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Entire Courses Also Taught On Lattice Design

= https://casa.jlab.org/publications/USPAS_Jan_2018.html <—

Practical Lattice Design
Alex Bogacz (Jefferson Lab) and Dario Pellegrini (CERN) with Randika Gamage (ODU)
January 15 - 19, 2018 Old Dominion University - Norfolk, VA
Timeline
Course Outline

Lecture 1: Introduction to Transverse Optics Dario Pellegrini

Lecture 2: Introduction to OptiM, FODO Cell Alex Bogacz

Lecture 3: Dispersion Suppressors Alex Bogacz

Lecture 4: Arc-to-Straight Design Alex Bogacz

Lecture 5: Low Beta Optics Dario Pellegrini

Lecture 6: Lattice Imperfections Dario Pellegrini

Lecture 7: Radiation Damping Alex Bogacz

Lecture 8: Low Emittance Lattices, DBA Cell Dario Pellegrini

ASSIGNMENTS
Day 1: Example Homework Solutions
Day 2: Example 1 Example 2 Homework Solutions
Day 3: Example 1 Example 2 Example 3 Homework Solutions
Day 4: Example Homework Solutions
January 19, 2018 Final Exam Solutions
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Today (Fri Feb 5): Mostly 1D and 1D+

Review: Linear optics, matrices, Twiss parameters
i

Easing in: Two-bumps and three-bumps (T
Dipole-Free Transverse Lattices

* Review: FODO cell, without dipoles

* Periodic triplet cell

* 11/2 and imaging insertions

* Coupling (Mobius) insertion

= | ow-beta insertions (collision point, ion stripping, ...)
Review: Dispersion

Bending Transverse Lattices (FODO)

= Review: FODO cell, with dipoles

* FODO cell dispersion suppressors
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Monday (Feb 8): 1D+ and 2-3D+

» Localizing Dispersion: Achromats
* Achromatic doglegs/chicanes
= Bunch compressors

» Double bend achromat 4Gl FEV
* Triple bend achromat
* Multi-bend achromat (HMBA) o r’vﬂzA

* Lead in to Fri Feb 12 lecture on 3G light source lattices
» (2D/3D manipulation):

* Flat to round/round to flat transforms

» Longitudinal/transverse emittance exchange
» Chromaticity correction blocks (insertions)??

* | ead in to Tue Feb 9 lecture on sextupoles and
chromaticity -
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Review: General Linear Transport Matrix

Book section 3.3

= \We can parameterize a general non-periodic transport matrix
from s, to s, using lattice parameters and A¢ = ¢(s2) — ¢(s1)

// 9
/%((52 [cos Ag + a(s1) sin Ag /B(s1)B(s2) sin Agl %\ O
M, s, = [a(s2)—a(s1)] cos Ap+[14+a(sy)a(sz)]sin A 3 - /\55”‘
— (P2 _ |a(s2)—a(s1)]cos a(s1)a(ss)] sin ~ - .
Bs1)B(s3) S(es cos Ag — a(sy) sin Ag)

O * This does not have a pretty form like the periodic matrix

However both can be expressed as | 5, _ (Q 5/) =
=g &

where the C and S terms are cosine-like and sine-like.
(The second row is the s-derivative of the first row!) |

: L N7®
A common use of this matrix is the m,, term: -~
< ~’@<-2

Ax(sz) = /B(s1)8(s2) sin(A¢) Az’ (s1) on%fi‘i‘v’é;’fré‘;‘%'iﬁé‘?ﬁon 5
T \c?&
ot

o\f
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T | |
Orbit Control: Two-Bump [ coustromad.

AZC(SQ) = AZC/(Sl \/ﬁ 81 82 ;H{Q; =0 7 <012 512)
27 \Cl Sy
Az'(sg) = Az (s1) 5(81)[00 gb— a(s2) ),H/gb

Y ——

AF(s) T Az(s3)
= A single orbit error changes all later positions and angles

= Add another dipole corrector at a location where A¢ = k
At this point the distortion from the original dipole corrector is
all x’ that we can cancel with the second dipole corrector.

Ax'(sg) = Ax'(s1) fis1) + angle from s9 dipole

B(s2)
= Called a two-bump: localized orbit distortion from two correctors
= Butrequires A¢ = km between correctors
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Orbit Control: Three-Bump (another view of HW 9.2)

S ——

Ax’ AX’, AX’; 2 ot

51 e .

