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Lorentz equation — =F =¢q(E+v xB)

E : total energy

1" : kinetic energy E = \/p2c2 +mict =T +moc® =T + Ey
p :momentum

- v
3 . reduced velocity 3= -
- reduced _ b
~ : reduced energy v = ——s
pcC
(B~ : reduced momentum By =




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

a A system following an ideal path along the accelerator is used
(Frenet reference system) (ux,uy,u,) — (ux,uy, us)

\ Particle trajectory

Q Using moyvs = ps = (p* — p2 — p2)"/? ~ p, the ideal path of the
reference trajectory is defined by q {V }

y A
: d?s
. The curvature vector is K = —— SN " deal path
S ds? Ty ST h
E From Lorentz equation e
> dp d’s o d’s 2, v X B]
g — =Ny 5 — MYV, 7% — —MyYV, K = |V
g ar gz T s g2 07 R =4
2 I d? 5 d?
g where we used the curvature vector definition and T3 = Vs
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%%, Beam guidance

a 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 v,, , v, < vg, the radius of curvature Is

1 q
~ =k =B
p p

0 We define the magnetic rigidity |Bp| = b

o In more practical units [BE[GeV] = 0.2998| Bp|[Tm]|

Q For ions with charge multiplicity n and atomic number A, the energy
per nucleon is
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BE[GeV/u] = 0.2998 — \Bp|[Tm]



Linear imperfections and correction, JUAS, January 2018

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

: 27 =B
Bending angle g = ——
g angle ¢ N
[
Bending radius p = 7

Integrated dipole strength Bl = —

O Note:

By choosing a dipole field, the dipole
length is imposed and vice versa

The higher the field, the shorter or smaller
number of dipoles can be used

The ring circumference (cost) is
Influenced by the field choice




“., Beam focusing

Q Consider a particle in a dipole field

particle %
Q In the horizontal plane with initial

offset
It performs harmonic oscillations

= 0 cos(wt + ¢) With frequency w = -2
0

the horizontal acceleration is described by
d’x 1 d’z 1

_— e ——— = ——X
ds? 2 dt? p? reference orbit
there is a week focusing effect in the horizontal plane

a In the vertical plane, the only force present is gravitation
Particles are displaced vertically following the usual law Ay = %agAtQ

With a, = 10 m/s?, the particle is displaced by 18 mm (LHC dipole
aperture) in 60 ms (few hundred turns in LHC) =» need focusing!
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%« Quadrupoles

0 Quadrupoles are focusing in one plane
and defocusing in the other =< <>
Q The fieldis (B,, B,) = G(y, x) X - /l_F'N M

Q The resulting force (F,, F,) = k(y, —) X Ry N
with the normalised gradient defined as \V ot (S
=

p= 19 =
GFE
a In more practical units:
G[T/m]

k[m™2] = 0.2998

BE|GeV]

Q Need to alternate focusing and
defocusing to control the beam,
I.e. alternating gradient focusing
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Q The total momentum can be written p = po(1 + —)

Po

The term % corresponds to the dipole week focusing and

P :
14p represents off-momentum particles

a With magnetic rigidity Bop = — and normalized gradient
G(s) : q
o k(s) = I the equations of motion are
S 0 ——
1 1 Aph
: s (k(s) / 2\) N ‘/ p ;
53 \\I?(S)//I \\8(8) p’ ’
y' tk(s)y = 0
% Inhomogeneous equations with s-dependent coefficients

10



A
s - Sl

. "s, Hill’s equations

0 Solutions are combination of the homogeneous and
Inhomogeneous equations’ solutions

Qa Consider particles with the design momentum.
Equations of motion become

" + K, (s) x
y" + Ky(s) y

0

O George Hill

with &, (s) = — (k(s) _ p(2)2> K, (s) = k(s)

Q 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), the coefficients are
periodic K,(s) = K;(s+C), Ky(s)=Ky(s+C)

Not straightforward to derive analytical solutions for whole accelerator

11
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w." = Betatron motion
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Q The on-momentum linear betatron motion of a particle in both

planes, is described by

u(s) = VeB(s) cos(¥(s) + ¥o)]  ur12,y}

/ 2
with «, 3, -y the twiss functions a(s) = _BLs) Loy = 1+ a(s)
. 2 6(s)
1 the betatron phase ¥ (s) = (‘Z)

and the beta function 3 is defined by the envelope equation
Zﬁﬂ// . /8/2 —|—4,82K _ 4

Q By differentiation, we have that the angle is

€

B(s)

u'(s) =

(sin(¥(s) + o) + a(s) cos(4(s) +90))
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%%, General transfer matrix

