00 -5.00 19.00 15.00 27.00

.500 0.583 9/6, 7/12 1.50 4.50 0.33 2.67 3.00 1.17 6.00 2.33 1.83 4.17 7.50 -0.83 3.83 3.33 5.67

.000 1.167 3.00 9.00 0.67 5.33 6.00 2.33 12.00 4.67 3.67 8.33 15.00 -1.67 7.67 6.67 11.33

.500 1.750 4.50 13.50 1.00 8.00 9.00 3.50 18.00 7.00 5.50 12.50 22.50 -2.50 11.50 10.00 17.00

.000 2.333 6.00 18.00 1.33 10.67 12.00 4.67 24.00 9.33 7.33 16.67 30.00 -3.33 15.33 13.33 22.67

.500 2.917 7.50 22.50 1.67 13.33 15.00 5.83 30.00 11.67 9.17 20.83 37.50 -4.17 19.17 16.67 28.33

.000 3.500 9.00 27.00 2.00 16.00 18.00 7.00 36.00 14.00 11.00 25.00 45.00 -5.00 23.00 20.00 34.00

Geometric

Second O rder Third O rder

Chromatic Geometric Geometric

First O rder
Cell

1 1
2 3
3 4
4 6

1 1
2 2
3 4
4 5
5 7

1 1
2 3
3 4
4 6
5 7
6 9
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seudo-Knobs: Leading Order (reductionist) Approach

an attempt to introduce more knobs, one may (artificially) reduce the sym-
try of a multipole family. However, while a free parameter is obtained to con-
l the leading order terms, the approach will (systematically) drive the next 
er(s).

 for a systematic approach (of any scheme), effects (at least) one order 
ond the “knobs” must be included in the analysis.

mpact on NSLS-II is summarized in Tech Note 90, 2009:
P

• As 
me
tro
ord

• So,
bey

The i

https://ps.bnl.gov/sites/tn/TechNotes/90%20NSLS-II%20Analysis%20of%20an%20Asymmetric.pdf
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“Closing-the-Loop”

u(t)
y(t)

K

+

-

h(t)ΣR

ategies (an iterative process):

 Design (“feed-forward”): model, guidelines, engineering, reality checks, etc.

 In the control room (“feed-back”, e.g. commissioning): Model Based Con-
trol, Orbit Response Matrix, Turn-by-Turn BPM data, etc.
Str

•

•
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eam Transfer Function & Model Based Control

x t( ) y t( )h t( )

R, 1988 (pinger)

RHIC, 2006 (AC dipole)

SLS, 2007- (pinger)
SSC, 1990 (tracking)
B

LEA

http://lss.fnal.gov/archive/other/ssc/ssc-232.pdf
http://cdsweb.cern.ch/record/190442?ln=en
www.c-ad.bnl.gov/APEX/APEXWorkshop2006/Malitsky-models.ppt%3A%2F%2Fwww.c-ad.bnl.gov%2FAPEX%2FAPEXWorkshop2006%2FMalitsky-models.ppt&ei=aV1CT93AIoyC0QHew5y1Bw&usg=AFQjCNFT0fNL1iKN-znRP1wpa24oX-st0g
http://www.google.com/webhp?sourceid=navclient&ie=UTF-8&rlz=1T4ADRA_enUS375US375#hl=en&rlz=1T4ADRA_enUS375US375&sclient=psy-ab&q=streun+sls+nonlinear+diamond&psj=1&oq=streun+sls+nonlinear+diamond&aq=f&aqi=&aql=&gs_sm=3&gs_upl=97326l104957l1l105375l42l40l5l0l0l1l380l9672l2-22.11l35l0&bav=on.2,or.r_gc.r_pw.r_qf.,cf.osb&fp=1aef0db0b8ed3188&biw=1006&bih=487
http://www.google.com/webhp?sourceid=navclient&ie=UTF-8&rlz=1T4ADRA_enUS375US375#hl=en&rlz=1T4ADRA_enUS375US375&sclient=psy-ab&q=streun+sls+nonlinear+diamond&psj=1&oq=streun+sls+nonlinear+diamond&aq=f&aqi=&aql=&gs_sm=3&gs_upl=97326l104957l1l105375l42l40l5l0l0l1l380l9672l2-22.11l35l0&bav=on.2,or.r_gc.r_pw.r_qf.,cf.osb&fp=1aef0db0b8ed3188&biw=1006&bih=487
http://www.google.com/url?sa=t&rct=j&q=streun+sls+nonlinear+diamond&source=web&cd=2&ved=0CCwQFjAB&url=http%3A%2F%2Fwww.diamond.ac.uk%2Fdms%2FEvents%2FNBD-workshop%2Fday3%2FAndreas_Streun.pdf&ei=4F1CT5H7F8Lh0QHG8JXABw&usg=AFQjCNEJFCNo-qzd-t7YDG7y8SVrrdl75g
http://www.google.com/url?sa=t&rct=j&q=streun+sls+nonlinear+diamond&source=web&cd=2&ved=0CCwQFjAB&url=http%3A%2F%2Fwww.diamond.ac.uk%2Fdms%2FEvents%2FNBD-workshop%2Fday3%2FAndreas_Streun.pdf&ei=4F1CT5H7F8Lh0QHG8JXABw&usg=AFQjCNEJFCNo-qzd-t7YDG7y8SVrrdl75g
www.diamond.ac.uk/dms/Events/NBD.../day3/Andreas_Streun.pdf
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Discrete Fourier Transform (DFT)