» A general local orbit distortion from three dipole correctors
» Constraint is that net orbit change from sum of all three kicks

must be zero g oV
M73 e e e 2 feons
(& DD () (] () - () =& o=
Chs  So3 12 Az} A_ﬁ’g Azl e

C S + 5235/ 523
A — ibf ;r 2312 12) T ACC/ = =20
m{: 512923 ) - a8 =

= Bump amplitude z1, = S12Az]
* Only three-bump requirement is that S;,, S,3 # 0

eSS )
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Review: Matrices of Magnetic Elements

= For our purposes this morning:

= All motion is linearized /. T 4
(), = ()
X 5 X 1

Book A.1.1

| | 1L
= Linear transport matrices: Marist =

— 0 1 N
(0]0) : 1 \\
Mquad ~ ( ! O) foEr;thmJags $J %
_1/ J o1 - 6\@@}@
= (Sector) dipole includes constant fractional momentum offset —
A
T cosf psinf p(1 —cosh) % = p—p (Legaﬂ
2| = | isinf cosé sin 6 z' —
5 p O O 1 5 Book A.1.2
2 1 for subset of phase

space
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L Lof’abﬁ AT VU’\"’é*c foo
Review: Periodic Transport Matrix Parameterization

A Qs 7 Gy Ve o
}/\( ~% s GJ“MQC%Z W& \>
—= " Periodic transport matrices can be parameterized as
o
_ i (s> (a 6)
— J=
(B, ,’Y—(l+oz )/5)a|l dependon s location ~
- all have the periodicity of the system
N A A R R B B I R B I L
BE FODO Iattice
30 -
20

[E—
)

5 IIII|IIIIIIIII|IIII|IIIIIIIIIlIIIIlIIII

10 E_ — betay [
33
0 - | 1 1 | | | I | | | | | | | | | | | | | |
0 20 40 60 80 0
S coordinate [m]
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Dipole-Free Transverse Lattices: FODO Review
(Be very careful about comparisons to book: L is not the same L!)

cell

L (Nt \ac%u(\’— \/&WC;(OZ’&\L\

* Most accelerator lattices are designed in modular ways
= Design and operational clarity, separation of functions
One of the most common modules is a FODO module

Alternating focusing and defocusing “strong” quadrupoles
Spaces between are combinations of drifts and dipoles
Strong quadrupoles dominate the focusing

Periodicity is one FODO “cell” so we'll investigate that
motion

Horizontal beam size largest at centers of focusing quads
Vertical beam size largest at centers of defocusing quads
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Dipole-Free Transverse Lattices: FODO Review
cell A —) Y/\b (o/x{'rewuw\

i

—2f L2 f L2 -2F - VG\P@%%MQ
» Select periodicity between centers of focusing quads
* A natural periodicity if we want to calculate maximum (s)

1 0\ /1 £> (1 O) (1 £> ( 1 O) ,
M = 2 2 &
<—% 1) (o 1)\7 1J\0 1)\—5 1

— v€
g:se:k'“arge M=1 . _SfQL\Llf_ L2 TrM =2cosp=2—- — D/Ng o
/ 16f3 4](‘2 1 8f2 ~ _— | = J 4f B)l
]
L2 . M
1—@:COSM:1—281I12% = =

= 1 only has real solutions (stability) if %< i

D\
i | i (Be very careful about comparisons to book: L is not the same L! This is same as Accelerator Handbook)
acd —
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Dipole-Free Transverse Lattices: FODO Review

;

\/
|

/ A\

I

—2f L/2 f L/2 —2f

ﬁcell ’gb (

cel)

|

= What is the maximum beta function, 3 ?
= A natural periodicity if we want to calculate maximum {3(s)

o

u V < myo=pfsinpu
(D sing

-l

2

L2
L> L
163  4f2

L
=—+L=1L
6smlu 4f—|—

A J

BN

* Follow a similar strategy reversing F/D quadrupoles to find

- 8f?

