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m Introduction: definitions and reminder

m Steering error and closed orbit distortion

m Focusing error and beta beating correction

m Linear coupling and correction

m Chromaticity
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Lorentz equation

FE' :Total Energy

dp _
dt

T : Kinetic energy b = \/ p? + mjic?

P : Momentum
** note that p is used instead of cp

(3: reduced
7y : reducec

| velocity b=
| energy

(3~ : reducec

. momentum ﬁ Y

=

F =¢q(E+v xB)

T + moc® =T + E,
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=

m Cartesian coordinates not useful to describe motion in a circular
accelerator (not true for linacs)

m A system following an i1deal path along the accelerator 1s used

(Frenet reference system) (ux, Uy, uz) — (ux, Uy, uS)

d?s

m The curvature vectoris K = ———

ds?

 Particle trajectory

...........
------
______
et
e
w.
-

d d? d?
= moVﬁ = mOWUQ—S = —mofyvgl-s: = q|v x Bj

s 7.2

- & &
where we used the curvature vector definition and o = vZ -3

m By using moyvs = ps = (p* — p> — pi)l/2 ~ p , the ideal path
of the reference trajectory is defined by
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=

m Consider uniform magnetic field B = {0, B,,,0} in a direction
perpendicular to particle motion. From the reference trajectory
equation, after developing the cross product and considering that
the transverse velocities Uz , Uy <K Vs, the radius of curvature
is

1
k| =|=B
p = Ik = |qm—l—»'l’ﬁE |
P 4
We define the magnetic rigidity |Bp| = .

In more practical units  |OE |GeV| = 0.2998|Bp|[T'm|

For 1ons with charge multiplicity » and atomic number 4, the
energy per nucleon is

BE[GeV/u] = 0.2998 — |Bp\[Tm]



m Consider ring for particles
with energy E with N dipoles
of length L (or effective length
[, 1.e. measured on beam path)

2T

N
[

m Bending radius = —

0

m Integrated dipole strength
21 BF
Bl = b

m Note: N ¢ ‘
m By choosing a dipole field, the dipole \ /
length 1s imposed and vice versa \ y

m The higher the field, shorter or smaller \ y
number of dipoles can be used g Y,

m Ring circumference (cost) is oy
influenced by the field choice v

m Bending angle 0 =
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=

y
Consider a particle in the design orbit. X design orbit
In the horizontal plane, it performs harmonic oscillations ’ >
: Vs
T = o cos(wt + ¢) with frequency w = —
The horizontal acceleration is described by = 0% — L 97 _ 1
_— = — — = — —X
¢ horizontal acceleration is described by~ — o2 dP2 e

There 1s a week focusing effect in the horizontal plane.

In the vertical plane, the only force present is gravitation.
Particles are displaced vertically following the usual law Ay = 5% At?

Setting a, = 10 m/s?, the y
particle is displaced by By (l) ideal orbit
18mm (LHC dipole B -
aperture) in 60ms (a few v ri . —< particle trajectory
hundreds of turns in LHC) ‘:—
1 | £ <
Need of focusing! S — B
- y
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Quadrupoles are focﬁsing in one plane

and defocusing in the other

The field is (B, B,) = G(y,x)

The resulting force (Fr, Fy) = k(y, —z)
with the normalised gradient defined as

><
L4

_ 4
k= 3F
In more practical units,
- G[T/m)]
k[m™?] = 0.2998
m] BE[GeV]

Need to alternate focusing and

defocusing in order to control the beam,
1.¢. alternating gradient focusing

>
%
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B, = By(s) —G(s)x, B,

m The total momentum can be written p = po(

Po

m With magnetic rigidity Bgyp = — and normalized gradient

G(s)

k(s) = Bop

A
1+ =)
p

the equations of motion are

—-——

//7 1 N
z'" — (k(s) — )) T
\P(8)%

y" + k(s) y

71 Ap
«p(s) p |

—
-\

—G(s)y

e

0

m [nhomogeneous equations with s-dependent coefficients

1

m The term p_2 corresponds to the dipole week focusing and

1 Ap

= —& respresents off-momentum particles

p D

=

m Consider s-dependent fields from dipoles and normal quadrupoles

10
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Solutions are combination of the homogeneous and
. . 4 .
inhomogeneous equations  solutions