iscrete Fourier Transform (DFT) is defined by

e

al window functions

xk Xnei2πkn N⁄ ,

n 0=

N 1–

= k 0 1 … N 1–, , ,=

Xn
1
N
---- xke i2πkn N⁄– ,

k 0=

N 1–

= n 0 1 … N 1–, , ,=

ngular: e
i2πkν0rect k

N
---- 
  sinc π n Nν0–( )( ),→

Sine: e
i2πkν0 π k

N
---- 

 sin 1
2π
------

π n Nν0– 1 2⁄–( )( )sin

n Nν0–( )2 1 2⁄( )2–
---------------------------------------------------------,→

Hann: e
i2πkν0sin2 π k

N
---- 

  1
2
--- 1

n Nν0–( )2 1–
------------------------------------sinc π n Nν0–( )( )–→
The D

wher

Typic

Recta
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umerical Analysis of Fundamental Frequency

 become fashionable to use (Laskar, 1993, NAFF)

o solve numerically for a Hann window

omponent wise spectrum deconvolution by Gramm-Schmidt ortogonaliza-

Max X ν( ){ } Max wkxke i2πkν–

k 0=

N 1–


 
 
 
 
 

=

wk sin2 πk
N
------ 
  ,= 0 k N 1–≤ ≤
N

It has

i.e., t

and c
tion.
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quency Domain Approach: Interpolation Formula

re direct approach is to use a two-step (nonlinear) interpolation formula for 
pectrum. For example, the frequency of a peak is given by:

e the resolution of the discrete spectrum is only , it is thus improved to 

, respectively; i.e., ignoring the impact of noise (=> academic).

g the effect of noise into account gives instead

.

rly, a time-domain approach has the same (fundamental) limitation.

.g.  with 1% or 5% noise we obtain , respectively.

Rectangular: ν 1
N
---- n 1–

1
1 An 1– An⁄+
-----------------------------------+ 

  ,=

Sine: ν 1
N
---- n 3

2
---–

2
1 An 1– An⁄+
-----------------------------------+ 

  ,=

Hann: ν 1
N
---- n 2–

3
1 An 1– An⁄+
-----------------------------------+ 

 =

~1 N⁄
α α 2 3 4, ,=,

δν2  1

SNR2
-------------- 2

N2
------= 1

N3
------∼

N 256= δν 4 5–×10 2 4–×10,∼
Fre

A mo
the s

Whil

Takin

Clea

For e

~1 N⁄
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Signal Processing 101: Windowing
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First Order Sextupolar Modes (SLS 9/97)

ados.web.psi.ch/slsnotes/sls0997.pdf


23 of 30
BROOKHAVEN SCIENCE ASSOCIATESBROOKHAVEN SCIENCE ASSOCIATES

On-Line Control of First Order Driving Terms
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Example: Source Analysis

 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7

 0  0.1  0.2  0.3  0.4  0.5
νx

FFT 2Jx

 0
 0.05
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 0.25
 0.3

 0.35

 0  0.1  0.2  0.3  0.4  0.5
νy

FFT 2Jy

NSLS-II nominal spectrum
.νx y, 33.12 16.19,[ ]=

With a decapole component =>
3νx 2νy–
A
x

A
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RHIC: Model Based Control (PAC07)

Nikolay Malitsky, APEX Workshop 2006

Qx=2/3 Correction with RHIC Model Player
J.Bengtsson, Y. Luo, N. Malitsky, T. Satogata, … (2006)

RHIC
Online Model

UAL 
Model Player

sextupoles

Challenges:

• Only two chromatic 
families. However, the 
12 arcs have indepen-
dent power supplies.

• More knobs vs. reduced 
lattice symmetry.

• Sextupole circuits later 
rewired to provide 12 
independent, symmet-
ric knobs.

• Status (on chromatic 
control) given at CERN, 
2011.

http://accelconf.web.cern.ch/accelconf/p07/PAPERS/FRPMS109.PDF
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Beam Studies SLS (2007)

A. Streun, 2009.

www.diamond.ac.uk/dms/Events/NBD-workshop/day3/Andreas_Streun.pdf
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Control of Off-Momentum Aperture (SLS)

A. Streun, 2009.

www.diamond.ac.uk/dms/Events/NBD-workshop/day3/Andreas_Streun.pdf
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trol of Nonlinear Resonances at DIAMOND (2010)

 compensated.νx 2νy+ 52=  compensated.3νx 82=

In collaboration with R. Bartolini,
I. Martin, and J. Rowland.
Con
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Model Based Control by Thin Clients

lient-Server Architecture for HLA

uted  
Ends

MMLT 
Client

 Layer 

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 
CD2, 2007.

Improved by G. 
Shen, L. Yang, 
and J. Choi:

• Tracy-4: Tracy-3 
interfaced to 
Python and Lex/
Yacc based lat-
tice parser.

• Name srv, Twiss 
srv, etc.
C

Distrib
Front-

Middle
Servers
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Conclusions

e have shown how a first principles, rather than the traditional TME (reduc-
ionist) approach, provides a systematic strategy for the design of an IBS 
imited synchrotron light source. In particular, the insights gained from a 
roper understanding the scaling laws; governed by physics.

nd summarized on how this approach was used for the NSLS-II CDR (2006). 
n particular, how come a DBA-30 with damping wigglers, outperformed the 
riginally proposed TBA-24 (2×SLS).

imilarly, MAX-IV has avoided the “TME trap” (i.e., the “chromaticity wall”) as 
ell, by implementing a (realistic) 7BA (with relaxed optics); by clever engi-
eering.

Which recently inspired PEP-X to re-baseline.

e have also shown how the control theory problem for a (nonlinear) system 
DEs, can be pursued all the way to the control room. By controlling the Lie 
enerators (i.e., the equations of motion) directly. Facilitated by a scalable 

aka client/server) software architecture for model-based control.

ottom line, a “round beam” synchrotron light source is now within the hori-
on.
1. W
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