W%bc (e

A L
(1—|—sm'u) = 6= ./(1—|—Sinﬁ)
2 — sinp 2

the minimum f8 (s) within a FODO cell (center of D quad)

g

~

=
Z

L
sin

( : ,U) <
1 — sin —
2
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beta_max/L [m]

beta_min/L

FODO Betatron Functions vs Phase Advance

b | | | | | 7]}> beta_mlax/L —
> beta_min/L ——
10 - “\\O\ 36 (;Ow
L~ _ oVEY
T ™ =
pes 2B /M W
6

Generally wantB /L small

Strong focusing

Smaller magnets
Less expensive accelerator

—_—

20

40 60 80 100 120 140 160

Phase advance/cell [deg]
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T\ v Bleole spmmuelta g U =7 LidQ common
Triplet Optics: Extra Straight Space

Aoy Y v/

T
/N L\ L J\ 7 L\ A
f _f/2 f long drift

full double strength quad! KF QF Q?
011 1l Il Ne—10 014y—30 [ 7 AV Il
IR Hie—»1 t— I ~—— Il
‘ 7 _totall __MAD-X 4.01.00 10/03/10 11.59.03
;_ I.?. _j | B\ ,‘I‘i .
= 2.4 [\ i :
= 1 114
— I11. 4 | :
| |
10. 4 | | —
Q. | I
n
s. 4] |
o, |‘ y ]
P 1/ \ V symmetric beta )
© symmetric alpha
0.0 5. 10. I5. 20. b4, 8 S0. 35. 40.

s ()
From R. Chehab et al., “The CLIC Positron Capture and Acceleration in the Injector Linac”, 2010.
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Triplet Cell Strategy: Not Exactly FODO

cell

Ly Ly Lo
f f/2 )(' long drift

=== h =
TJ‘CVWQ& v ¢ (b F“a)\ \w@jvx
= Calculate transport matrix in terms of L4, L, f
* Three degrees of freedom -
* Can use our (now-familiar?) Twiss transport:

2 2
QQ — _771212777;11 1 —I— 27’”}1277121 _77112277122 Oél
72 L] —2MgyMmy, gL N

Emphasis on periodic solutions for repeating cells
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Triplet Focusing: Periodic Cell Examples

I (>

iof- :
30 .
R i
NP M - .
201 —
t_ ;betax [m] -

B — Dbetay [m] 3:( ]

10 — etax [cm] —
- etay [em] 2:1 quad strengths 1

0 C oo b by b by by T
0 5 10 IS5 20 25 30
60 - T T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T T1 ]
50 |- =
40F =0 O () rour)d beamlln =
- straight section L, 1

30 4 | 5
20 :— = betax [m] _:
- — Dbetay [m] Y ]

10 - m— etax [cm] 7
- i, 2:1.12 quad strengths 3
Coooo e by e by by T
00 5 10 15 20 29 30

S coordinate [m]
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Triplet Focusing: Absurd Extremes

400 B 1 I I I I I I I I I I I | I I I I I I I I I I | I |
iﬁ \M?% A0 e — .
/5131\/“ 200 - —
™ N D i
B = betax [m] 00 ]
100 {— betay [m] Very weak fo -
~ etax [cm] . ) -
- etay [em] Beta functions arbitrarily large -
0 B 1 | | | I | | | | I | | | | I | | 1 | I | | | | I | | | | 1

0 5 10 15 20 25 30
300 : 1 I I I I I I I I I I y\ I I I I I I I I I I I | I I I I :
E ﬁ > BD/V\/\ _ .
U Mmyk — Very strong focusing -
200 £ JMV“‘M Focal length close to 3
: interquad spacing .
150 |~ -
100 :— m— betax [m] _:
- —— betay [m] o
=S B 3
'\f r{)Df\N\ - il ]
L ﬁm L1 M | M L1 ]

L: 0 9 10 15 20 25 30

S coordinate [m]
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B o %{M A
o '\Z i ‘fi Qi /2 Ins_e_rtion\w =/ (\7_[@ JNBV\Q%

* Insertions and matching: modular accelerator design
= FODO sections have very regular spacings of quads

» Periodicity of quadrupoles => periodicity of focusing
= But we may need some long quadrupole-free sections
= RF, injections, extraction, experiments, long instruments

sl B

= Can we design a periodic “module” that fits in a FODO
lattice with a long straight section, and matches to
FODO optics?
" Yes: the minimal periodic option is the T1/2 insertion
= Matching lattice functions (B,a), , at locations A,B
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W< AT /2 Insertion (“CC Fobo )