Consider particles with the design momentum.
The equations of motion become

"+ Ky(s)x = 0
y// _I_ Ky(S) y — O George Hill
with ,(s) = — (k(s) -- (2)2> K, (s) = k(s)

Hill’ s equations of linear transverse particle motion

Linear equations with s-dependent coefficients (harmonic oscillator
with time dependent frequency)

In a ring (or in transport line with symmetries), coefficients are
periodic K,(s)=K,(s+C), K,(s) = K,(s+C)

Not straightforward to derive analytical solutions for whole

1
accelerator
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=

m The on-momentum linear betatron motion of a particle in both
planes, 1s described by

with o, 3, v the twiss functions a(s) = —

1) the betatron phase )(s)

u(s) = VeB(s) cos(i(s) + o)l u— {z,y}

B(s) 14 a(s)?
2 T ()

B ds
) B(s)

and the beta function (3 is defined by the envelope equation

266// _6,2 ‘|‘462K — 4

m By differentiation, we have that the angle 1s

u'(s)

L

/

€

(s)

(sin(1(s) + o) + a(s) cos(¥(s) + o))

12
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m From the position and angle equations,

5
cos((s) + 1) = , sin(¥(s) + o) =
eﬁ (s) \/ eﬁ
m Expand the trigonometric formulas and set ¥(0) =0 to get
the transfer matrix from location 0 to s
u(s)\ Ug
(’U,/(S)) - M0—>S <u6)
with
Wy \/ 5(5) (cos AY + ag sin Ay) B(s) g sin Agp
0—s — ap—al(s)) cos — apa(s)) sin 0
( ( )) Aﬁ%’(S& (s)) sin Ay Bﬁ( )(COS A — agsin Agp)
()—Aw—/S“
and H(S) = =] B(s) the phase advance .

=

)



Linear imperfections and correction, JUAS, January 2013

=

The optics functionsare Gy = G(C) =06, ap=a(C) =«

Consider a periodic cell of length C

C ds
and the phase advance L= /
o B(s)

The transfer matrix is

Mcz(cosu+asinu [ sin )

—ysin COS |4 — (usin
The cell matrix can be also written as

Mec =Zcospu+ Jsinp
Qv
with 7 = (1 O) and the Twiss matrix |J = ( & )'

0 1




=

m |n a ring, the tune 1s defined from the 1-turn phase
advance 1 ds Vg 4y

Ry = o By () T o

1.e. number betatron oscillations per turn

m Taking the average of the betatron tune around the ring we

have in smooth approximation

C R
V—27TQ—<T®—>Q—®

m Extremely useful formula for deriving scaling laws

m The position of the tunes 1n a diagram of horizontal versus
vertical tune 1s called a working point

m The tunes are imposed by the choice of the quadrupole
strengths

Linear imperfections and correction, JUAS, January 2013

m One should try to avoid resonance conditions

15
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Up to now all particles had the same momentum p,,
What happens for off-momentum particles, 1.e. particles with

momentum p,+4? | _o=====--_ Po+Ap
Consider a dipole with field B and m Po
/

bending radius p

Recall that the magnetic rigidity 1s Bp = —

and for off-momentum particles
B(p+ Ap) = pOJ;Ap = App = %
0
Considering the effective length of the dipole unchanged

A A A
Hp:l:const.:>pA9—|—9Ap:():>—9:__p:__p
0 P Do

Off-momentum particles get different deflection (different orbit)
A7l
AG = —9=F
Po 16




Linear imperfections and correction, JUAS, January 2013

=

Consider the equations of motion for off-momentum particles

1 Ap

"+ K, (s)x =

p(s) p

The solution is a sum of the homogeneous (on-momentum) and
the inhomogeneous (off-momentum) equation solutions

v(s) =z (s) +z1(s)

In that way, the equations of motion are split in two parts

vh + Ky(s)zg = 0

o] + Ky (s)xy =

1 Ap
p(s) p

The dispersion function can be defined as D(s)

The dispersion equation 1s

D'(s) + K, (s) D(s)

p(s)

17
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Design orbit defined by main dipole field
On-momentum particles oscillate around design orbit

Off-momentum particles are not oscillating around design orbit, but around
“chromatic” closed orbit

