
1 of 33
BROOKHAVEN SCIENCE ASSOCIATESBROOKHAVEN SCIENCE ASSOCIATES

Ultralow Emittance Light Sources

Particle Accelerator Conference
Genova, Italy

June 23–27, 2008

Johan Bengtsson for the NSLS-II Design Team

 



BROOKHAVEN SCIENCE ASSOCIATESBROOKHAVEN SCIENCE ASSOCIATES

’s
’s
l

en
e
e

ch
in

 Guidelines
aints
igher Order Achromat

nces
rtion Devices

s

2 of 33

Outline

 Known
 New
 Optimization
ges

 Parameters
am Scattering
ek Lifetime
g Wigglers

• Optics Design
• Optics Constr
• Generalized H
• Optics Tolera
• Impact of Inse
• Conclusion
• References
• Back-up slide
• What
• What
• Globa
• Chall
• Lattic
• Intrab
• Tous
• Damp



BROOKHAVEN SCIENCE ASSOCIATESBROOKHAVEN SCIENCE ASSOCIATES

3 of 33
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a optimizations.
o  by

 t e gradients => .

ra , 7-BA [1].
tiv

as rsion, which makes the 
a all” [2].
in on of HEP accelerators 

G Ws) inside DBA [5].

Jx 1≈
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What’s Known

ted third generation light sources: ~20 years of 
rizontal emittance (isomagnetic lattice) is given

he number of dipoles, , . No dipol

lized Chasman-Green Lattices: DBA, TBA, QBA
e emittance => chromatic cells.

ing  reduces  but also reduces peak dispe
tic correction less effective => “chromaticity w
g wigglers (DWs): damping rings and conversi

ap Undulators (MGUs), Three-Pole-Wigglers (TP

εx [nm·rad] 7.84 3×10 E [GeV]( )2F
JxNb

3
--------------------------------⋅=

0 Jx 3< < F 1≥

Nb εx
• Dedic
• The h

  is

• Gene
• Effec

• Incre
chrom

• Damp
[3,4].

• Mini-

Nb
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f e and as high flux X-ray 
e
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a
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What’s New

damping wigglers to reduce horizontal emittanc
s => achromatic cells and weak dipoles.
 energy ring (3 GeV) with ~30 DBA cells.

l orbit stability requirements.
lized higher order achromat.
• Use o
sourc

• Medi
• Vertic
• Gene
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zo ndamental limit is IBS).

m
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 bend radius

εx
1

R2 P⋅
---------------∼

R
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Global Optimization

ntal emittance (natural):  (fu

ize (for Insertion Devices (IDs)) [6]:

damping diffusion↔

Power Consumption (P)

Circumference (C

1/Hor.
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Cost of
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ar
m entum aperture.
A
o er nonlinear effects 
D
s duce alternating 
h > reduced symmetry 
 1
 m umber of chromatic 
p

l
 d ) => control of peak 

fu
a -of-the-arts [7,8].
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Challenges

 dynamics:
 energy: control of Touschek life time and mom
 cells: control of tune footprint.
l of impact of DWs and IDs: include leading ord
Ws in Dynamic Aperture (DA) optimizations.
 requirements for IDs and top-up injection: intro
ts with high- and low horizontal beta function <-
5).
omentum dependence of optics functions => n

ole families.

ipoles: introduce TPWs (adjacent to the dipoles
nctions and horizontal dispersion.
l orbit stability: sub micron => pushing the state
Non-line
• Mediu
• 30 DB
• Contr

from 
• Optic

straig
(30 ->

• DBA:
sextu

Technica
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3 GeV
791.5 m
500 mA
25.0 m

286.5 keV

)/(0.6, 0.01) nm·rad
0.00037

R 0.05/0.1%
(32.4, 16.3)

(-100, -42)

0.45 m

ta 8, 3)/(3, 3) m
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Lattice Parameters

Energy
Circumference

Beam Current ( )

Bending Radius ( )
Dipole Energy Loss ( )

Emittance ( ): bare/w. 8 DWs (2.1, 0.01
Momentum compaction

MS Energy Spread: bare/w. 8 DWs
Working point ( )

Chromaticity ( )

Peak Dispersion ( )
 Function ( ): long/short straight (1

Ib
R
U0

εx εy,

νx νy,

ξx ξy,

η̂x
βx βy,
Be
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S)

um

δ
IBS)〉 ,

E

0
----- A 1– 1 βx⁄ 0

αx βx⁄ βx
=
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Intrabeam Scattering (IB

εx εx
SR εx

IBS+ τx E
SR( ) H Dδ

SR R( ) D+(⋅〈= =

σδ
2 τδ ESR( ) Dδ

SR R( ) Dδ
IBS+( )=

0---, H η̃
T
η̃,≡ η

ηx
η′x

,≡ η̃ A 1– η,≡
Equilibri

where

δ
E –
E

--------≡
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IBS Trade-Off
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c ]

as ,  rms bunch length,

rc  rms beam size,

m acceptance.