C@OD A B
) \ L,
O &
ok 25—
v (1 L 10\ /1 L2 1 L1 (
—\0o 1 /)\-1/f 1)\o0 1/f 1 wt
v (145 ke 2L1+L2—%  [cosp+ asinp Bsin
- _% 1_L}2L2 — &2 B —~ysin p COS j4 — (v sin
- = —=- periodic boundary conditions
Ly Lo : ( L1L2> . Lo
cosp=1— psinpy =2 — L+ L2 sin = — 27
el / nE )" T ok

Moy term: ( Ly = f "y sin (recall v = (1 + a?)/8 > 0) M(T HL) ;
Maximum Lo wh : 1 B 0 M=T- (Zs- )
aximum Lo when  sinpy = COS [ =
—_— - —
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/2 Insertion

N T AR W
ANERS

L
1

2
Design constraints : f = @ Lo=— Li=0-— 1Ly
Q b 2

M /o = ( ) =J (recall J¢ = -1T)

\Q —y  —« W
ﬁ/\ﬁ/ K , espeac: Lot
45 . /2 insertion v

7 gg = | \ A / | betax] Lo V4
30 - ind Saller {5

o5 =7.95m, L,=8.75m

N N N N |

{N beta function

20
15
10
5
0 10 20 30 40 50 60 70 80
S
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beta function

o p
M2 = (—v —oz) T

45 : : n/2 insertion , , ]
betax

/2 Insertion = (ase adnizucg

(recall J* = —1)

Particles advance 90 degrees (1w/2) in phase in this insertion but the
Twiss parameters are completely periodic

0 Gl

T. Satogata / January 2021

X,A b}

(=
pd

\
= >X
A
‘Play with Twiss propagation

and components of M,
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beta function

T2 Insertion

40
M,y = ( S (recall J2 = —I)
— \77Y —Q&yo
: : n/2 insertion : : ]
betax
i % %/‘%&6 betay

A

N I N N N |

0 10 20 30 40 50 60 70 80

Q1: Why does this work for both planes even though we just
designed for one plane?

Hint: Design constraints : f = @ Lo = @ Li=08— Lo
| 8l 8
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beta function

/2 Insertion
Y e B . 2
L\ (—’y —a) =J (recall J* = —1)
45 : : 7/2 insertion , , :
betax =

5 [ | | | | l |

0 10 20 30 40 50 60 70 80

Q2: Can we set a=0 so this becomes an (x,x’) exchanger?

)

Hint: Design constraints : f=— Lo=— L;=08— Lo
Y Y
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\ beta function

&

beta function

-
=
V/
—
o

Multiple 11/2 Insertions

BT (K™ (B

| [ |
betax =

betay

30 40

50 60 80

““‘ OO -

betax -

40 60

T. Satogata / January 2021
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Symmetric Two-Doublet Insertion

insertion L

4 ]

“\ | vag-w* FODO ]

oo P i

bl Ea _

= =

E = betax [m] ] \/ ' { E

10 — Dbetay [m] - —

— etax [cm] Q2 Q 2 -

: etay [cm] Q1 / ,.\(31 :

0 [ ] ] ] | l ] ] ] | l ] ] ] | ] 1 ] ] | l L]
0 20 40 60 80

S coordinate [m]

Q: What does the symmetry imply for optics behavior?
Q: What about an antisymmetric two doublet insertion?

Q_j\kﬁ/‘\m OJDQ@;\ COND A Lfaw LX <X7*\>>
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(From (x,x’) Exchange to (x,y) Exchange)

= The m/2 solution prompted a question about (x,x’)

—

exchange {oteion  w Cx,>4\>\9«a“/2 N X
X' -k

-@teve briefly discussed caupling from a theoretical
nd practical standpoint yesterday...

" Q:is it possible to construct a lattice insertion that
exchanges horizontal and vertical phase spaces?
X ™ 3 6 2 —X
= A:Yes. This was developed in the 90s at Cornell and
Is called a Mobius insertion.