Distance from the design orbit depends linearly to momentum spread and
dispersion A

rp = D(s) =P
D

On-momentum

particle trajectory

Off-momentum
particle trajectory

.............. < 18
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m Beam orbit stability very critical
Injection and extraction efficiency of synchrotrons
Stability of collision point in colliders
Stability of the synchrotron light spot in the beam lines of light sources

m Consequences of orbit distortion

Miss-steering of beams, modification of the dispersion function, resonance
excitation, aperture limitations, lifetime reduction, coupling of beam motion,
modulation of lattice functions, poor injection and extraction efficiency

m Causes

Long term (Years - months)
m  Ground settling, season changes
Medium (Days —Hours)

m  Sun and moon, day-night variations (thermal), rivers, rain, wind, refills and
start-up, sensor motion, drift of electronics, local machinery, filling patterns

Short (Minutes - Seconds)

m  Ground vibrations, power supplies, injectors, experimental magnets, air
conditioning, refrigerators/compressors, water cooling 19
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=

m Magnetic imperfections distorting the orbit
Dipole field errors (or energy errors)
Dipole rolls
Quadrupole misalignments

m Consider the displacement of a particle ox from the ideal orbit .
The vertical field in the quadrupole is
B, =Gz =G(x+dx) = Gz + Gozx

i
quadrupole dipole

m Remark: Dispersion creates a closed orbit 5
D

distortion for off-momentum particles with dz = D(s)—

p
m Effect of orbit errors in any multi-pole magnet

—1
B, = b,3" = b, (x+0z)" = b, (z" +ndzx™ 1 + n(n2 )(533)2513”_2—|—- -+ (0x)")

) —~— —— ~ ~ —
m Feed-down 2(n+1)-pole 2n-pole 2(n-1)-pole dipole

20
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5(BI)

Consider a single dipole kick 6 = du;, = du'(sg) = B at s=s,
The coordinates before and after the kick are P
U Uo
Uy Ug
with the 1-turn transfer matrix
M= (o8 2m() + o sin 27() Bo sin 2w()
- —~o Sin 27 cos 2m() — ap sin 27()
- _ Bo r_ Q Qo
The final coordinates are ug = 6 > tan 70 and uy = > (1 -

For any location around the ring it can be shown that

o \/5(5)50
u(s) = H?Sin(wQ)

J

Y
Maximum distortion amplitude

cos(mQ — [¥(s) — vol)

=

)

21
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« Consider a transport matrix between positions 1 and 2

mi11  Mi2
M1_>2 — (

mo1 MM22

* The transport of transverse coordinates 1s written as

Uy = miiuy +miou
Uy = Maruy + Moo
o N 5(BI)
« Consider a single dipole kick at position 1 6 = B,
0

* Then, the first equation may be rewritten
/
Ug + Oug = myiuy + mia(u] + 61) — dug = mi26;

« Replacing the coefficient from the general betatron matrix

dug = 4/ B1P2sin(Y12)01

5”(//2 — % [COS(wlg)Hl — (Y9 Sin(wlz)]

=

22
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® Dipole perturbations add-up in
consecutive turns for ¢ = n

® Integer tune excites orbit
oscillations (resonance)

Turn 1

e

Kick

A/

Turn 2
~
\ /h ,
\_/ »

dug = +/ 0152 sin(y12)04

=

® Dipole kicks get cancelled in
consecutive turns for () = n/2

® Half-integer tune cancels orbit
oscillations

' Turn 1
‘\ / \.Y‘;‘ "/ h ~

—f @~
" [Kick

Turn 2

— /g
\ ' - -

" (Kick

Suby = \/% [cos(h12)01 — aasin(t12)] 53

Va
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=

o

rbit distortion due to many errors

B(s)

s+C
u(s) = o [ 0VB cos(rQ ~ [0(s) = () dr

m By approximating the errors as delta functions in n locations, the

distortion at i observation points (Beam Position Monitors) 1s

\/E 1+n
4= 2sin(mQ) 322;1 VP costrQ ==l

with the kick produced by the jth error

m Integrated dipole field error f; = ——2127

m Dipole roll 0; =

m Quadrupole displacement 0; =

24
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"+, Example: (

T ————
26.0 [
240 [
220 [
200 [
18.0 [
16.0 [
140 E
120 |
10.0
8.0 [hi

—

-

-
-

Beta and Dispersion (meters)

!