ds

σs

)
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Touschek Lifetime

tion (Møller scattering) × phase space density [9

sical electron radius,  no of electrons/bunch

umference,  horizontal- and vertical

 horizontal rms beam divergence,  momentu

1
τ1 2⁄
----------

re
2c0Ne

8πγ3σs
------------------ 1

C
----

F δ̂ s( )
γσx' s( )
------------------ 
 

2

σx s( )σz s( )σx' s( )δ̂ s( )
----------------------------------------------------------

C
∫°=

F x( ) 1
2
--- 2

u
--- 1

u
--- 
  2–ln– e x u⁄– ud

0

1

∫=

Ne

σx s( ) σz s( ),

δ̂ s( )
Cross se

where

  cl

  ci

 

re

C

σx' s(
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Offs

1 1.5 2 2.5 3 3.5 4

Lifetime, hrs for 0.3 nm rad
Lifetime, hrs for 0.5 nm rad
Lifetime, hrs for 1.5 nm rad

Energy acceptance, %
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Touschek Life Time Trade-
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ra ower
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0
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Damping Wigglers

l horizontal emittance scales with the radiated p

εw
ε0
------

U0
U0 Uw+
---------------------,≈

δw
δ0
------

1 8
3π
------
Bw
B0
-------
U
U
----+

1
Uw
U0
-------+

-----------------------------=
The natu
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ffs

ontrol for NSLS-II 

800 1000 1200 1400

adiated Energy [KeV]
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Damping Wiggler Trade-O
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s

iti ics and then attempt to 
he  e.g. [10-11]. For a 
e idered from the start 

ar ded (the numbers have 
w

on

on

 DA
m] δ [%]

20 2.5±

15 2.5±
16 of 33

Optics Design Guideline

onal approach, i.e., to first design the linear opt
 DA is inadequate for high performance lattices
d approach, the nonlinear effects must be cons
ticular, the following guidelines have been provi
ith time) [13]:

tal chromaticity per cell, ,

tal peak dispersion ,

Hor and Ver Dynamic
Acceptance [mm·mrad]

Hor
[m

Bare Lattice
(2.5 D.O.F.) ~25

“Real” Lattice
(3 D.O.F.) ~20

ξx 3.5≤

0.3 m ηx 0.5≤ ≤

±

±

The trad
control t
streamlin
[12]. In p
evolved 

• horiz

• horiz

and
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Optics Constraints

 have ~6 constraints:

chromat (  at the entrance),

mittance (  fixed at the entranc

mmetric (  at the center).

he long- and short matching sections have 10 c

tric (  at the center),

 the center,

 cell tune .

er hand, the lattice has only 8 quadrupole famil

ηx η'x 0= =

min H( ) αx βx,( )⇒

αx y, 0=

αx y, 0=

νx y,
cell
The DBA

• linear

• small

• and s

Similarly

• symm

•  

• and t

On the o

βx y,
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hromat

u e the cell tune for  
r c

rt

a
o d free up the choice of 

in
o chromatic multipole 

ie
i king) by joint minimiza-
f 

N

N I 0
0 I±

=

4
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Generalized Higher Order Ac

ce two chromatic sextupole families and choos
ells  such that

icular, so that resonances up to 4th order

 

ncelled (by symmetry): 
l the residual amplitude dependent tune shift an
g point by adding geometric sextupoles [SLS]. 
l the residual nonlinear chromaticity by adding 
s as needed.
ze dynamic- and momentum aperture (from trac
the driving terms and variation of the cell tune.

M

M M1M2…MN,= Mk A 1– e:h:RA,= R

nxνx nyνy+ n,= nx ny+ ≤
• Introd
supe

 In pa

 are c
• Contr

work
• Contr

famil
• Optim

tion o
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A 5-Cell Second Order Achromat (2 chrom families)
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can

amic Aperture (bare lattice)

 33  33.2 33.4 33.6 33.8  34

νx

 15

 15.2

 15.4

 15.6

 15.8

 16

 16.2

 16.4

 16.6

νy

optics requirements.

h and a weighted average 
y  computed by tracking.

1
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Linear Optics and Tune S

Normalized Dyn

100
 90
 80
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 60
 50
 40
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 32.2 32.4 32.6 32.8

 grid of working points is obtained that meets 

 working point, the driving terms are minimized 
namic- and momentum aperture ( ) is

1

DA βxβy⁄
• An 

• For eac
of the d

11 ×
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33.4

0
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r Avoidance
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 1

tance from Resonances

δ [%]

∆ν

t DWs.
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d

ra

le ) ~(50, 50) µm

∆xcod ∆ycod,( )rms
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Optics Tolerances

 tolerances

meter

rance ~ ~(2%, 3%) ~(0.003, 0.002

∆b2 b2⁄ ∆βx y, βx y,⁄( )rms ∆νx y,( )rms

5 4–×10
Estimate

Pa

To
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es

ag

g

t is:

c

in

〉 ky kz
2π
λw
------= =

βy
2〈 〉Lw

λw
2

-------------------

s)
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Impact of Insertion Devic

ed Hamiltonian is (planar)

 order one obtains

, optimum beta for min impac

lear => , linear optics => ,

ear dynamics => .