= Could “trivially” be implemented with a very long solenoid
_——
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(Mobius Insertion)

Fully coupled equal-emittance optics for e*e- CESR
collisions (round beam e*e" collisions)

= Symmetrically exchange horizontal/vertical motion in
iInsertion

* Horizontal/vertical motion are coupled
* Only one transverse tune degree of freedom!

L Q=

= Match insertion to points where 3,=f, and a,=a, with phase
advances that differ by m between planes ~—

(s, unrotated tunes Q12 =

: : T 0
* Normal insertion: Merect = (0 —T)

_ _ (0 T\
E‘Rotated by 45 degrees around s axis: Mmobius = | ¢ o |
* A purely transverse example of an emittance exchanger

S. Henderson, R. Talman, et al., “Investigation of the Mobius Accelerator at CESR”,
Proc. of the 1999 Particle Accelerator Conference, New York, NY; R. Talman, “A Pro- 4"":'
posed Md&bius Accelerator”, Phys. Rev. Lett 74, 1590-3 (1995).
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(Talman 1993 Mobius Paper)

= https://www.classe.cornell.edu/public/CBN/1993/Mobius.ps

The MOBIUS ACCELERATOR

Richard Talman

Laboratory of Nuclear Studies

Cornell University
Ithaca, NY 14853

0.5+

Synchrotron
Stability
Diagram

04

03~

0.1

AAVSLLYW A

[ —

ﬁf

— — = -
ﬂtr 1 d d 1 |

1 lo
| 0
Shaded = Skew quadrupole

Figure 2: Lattice section needed to switch between ordinary and Md&bius
operation. For ordinary operation the unshaded elements are run as normal
equal-tune FODO elements. For Mobius operation the central element ¢
is turned off and the shaded, skew quadrupole elements are powered.
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. . Lo —
Low-beta Insertions: intro 5;63
= We have one final “dipole-free” insertion to discuss
* (In practice it may well not be dipole free) O/Y X ‘%x
» Low beta insertions are fundamentally quads that R
focus into special long drift spaces

= To this point we have avoided overfocusing

" Low beta insertions are intentionally overfocused to Qm Vg @0/
create a minimum beam size (or walst) in a drift

~ . 4 - g - - 2 2 - - - -

- _ s

By et

RHIC low-beta
insertion

-
.
—— -
3
-
-
=
-
-
-
.
3
r O :
cg; -
- -
I\') -

Nr ~ ~ s ”
“ s ~ ~ E

- -

N L LE LR
L L UL
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Low-beta Insertions: Uses

* Low-beta is most famously used to maximize collider
luminosity by minimizing beam size at interaction
point

L = freoM o (1.11)
o0

* Also used to maximize beam divergence

(ﬁ oL . Mlnlmlzes emittance growth from interactions with
ﬂ " materials, e.g. ion stripping foils or diagnostic screens

» MA% )L thin foil scattering adds X/
skl " A}/‘& noise to particle angles x’ /\ gf .
owB S5 = Bo/x\/
G_Og) R Z b Z/
- 5Qa\)(esfu"‘ \ o}
vV — MWUAN\

T. Satogata / January 2021 USPAS Accelerator Physics 30




Low-beta Insertions ) £old g o0

= Recall class comments from Steve about 3 evolutlon
and phase advance in a drift l

Bla) = 5"+ o £
S) — /5* 7*:11_@* ) \V4
Y — % = F
where 3* is the minimum value of 3 and s is the =
s-coordinate distance from this minimum Y
Smaller 5* gives steeper parabolic increase! )
B must be quite large at the quadrupoles surrounding =

the low-beta insertion to create a small 3*

Linsertion
6*

Phase advance across straight section : 2 arctan (
For Lijsertion > 67, , phase advance is 7
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(Low-beta Insertion guidelines)

1. Calculate the periodic solution in the arc

2. Start from the IP, introduce the drift space needed for the insertion device
(detector ...)

3. Install a quadrupole triplet (or doublet?) fix the aperture requirements and
the achievable field gradient

4. Set the desired beta*, drive the triplet at high field, so that the beam is
focused back

5. Introduce additional quadrupoles to match the beam parameters to the
values at the beginning of the arc

Parameters to be optimized & matched to the periodic solution:

Bx ax Dx  px Use a code (e.g. madx)
By o Dy, py to optimize and match!