P ——]

Horz and Vert RMS COD (mm)

10 |- Horizontal rms CO A | v
- - Verticalrms CO 20F YAV A
0.00.0 — I50.0I — I100.0I — I150.0I — I200.0I — I250.0 0.OO.O 50.0 100.0 150.0 200.0 250.0

S (meters) S (meters)

m In the SNS accumulator ring, the beta function 1s 6m in the dipoles and 30m 1n the
quadrupoles.

m Consider dipole error of 1Imrad

m  The tune is 6.2

m The maximum orbit distortion in the dipoles is ug =

V6 -6
28in(6.27)
m For quadrupole displacement giving the same 1mrad kick (and betas of 30m) the

1073 ~ bmm

maximum orbit distortion is 25mm, to be compared to magnet radius of 105mm .
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m [n the ESRF storage ring,
the beta function is 1.5m 1in
the dipoles and 30m in the
quadrupoles.

m Consider dipole error of
Imrad

m The horizontal tune 1s 36.44

m Maximum orbit distortion in
dipoles

V1515
 2sin(36.44)

Uo .1073 ~ 1mm

m For quadrupole
displacement with 1mm, the
distortion is ug ~ 8mm !!!

m Magnet alignment is critical

%107 16 BPMs 16 steerers 8 eigen values
2.5 1 T T T
J
I rms= 4.5426 \ll
]
L t o
2 4 peak= 4.4928 ,JI it
Il | Iy
i rms. FBbpms= 4.2225 e
. ] i
T R | o |
] I I i : I
: i i
I | f by by
t o I ; b il M ey R
1+ ru‘ﬂ L i f I ! H (] ‘ i1 N
| ) | i il ?.l jl!\ (“k ] i) P! [t I\
AR R N i bk s g
: U L ; oo Ay |J Eody s il : P!
| [ i i i s Al I, | P |
051 | i [ { ! ! | ! L ¢ ook o Z
A ‘l J I, |f\l i1 : ] '/\ ' j/ . M l\ ' : : : T \l
! | 3 : | \ \ o\ A
/‘\ o rl NS AN J‘./\“A‘\ : R /1) u\\. ‘/ﬁ \ \l ( \\l f ,I Lt :f N b l DAY
0 ‘(J | ll“l I \l -II‘! 1 I N\ A :‘/f A/ \i I A \\T“\ R AR S AN g
AVERVRY SEVARAVA NI SRR RSN
) “\‘/‘ i \\L : : AV A f‘r-“/"l : ll ) ‘d' B ll Ii ‘W‘; ! i |I :L"t"l/ I 'v \
2= U Il O N 1! P Py i
i | J | Ll | | L TR N I
! ! : L ! |.’ \ lf bl iyl 1 [|\l ijl'l | J‘ ! 1 L | 1| !
\l ! Id | [TV Y i i [ T A
L v N I X i i | _
15 | i i o y § b i Lol
b i [T < |?| [T N R
R q i TR i i
i i 1l | I ! i
l'fi Illf- 1 II” 1l \ ; 14 i
150 ¢ i (T 7
i il i i 1! Ik
I 4 i
i weoo
2+ il H .
ro
-25 L L I I
0 50 100 150 200 25!
Zplane

Vertical orbit correction with
16BPMs and steerers

26
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2

m Consider random distribution of errors in N magnets

m The expectation (rms) value 1s given by

VB(s) _ /NB(5)Brms
2v2|sin(mQ) ZJE RN sm(w@ﬂe”“s

m Example:

Upms () =

In the SNS ring, there are 32 dipoles and 54 quadrupoles
The rms value of the orbit distortion in the dipoles

Uppns = - 1077 =~ 2cm
© 2v/2sin(6.27)
In the quadrupoles, for equivalent kick
30 - 30/ H4
yawed — Y vod 10~° ~ 13cm

T 24/25in(6.27)

27
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(=

m Place horizontal and vertical dipole correctors close to focusing
and defocusing quads, respectively

HBPM VBPM
QF DX QD py

m Simulate (random distribution of errors) or measure orbit in BPMs
m Minimize orbit distortion

Globally Locally

s Harmonic , minimizing components of = Sliding Bumps
the orbit frequency response after a
Fourier analysis

m Most efficient corrector (MICADO),
finding the most efficient corrector for
minimizing the rms orbit

m Singular Value
Decomposition (SVD)

m Least square minimization using the
orbit response matrix of the correctors 28



0 - v @

m  Sensitive to lattice and BPM errors (92 = \/—_ 0 1
m Large number of correctors — T . 62