Q From the position and angle equations it follows that

cos(1)(s 0) = ¢ sin(1(s 0) = 6(3)1/ (s) u
((0)+ ) = s sinf(e) + ) = 2ot +

0 Expand the trigonometric formulas and set »(0) = 0 to get the
transfer matrix from location 0 to s

(i) = (3)

with
N ,/5()(COSA¢+&OSIHA¢) B(s)Bo sin Ay
0—=s = | (ao—a(s)) cos Ap—(1+apa(s)) sin Ay Bo_ — I
3(s)Bo 3lsy (Cos AP — als) sin Ag)

°d
and p(s) = Ay = / " the phase advance
o B(s)

|
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Q Consider a periodic cell of length C
Q The optics functionsare Gy = B(C) =6, ap = a(C) =«

“ ds
o B(s)
COS 14 + a:sin [
—ysin [

and the phase advance u =

Q The transfer matrix is M¢ = (

a The cell matrix can be also written as

Mec =TZcosp+ Jsinpu

3 sin
COS [t — asin [

with 7 = ((1) ?) and the Twiss matrix |J =
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The phase space coordinates (u, u”) of a single particle at a given
location s in the machine lie on the phase space ellipse when plotted
for several turns.

The values of the Twiss parameters and therefore the orientation of
the phase space ellipse depend on the s location in the machine.

The Twiss parameters are periodic with the machine
circumference. Their values are derived from the transfer matrix and

they are uniquely defined at any point in the machine.
15
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Q Inaring, the tune is defined from the 1-turn phase advance

1 ds Vg g
Qa:,y — a8 —
2 J Br.y(s) 27

I.e. number of betatron oscillations per turn

0O Taking the average of the betatron tune around the ring we have in
smooth approximation
C R
V=21 = — — ) = —
(B) (B)

Extremely useful formula for deriving scaling laws!

Q The position of the tunes in a diagram of horizontal versus vertical
tune is called a working point

O The tunes are imposed by the choice of the quadrupole strengths
a One should try to avoid resonance conditions

16
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w, Outline
a Introduction

Q Closed orbit distortion (steering error)
Beam orbit stability
Imperfections leading to closed orbit distortion
Effect of single and multiple dipole kicks
Closed orbit correction methods
Dispersion and chromatic orbit

a Optics function distortion (gradient error)
Imperfections leading to optics distortion
Tune-shift and beta distortion due to gradient errors
Gradient error correction

a Coupling error
Coupling errors and their effect
Coupling correction
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a Chromaticity 18



Q Introduction
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From model to reality - fields @

Q The physical units of the machine model defined by the accelerator physicist must
be converted into magnetic fields and eventually into currents for the power
converters that feed the magnet circuits.

O Imperfections (= errors) in the real accelerator optics can be introduced by
uncertainties or errors on: Beam momentum, magnet calibrations and power
converter regulation.

Magnet : Magnetic field Requested :C Actual
strength (gradient) :> current Lnui?;?:

Beam Magnet Power converter
momentum calibration curve
(transfer function)

LHC main dipole transfer function

Example of the LHC main
dipole calibration curve

Integrated dipole field [Tm]

Linear imperfections and correction, JUAS, January 2018
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" From model to reality - alignment

O To ensure that the accelerator elements are in the correct position the alignment
must be precise — to the level of micrometres for CLIC !

For CERN hadron machines we aim for accuracies of around 0.1 mm.

a The alignment process implies:

Precise measurements of the magnetic axis in the laboratory with reference to
the element alignment markers used by the survey group.

Precise in-situ alignment (position and angle) of the element in the tunnel.

a Alignment errors are a common source of imperfections.
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“s, Outline

Q Closed orbit distortion (steering error)
Beam orbit stability
Imperfections leading to closed orbit distortion
Effect of single and multiple dipole kicks
Closed orbit correction methods
Dispersion and chromatic orbit
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Beam orbit stability

Q Beam orbit stability is 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

0 Consequences of orbit distortion

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

Q Sources for closed orbit drifts
Long term (years - months): ground settling, season changes

Medium term (days - hours): sun and moon, day-night variations
(thermal), rivers, rain, wind, refills and start-up, sensor motion, drift of
electronics, local machinery, filling patterns

Short term (minutes - seconds): ground vibrations, power supplies,
experimental magnets, air conditioning, refrigerators/compressors  .:



Ideal machine toy model (no errors)
Particle injected on the reference orbit ... remains on the reference

orbit turn after turn

| — particle trajectories|

position [mm]
x' [mrad]

Q: 4.27
turns: 1000
localised dipole kick at end of machiqe: 0.00 mrad
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Particle injected with offset

Ideal machine toy model (no errors)

Particle injected on the reference orbit ... remains on the reference
orbit turn after turn

N N O
T

position [mm]

localised dipole kick at end of machine: 0.00 mrad

| — particle trajectories|

Q: 4.27
turns: 10

x' [mrad]
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1.

position [mm]

Ideal machine toy model (no errors)

Particle injected on the reference orbit ... remains on the reference
orbit turn after turn

Particle injected with offset ... performs betatron oscillations around
the closed orbit which is the same as reference orbit as long as there
are no imperfections