(D’is normally accepted at the IP)

8 (at least) individually powered quad magnets are needed to match the insertion

Slide from D. Pellegrini, 2018 USPAS course
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(Combining Beam Separation and Low Beta Quads)

Both dipoles and quadrupoles need to be close to the IP, not always integrable
into the detector

02 02 0s
100 mvn aperare 20127, 1im
“LHC wore | = RHIC = -
01 . - | 01 1367, 10m
200TM 6VISm ,| / 1
£ 005 VIl : | /
! 4t = ;&t“f g e
E
%008 T_ ‘?_J L H’\ 3 003 \
U Q2 @Q o1 \

01 01

015 Q.15 o2

02 —— 02

0 20 @ 80 80 o L «© L 80 0 50 100 150
Dsstance fiom IP (m) Dstance from IP (m) Distance from 1P (m)
Figure 1: Quadrupole-first IR. Figure 2: Dipoles-first IR. Figure 3: IR with quads between the separation dipoles.
02 :, 0s
100 e aperture, l

01s 1457 6m 0 Tan 50832 {

” [ ] (]
- LU U
£ o
§m

. A LHC went for case 1

LUt —
0.18 e @ @
02 05
0 20 40 60 80 0 50 100 150
Dwstance from IP (m) Drstance from IP (m)

Figure 4: Dipole-first IR with large crossing angle. Figure 5: Quadrupole-first IR with large crossing angle. ). Strait et al., proceedings of PAC 2003

Slide from D. Pellegrini
T. Satogata / January 2021 USPAS Accelerator Physics 338



(Dispersion Review)  ADV P oLy

* Review and reformulation of Tuesday PM material (a iong time ago)

» Dispersion(s) is defined as the change in particle position
with fractional momentum offset § = Ap/po

i) = betatron + 1,(s)0  n.(s) = —

— , do

Dispersion originates from momentum dependence of dipole bends
Equivalent to separation of optical wavelengths in prism

Different positions
due to different bend
angles of different
wavelengths
(frequencies,
momenta) of
incoming light

White light with
many frequencies
(momenta)
enters, all with
same initial
trajectories (x,x’)

e
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(xkecd interlude)
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(xkcd interlude)

Z‘o@/dsj

http://www.xkcd.org/964/

This is known in accelerator
lattice design language as a
“double bend achromat”
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Mf(

(Dispersion Review)

= Add explicit momentum dependence to equation of motion

C 6 !/ 5
( K —
'S o+ Ks) p(s)

Perturb our zero-dispersion solution to find

_ z(s) = C(s)zo + S(s)xg + D(s)d
— W(s) = C'(s)wo + S ()7 + D' (5)0
M =
z(s) C(s) S(s) D(s)\ [zo -
(m) = (g’<s> 5'(s D’<s>) () wo -
5(s) 0 0 1 )
RO o — o
The trajectory has two parts:
x(s) = betatron + 1,(s)d  1.(s) = Z—?
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(Dispersion Review) v (ke W@éaa\\ggs@

» Substituting and noting dispersion is periodic, 7, (s + C) = nx(s)

Nz (S) C(s) S(s) D(s)\ [n.(s) |
n.(s)] =|C'(s) S'(s) D'(s) 1.(s) achromat : D =D" =0
0 0 1 5

]
=
=
)
ﬁ
Q
=3
)
>,

-

e can solve this in a clever way

() - (560) - () - (303) <

»n =
=

= Solving gives [1 - S5'(s)|D(s) + S(s)D'(s) = ?Qmad &
—

n(s) = 2 \
- (1 — cos p)

n'(s) = [1 = C(s)]D'(s) + C'(s)D(s) so\ﬁj
- 2(1 - CQEH) %\. g@f( <
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cell

FODO with dipoles ( Tul\ &C@VM%3

\ \ / // \ / #
f \ \ / \ [
r : || ( | || f
“ } ‘ I ‘ \
\ f | = / |\ ‘

\ /

/[ \ NV phes2 / N\ pbe /2 \ L
-12f T af 12 1\ walow L dafprshon
= A periodic lattice without dipoles has no intrinsic dispersion

= Consider FODO with long dipoles and thin quadrupoles
= Each dipole has total length pf /2 so each cell is of length L = pf¢c