41—
61 QD QD 92 QD QD 93

a

*,%N
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m 3-bump: works for any lattice Vv 1 9. — \/. ﬂQ 0., — V03
m  Need large number of correctors  gip o3 L= sin 137 2 sin 119 Os

m  No control of angles (need 4 bumps) 29



S b
% oo

COS w25 — Qs sin ¢25
Sin 412

()1 QD

sin wgs ,
1 sin ¢12

D
[

BT

V ﬁlﬁs

COS wls — Qs sin wls
sin 112

¢ Sin ¢18 ,
Sﬂlﬂdz

D
N

V 5265

COS Wy < SIn ¢84 ,

B3 sin ¢34

— Qg Sin ¢S4
Sin P34

D

W

V 5365

s Sin Yy 3 ,
sm ¢34

— (4 SIn ¢33
Sin P34

COS 3
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Na)
N

V 5465

m 4-bump: works for
any lattice

Cancels position and
angle outside of the
bump

Can be used for
aperture scanning

30
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N monitors / N correctors

Monitors Correctors Correctors Monitol
N !
A= U * W * V T \\\\\\\\\\\\ O
“Inverse
Response R
72| = Mal’?rix x| 72 SVD »|=| ~Response ||
A Matrix. .
— _1 \\\\\\\\\
ATt oveweu T o A
=> Minimization of the RMS orbit (=0 in case of "Matrix Inversion" using all Eigenvalues)
N monitors / M correctors
s, @
«| 36 36 | — \Z\\A\:—\‘l:\ A
0 TSI
72| = A SVD i s |72

=> Minimization of the RMS orbit (monitor averaging)

M. Boege, CAS 2003
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m Closed orbit stabilization performed using slow and fast orbit
feedback system.

m Slow feedback operates every few seconds and uses complete set of
BPMs for both planes

m Efficient in correcting distortion due to current decay in magnets or
other slow processes

m Fast orbit correction system operates in a wide frequency range

(up to 10kHz for the ESRF) correcting distortions induced by
quadrupole and girder vibrations.

m [ocal feedback systems used to damp oscillations 1n areas where
beam stabilization is critical (interaction points, insertion devices)

B@BPM [m] |rms orbit [um] | rms orbit with feedback [pum]
Horizontal 36 5-12 1.2-2.2
Vertical 5.6 1.5-2.5 0.8-1.2 32
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Summary of integrated rms beam motion (1-100 Hz) with FOFB
and comparison with 10% beam stability target

FOFB BW Horizontal Vertical
ALS 40 Hz <2puminH (30 pm)* <1TugminV (2.3 ym)*
APS 60 Hz <3.2uminH (6 ym)** <1.8uminV (0.8 ym)**
Diamond 100 Hz <09 uminH (12 um) <0.1uminV (0.6 pm)
ESRF 100 Hz <1.5uminH (40 um) ~0.7 uminV (0.8 uym)
ELETTRA 100 Hz <1.1uminH (24 pm) <0.7uminV (1.5 pm)
SLS 100 Hz <0.5uminH (9.7 ym) <0.25uminV (0.3 ym)
SPEAR3 60Hz ~1 umin H (30 ym) ~1uminV (0.8 um)

* up to 500 Hz
** up to 200 Hz

- restriction of tolerances w.r.t. to beam size and divergence
- higher frequencies ranges
- integration of XBPMs
- feedback on beamlines components

33
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2

m Optics functions perturbation can induce aperture
restrictions

m Tune perturbation can lead to dynamic aperture loss
m Broken super-periodicity -> excitation of all resonances

m Causes
Errors in quadrupole strengths (random and systematic)
Injection elements

Higher-order multi-pole magnets and errors

m Observables
Tune-shift
Beta-beating

Excitation of integer and half integer resonances

34
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m Consider the transfer matrix for 1-turn

—0 sin(27Q) cos(2m()) — ag sin(27Q))

My = (COS(QT&'Q) + ap sin(27Q)

Bo sin(27Q) )

m Consider a gradient error in a quad. In thin element approximation
the quad matrix with and without error are

1 0

mo = (_ Ko (s)ds 1) and m = (-(Ko(s)l—l— SK)ds ?)