λw

px
2 py

2+
2 1 δ+( )
--------------------

Bw
Bρ
------- 
 

2cosh2 kyy( )

4kz
2 1 δ+( )

---------------------------- δ– O px y,( )4,+ +=

∆νy
1

8π
------

Bw
Bρ
------- 
 

2
βy〈 〉Lw,=

∂νy
∂Jy
--------- π

4
---
Bw
Bρ
------- 
 

2
=

β0 1 s β0⁄( )2+[ ]=

β0 L 2⁄= β0 L 2 34⁄=

β0 L 2 54⁄=
The aver

To leadin

Since 

 stay 

 nonl

H〈

β(
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c mping wigglers. Fur-
o y sources.
m
o tics design. In particu-

y d peak dispersion.
y y implementing a gen-
e t optimization of the 
g
lt s approach. It is a mat-
 p
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Conclusions

hromaticity wall” has been avoided by using da
re, these turned out to be useful high-flux X-Ra
ittance can be reduced as the facility evolves.
nlinear effects are taken into account for the op
providing guidelines for chromaticity per cell an
namic- and momentum aperture are improved b
d higher order achromat. It is optimized by a join
 terms and working point.
imate-low emittance limit can be reached by thi
ower consumption and circumference.
• The “
therm

• The e
• The n

lar, b
• The d

eraliz
drivin

• The u
ter of
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ra ower

=
Uw
U0
-------

Lw
4πρ0
------------

Bw
B0
------- 
 

2
=

L
---

w
-----, Cq 3.8 13–×10 ,=

β --


 ηx0 η′x0s+ +
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Damping Wigglers

l horizontal emittance scales with the radiated p

1 f+

1
Uw
U0
-------+

-----------------
U0

U0 Uw+
---------------------,≈

δw
δ0
------

1 8
3π
------
Bw
B0
-------
Uw
U0
-------+

1
Uw
U0
-------+

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

wρ0

ρw
3

---------- 1
5
---
Kw
γ

------- 
 
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βx〈 〉

ηx0
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--------- βx0η′x0

2+ + ,
Kw
γ

-------
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2πρ
--------=

x0 1 s
βx0
-------- 
  2

+ , ηx s( ) 1
ρw
------

λw
2π
------ 
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1 2πs

λw
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where

εw
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------

f
2Cqγ
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3π2ε0

----------------≅

βx s( ) =
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f
s

f
 r

de

e., like orbit correction).

∆b2 NQ,, ]T

… ∆a2 NSQ,, ]T

U
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Control of Optics

 linear optics perturbation from IDs:
 response matrix

 vertical beam size:
esponse matrix

 dispersion wave, if needed [14].

 by SVD, compute, and apply the corrections (i.

∆βi
βi

-------- … ∆µi … ∆νx ∆νy, , , , ,

T

T β µ,( ) ∆b2 1, …,[=

∂xi
∂py k,
-------------- …

∂yi
∂px k,
-------------- … ∆ηy i, …, , , , ,

T

U β µ,( ) ∆a2 1, ,[=
Control o
•  optic

Control o
• beam

• Inclu

Invert T,
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omat

x x 4�y 2�x-2�y 2�x+2�y

00 0 4.20 2.30 6.50
00 60 8.40 4.60 13.00
00 40 12.60 6.90 19.50
00 20 16.80 9.20 26.00
0 00 21.00 11.50 32.50
0 80 25.20 13.80 39.00
0 60 29.40 16.10 45.50
0 40 33.60 18.40 52.00
0 20 37.80 20.70 58.50
0 00 42.00 23.00 65.00
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A 10-Cell Third Order Achr

�y �x 2�x 3�x 2�y �x-2�y �x+2�y 4�
1.050 2.20 4.40 6.60 2.10 0.10 4.30 8.8
2.100 4.40 8.80 13.20 4.20 0.20 8.60 17.
3.150 6.60 13.20 19.80 6.30 0.30 12.90 26.
4.200 8.80 17.60 26.40 8.40 0.40 17.20 35.

0 5.250 11.00 22.00 33.00 10.50 0.50 21.50 44.
0 6.300 13.20 26.40 39.60 12.60 0.60 25.80 52.
0 7.350 15.40 30.80 46.20 14.70 0.70 30.10 61.
0 8.400 17.60 35.20 52.80 16.80 0.80 34.40 70.
0 9.450 19.80 39.60 59.40 18.90 0.90 38.70 79.
0 10.500 22.00 44.00 66.00 21.00 1.00 43.00 88.
Cell �
1 2.2
2 4.4
3 6.6
4 8.8
5 11.0
6 13.2
7 15.4
8 17.6
9 19.8

10 22.0
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