/ \
———

= Assume a large accelerator with many FODO cells so ¢ < 1

1 0 0 1 L Llc 1 00
M_qop = (glf 1| 0) Maipole = (O 1 920) My = (} 1 O)
0 0 1 0 O 1 0 0 1
Mropo = M_of Maipole M s Maipole M _2¢ -
- & L(1+5) §(1+$)90
EeRE = —ip (1_%) 1_8Lf_22 (1_8]} _35;2)90

0 0 Il
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FODO with dipoles

= Like 3 before, this choice of periodicity gives us 7,

1 1 sin 4 r\bé C
Ry = LOc +.22 1o 1., = 0 at max /]7Q ’
Z 4 sin” §
= Changing periodicity to defocusmg quad centers gives 7, CONO
. Loo |1- ssin b _ 0 - ?‘”
. 17 = 0 at min
Nz = 4 -2 U !
= sin” 5
1.2 T T T T T T T
eta_max/L ———
5 1 eta_min/L —— - Jyf /00\)
5 /|1 dec reche) ‘ M y&
i meg | Dless e
'él 0.4 \) —> w ]
o Y\ 25 FODO cells)
® 0.2
<\
0 | l l ' l .

40 60 80 100 120 140 160

Phase advance/cell [deg] — 1*
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Dispersion suppressors

* The FODO dispersion solution is non-zero everywhere
= But in straight sections we often want 7, = 7, = 0
* e.g. to keep beam small in wigglers/undulators in a light source

= We can “match” between these two conditions with with a
dispersion suppressor, a non-periodic set of magnets
that transforms FODO (72, 1;,) to zero.

| |
| II \ 'll '| I|
| - R |
|| I Il || \
l I |II I'l

Sujap 2 jp 002 gy B2 1jp Bl oy

= Consider two FODO cells with different total bend angles 01, 02

« Same quadrupole focusing to not disturb Bz, Mz much

/ A /
. We want this to match (7z:7z) = (92, 0)to (12, m3) = (0,0)
- a; = 0 at ends to simplify periodic matrix
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Dispersion suppressors

Zero dispersion 0 COSHZQ/LQ; Bz sin 2 D(S) Tz FODO peak
area 0] = (-5 cos2u, D'(s) 0 dispersion,
slope 1’ =0 1 0 0 1 1 slope ' =0

o-4(o0 ) - o on
o (1) [~

AL
=1 (14 5) @+ 0

1 1
o= |1- 0 0y = 0
1 ( 4sin2g> ’ <4sin2g>

0 =6, + 605 twocells, one FODO bend angle — reduced bending

multiply matrices =
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betax,betay,dispx [m]

FODO Cell Dispersion and Suppressor
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Mismatched Dispersion

= \What does mismatched dispersion look like?

beta function

* For example, this is what happens when the second
dispersion suppressor is eliminated and the dipole-free
FODO cells run right up against the FODO cells with dipoles

40 | | | | | |

betax

i betay N

30 dispx*10 -
Dispersion

25 |- Dispersion Mismatch — _
-free not periodic!

20 - Insertion -

15 | (\ _

B \‘ \ / ‘ _

0 | .

0 20 40 60 80 100 120 140 160

s
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RHIC Lattice Revisited

quadrupoles ——> , dipoles
¢ N . . . low-beta insertion .'J: -
125 Missing dipole dispersion suppressor \ i 3
E o low-beta insertion |-
s 100F (| € . 1=
2 =N Horizontal | | Vertica : matching | }|
S 75F 4l N Pk
— — ! . & FODO i Jf i ]
w — 1 Iy i f —
Z OB VAR AR ARAEAEASARARAAAR AR AR AR S\
25: 1'» ‘J | "Jl-., A AR AR AR AR R AR A :
SR T VY YV R AV AR VARV R VAVAVAYAVAVATAVAVAV R

0 I I Il | I | N | I | T T Y Y I | | | T I | | | N | I | N T T Y | I 11 1]

0 100 200 300 400 500 600

S coordinate [m]

* Note modular design, including low-beta insertions
» Used for experimental collisions
* Minimum beam size ¢ (with zero dispersion)
* maximize luminosity
* |arge o, beam size in “low beta quadrupoles”

= QOther facilities also have longitudinal bunch
compressors (this afternoon)
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