m The new 1-turn matrix is M = mmal My =

which yields

M — ( cos(2mQ)) + ap sin(27Q)
— \0Kds(cos(2mQ) — ap sin(27Q)) — 7o sin(27Q)

1 0
—0Kds 1

Bo sin(2wQ)
cos(2mQ) — (6K dsfBy + o) sin(27Q)

35

(=

o

)
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=

m Consider a new matrix after 1 turn with a new tune y = 27 (Q + 6Q)

M* = (COS(X) + ao sin(x) Bo sin(x) >

—~o sin(x) cos(x) — agsin(x)

m The traces of the two matrices describing the 1-turn should be
equal Tra(M™) = Tra(M)
which gives 2cos(27Q) — 0K dsfp sin(27Q)) = 2 cos(2m(Q + 0Q))
m Developing the left hand side
cos(27m(Q + 6Q))) = COS(QWQ)\COS(2W5Q) — sin(27Q) s\in(27r5Q)}

M 2160
and finally 475(Q) = 0 K dsf

m For a quadrupole of finite length, we have

1 So—|—l
47

SO

36
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=

m Consider the unperturbed transfer matrix for one turn

aip a2

A= (o o)
M, = (mn m12> _ B. A with a1 G22
Mol M22 B_ (1911 512>

ba1  ba2o

m Introduce a gradient perturbation between the two matrices

*x mi(l mTZ — B 1 0 A
0 ms; Mao —0Kds 1
m Recall that m12 = Gy sin(27Q)) and write the perturbed term as

mis = (Bo + 683)sin(27(Q + 6Q)) = mi2 + 63sin(27Q) 4+ 2m6Q By cos(27Q))
where we used sin(270Q) = 2700 and cos(27oQ) = 1

37
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=

m On the other hand

a2 = \/505(81)811”11% bia = \/ﬁoﬁ(sl)sm (27TQ — w)

and m’fz — 611a12 + blzagg — a12b125Kd3 — mi12 — algblgaKdS

~
mi2

m Equating the two terms

§3sin(27Q)) + 2w0Q By cos(27Q) = — a12b120 K ds

m Integrating through the quad

g 1
By  2sin(27Q)

s1-+l1
/ i B(s)0K (s) cos(2¢ — 2mQ))ds

38
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00

=
Ii
12 (m)

204

1.5

1.0=
0.5

0.0+

-0.5 4

-1.0

0.0

50, 75. 100, 135, 130 175, 200, 2. 230, 0.0 5. 50, 75. 100. 135. 130, 17s. 200. 225, 2!
(m) S(m)

m Consider 18 focusing quads 1n the SNS ring with 0.01T/m gradient

error. In this location f=12m. The length of the quads is 0.5m

. 1 0.01
The tune-shift 1s §Q = —18 - 12 0.5 = 0.015
Q@ A7 5.6507

For a random distribution of errors the beta beating 1s
P (YR
B0 rms 2V2|sin(2rQ)| — "

Optics functions beating > 20% by putting random errors (1% of
the gradient) 1n high dispersion quads of the SNS ring

Justifies the choice of corrector strength (trim windings) 39
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'R Example: Gra}
m Consider 128 0-05 | ' )
focusing arc quads 0.04r \/M
in the ESRF storage  0.03 -
ring with 0.001T/m _ ooz \ / -
gradient error. In £ o1} '#J‘f ‘ |
this location g I _
_ E Ol hun AN
¢ p=30m.The length g /| \.\,%\,\M I
¢ of the quads 1s g |
§  around 1m | V\/\ w
2 -0.03 | ]
¢ m The tune-shift is 0.04 | e oN |
: -0.05 ' ' 1 '
° 50 100 150 200
= BPM number
2 1 0.001
3 0Q)Q = —128-30——1 =0.014
£ ¢ 41 20
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m Windings on the core of the quadrupoles or individual
correction magnets (trim windings or quadrupoles)

m Compute tune-shift and optics function beta distortion

m Move working point close to integer and half integer
resonance

m Minimize beta wave or quadrupole resonance width with
trim windings

m Individual powering of trim windings can provide
flexibility and beam based alignment of BPM

m Modern methods of response matrix analysis (LOCO)
can fit optics model to real machine and correct optics
distortion

Linear imperfections and correction, JUAS, January 2013
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R. Bartolini, LER2010

)

J. Safranek et al.

Machine beta functions compared to model (08/11/2008) 1 Hor B - bea‘“ng
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m Combine the matrices for each plane

(5'(@))) 3 (58
() = (e
to get a total 4x4 matrix

z(s)
/x’(s)\

\v/(s)/

.
. .

s)

(70

Yo

\ v
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=

Betatron motion 1s coupled 1n the presence of skew quadrupoles
The field is (B, B,) = ks(z,y) and Hill" s equations are coupled

Motion still linear with two new eigen-mode tunes, which are
always split. In the case of a thin skew quad:

5@ X |ks’\/ﬁxﬁy

Coupling coefficients
Cy| = ‘i ]{ ks () B (5) By (5 (o (QuEQu 1) 2ms/ ©)
2T

As motion 1s coupled, vertical dispersion and optics function
distortion appears

Causes:
Random rolls in quadrupoles
Skew quadrupole errors
Vertical off-sets 1n sextupoles
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(=

m Introduce skew quadrupole correctors

m Correct globally/locally coupling coefficient (or
resonance driving term)

m Correct optics distortion (especially vertical
dispersion)

m Move working point close to coupling resonances
and repeat

m Correction especially important for flat beams

m Note that (vertical) orbit correction may be critical
for reducing coupling

45
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correctors

m Results of Q,=6.23 Q,=6.20 after a 2mrad quad roll
m Additional 8 correctors used to compensate vertical dispersion

m [ocal decoupling by super period using 16 skew quadrupole

0.0200
<P}
) 0.0150
=
D
s 00100
S
o 0.0050
=]
. 0.0000
© pu(
2
o -0.0050
S -0.0100
=
=
- 200150
Seed #
-0.0200
1| 2 3| 4 5 | 6 7 | 8 9 |10 [ 11 | 12 |13 | 14 |15 | 16 |17 | 18 |19 | 20
@ Before Correction  -0.009]-0.014[0.016(-0.013L0.004/0.007 [0.015[0.008 [0.008[0.007 [0.014[0.006 [0.000(0.005 -0.006{0.006 [0.015]-0.015[0.009 [0.010
m After correction  |0.000(0.000 [0.000[0.000 £0.000/0.000 -0.000{0.000 £0.000/-0.000[0.000 [0.000 [0.000|-0.0001-0.000{0.000 L0.000[0.000 [0.000 [0.000
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m Local decoupling using 16 skew quadrupole correctors and coupled
response matrix reconstruction

m Achieved correction of below 0.25% reaching vertical emittance of

Skew Strength [m-1]

below 4pm
0.001
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A . . e
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o0
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A®@® °
0 e e 2006 200
A ®o 00 e
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A
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o0 - . -
£ ---A--- Existing 16 5
=
S 1.00E+00
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)
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=
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=
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Z.
1.00E-02 ' '
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M. Aiba, M. Boge,

N. Milas, A. Streun

ZB kU

m Vertical emittance reduced to a minimum value of 0.9+0.4pm

m Achieved by carefull re-alignment campaign and different methods
of coupling suppression using 36 skew quadrupoles (combination of
response matrix based correction and random walk optimisation)

m Performance of emittance monitor had to be further stretched to get
beam profile data at a size of around 3-4um

Linear imperfections and correction, JUAS, January 2013
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(term proportional to dispersion)

. 5Qz
m Chromaticity 1s defined as: &y = ;; /5
m Recall that the gradientis k=& = %% _ 2%

Bp P k
m This leads to dependence of tunes and optics

function on energy
m For a linear lattice the tune shift (iSS
1 1
Quy = 1= P Brathle)ds ==L § 5ok

m So the natural chromaticity is:
1
ggj’y —_ % ng’yk(S)dS
41

m Sometimes the chromaticity is quoted as &ewy =

(=

m Linear equations of motion depend on the energy

§x,y
Q:U,y 49
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m In the SNS ring, the natural chromaticity 1s —7.

: oP
m Consider that momentum spread o = +1%
m The tune-shift for off-momentum particles 1s
oP
5Qx,y — Qj’y? — +0.07

m In order to correct chromaticity introduce particles
which can focus off-momentum particle

Sextupoles

=

50
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m The sextupole field component in the x-plane 1s: B, = g:ﬁ

P
m In an area with non-zero dispersion 5 — g, + D(S

m The total chromaticity 1s the sum of the natural and
sextupole induced chromaticity

9= e f B 5(5)Da(s)) ds .

P
m Than the field 1s
S 0P S ,0P?
® Y Y
S . quadrupole dipole .
s m Sextupoles introduce an equivalent focusing correction
S oP
2 Ok = SD?
¢ m The sextupole induced chromaticity is
1
Sy =1z P Fe(©)S()Du(s)ds
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(=

Introduce sextupoles 1n high-dispersion areas
m Tune them to achieve desired chromaticity

m [wo families are able to control horizontal and vertical
chromaticity

m Sextupoles introduce non-linear fields (chaotic motion)
m Sextupoles introduce tune-shift with amplitude

m Example:
The SNS ring has natural chromaticity of -7

Placing two sextupoles of length 0.3m in locations where
f=12m, and the dispersion D=4m

For getting 0 chromaticity, their strength should be
S = 7-dm ~ 3m > or a gradient of 17.3 T/m?
12-4-2.0.3
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Two families of sextupoles not enough for correcting off-momentum optics

functions’ distortion and second order chromaticity

Solutions:

Place sextupoles accordingly to eliminate second order effects (difficult)

Use more families (4 in the case of of the SNS ring)

Large optics function distortion for momentum spreads of £0.7%,when using

only two families of sextupoles

Absolute correction of optics beating with four families

=

=
=

=
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of a pulsing dipole

0.9¢
F b 0.8
(a,b) 0

0.6}

=

Sextupole component due to Eddy currents in an elliptic vacuum chamber

1
ey = 3L j{ S99 (5 1) D, () By (5)ds

l_.

1 d*B 1 pooctB
eddy (1) _ y _ 0%c YF(a.b
ST Bp dz2  Bp h (a,)
/2 b2arcsinh(y/a? — b2 /b)
11 F(a,b) = sin g1/ cos? ¢+ (b/a)?sin® p dop = 1/2 |1 +
with F(@.) = [ singyfcost o+ (b/a)tsin o 4o~ 1/ N
Taking into account
Binax
By(t) = m (CLE‘ — COS(Q)t))
Wlth _ Emax + Emin
“E Emax - Emin

0.5t

02 04 06 08
b/a we get 599 (¢)

Mo octw  sin(wt)

F(a,b
hp ag— cos(wt) (a,5)
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Chromaticity

Linear imperfections and correction, JUAS, January 2013

Example: ESRF booster chromaticity

1 Booster Chromaticity without correction
5 -
L
| ]
-5 -
- W VS e A 4
MERE-—A 0. O -
-15 1 {{ - MR
‘\ "o"‘ S )
-25 <
A Horizontal (measurement)
35 - @  \Vertical (measurement)
= = = Horizontal (theory) 1
= = = Vertical (theory)
'45 I I I I — I 1
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60
Time (ms)
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1)

2)

(UY)
N~

N
p——g

=

A proton ring with kinetic energy of 1GeV and a circumference of 248m has 18, 1m-long
focusing quads with gradient of 5ST/m. In one of the quads, the horizontal and vertical beta
function is of 12m and 2m respectively. The rms beta function in both planes on the
focusing quads i1s 8m. With a horizontal tune of 6.23 and a vertical of 6.2, compute the
expected horizontal and vertical orbit distortions on the single focusing quad given by
horizontal and by vertical misalignments of 1mm in all the quads. What happens to the
horizontal and vertical orbit distortions if the horizontal tune drops to 6.1 and 6.01?

Three correctors are placed at locations with phase advance of /4 between them and beta
functions of 12, 2 and 12m. How are the corrector kicks related to each other in order to
achieve a closed 3-bump.

Consider a 400GeV proton synchrotron with 108 3.22m-long focusing and defocusing quads
of 19.4 T/m, with a horizontal and vertical beta of 108m and 18m in the focusing quads
which are 18m and 108m for the defocusing ones. Find the tune change for systematic
gradient errors of 1% in the focusing and 0.5% in the defocusing quads. What is the
chromaticity of the machine?

Derive an expression for the resulting magnetic field when a normal sextupole with field B =
S/2 x? is displaced by dx from its center position. At what type of fields correspond the
resulting components? Do the same for an octupole with field B = O/3 x3. What is the
leading order multi-pole field error when displacing a general 2n-pole magnet?
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