SN N N I N N ) N

10 . . | . . | | 0.6 | pha_?e spalce atlend of mac‘hme .
| === closed orbit — particle trajectories | - particle
e design orbit
04r ® closed orbit []
5 |
0.2}
T RN
e J
£ 0.0f ‘e’
- d
_02 =
_5 =
Q: 4.27 —0.4r
turns: 20
10 . . localised dipole kick at end of machine: 0.00 mrad 0.6 L l . . J J .
0 2 4 6 8 10 12 14 16 =20 -15 -10 -5 0 5 10 15 20
FODO cell # X [mm]
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2.

position [mm]

Ideal machine toy model with dipole error (unintended deflection)
at the end of circumference

Particle injected on the reference orbit ... receives dipole kick every

turn

10 . . | . . | | 0.6 | pha_?e spalce atlend of mac‘hine .
| — particle trajectories| particle
e design orbit
041
5 =
0.2}
> 2 “'\? \ = / ‘_\;\., \§ ,f";;' \\:\ = %
Rt o ./?{;J" - 3:3{5\’\@\\?4{,{{?!’"’ = £ 0.0f g
52 7 = KoY \"{‘Q\\g\/iﬁj;‘j R\ = = -
\\\/ x
N
’ -0.2}
_5 =
Q: 4.27 —0.4F
turns: 20
localised dipole kick at end of machine: -0.16 mrad
_10 1 L 1 L 1 L _06 L L 1 1 L 1 1
0 2 4 6 8 10 12 14 16 -20 -15 =10 -5 O 5 10 15 20
FODO cell # X [mm]
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position [mm]

Ideal machine toy model with dipole error (unintended deflection)
at the end of circumference

Particle injected on the reference orbit ... receives dipole kick every

turn ... and consequently performs betatron oscillation around a

distorted closed orbit

10

| === closed orbit — particle trajectories|

x' [mrad]

—5F
Q: 4.27
turns: 20
10 . . localised dipole kick at end of machine: -0.16 mrad
0 2 4 6 8 10 12 14 16
FODO cell #

0.6

0.4}

0.2

0.0

0.2}

—0.4}

-0.6

phase space at end of machine

e design orbit
® closed orbit []

L L L il L
—20 -15 -10 -5 10 15 20



%" Sources of unintended deflections (&

Q Field error (deflection error) of a dipole magnet

This can be due to an error in the magnet current or in the
calibration table (measurement accuracy etc.)

The imperfect dipole can be expressed as a perfect one + a small error

real dipole ideal dipole small dipole = horizontal kick

error
_ 0(BI)
= 4+ = S S

a A small rotation (misalignment) of a dipole magnet has the same
effect, but in the other plane

A [lted dipole ideal dipole small dipole - vertical kick
[ error .
*"P _ .t ,_ Blsing
| Bp
29
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%, Misalignments causing feed-down @

a Misalignment of a quadupole magnet

Equivalent to perfectly aligned quadrupole plus small deflection

Y

Ak b

'I‘H1'l i

\ l
ol
-
-
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&

a Misalignment of a quadupole magnet
Equivalent to perfectly aligned quadrupole plus small deflection
—0x

1:11'1 )

| Lidtdd
' II .I
-
—

B, =Gz =G(x + dx) = Gz + Gox

.. this is called feed-down
quadrupole dipole

Q Effect of pure horizontal displacement of any 2(n+1)-pole magnet

B, B, B, —1 _
B,(y=0)=—2" = —(z + dx)" = .y (2™ + ndxa™ T + n(n2 )(536)2:1:” 44 (6)"

e G ——
2(n+1)-pole 2n-pole  2(n-1)-pole dipole
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“&, Problem 1

Derive an expression for the resulting magnetic field when a normal sextupole with
field B = B,/2 x? is displaced by &x from its center position. At what type of fields
correspond the resulting components? Do the same for an octupole with field

B = B,/6 x3. What is the leading order multi-pole field error when displacing a
general 2(n+1)-pole magnet?

Linear imperfections and correction, JUAS, January 2018
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a Consider a single dipole kick § = §uy, = 6u'(sg) = — - at s=s,

Q The coordinates before and after the kick are

() =)
uy — 0 Uy

with the 1-turn transfer matrix

M — cos 2w () + o sin 27 () Bo sin 27 ()
— — sin QWQ COS 27TQ — Q0 sin 27TQ

a The final coordinates are
0
o = 6 Bo and u{):—(l— ot )

33



.. Closed orbit from single dipole kick
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Q Taking the solutions of Hill’s equations at the location of the Kick,
the orbit will close to itself only if

VeBo cos(¢o) = v/eBo cos(do + 2mQ)
\/;(Sm((bo) + ag cos(¢o)) = \/;(Sm(% +27Q) + ag cos(¢o + 27Q)) —

This yields the following relations for the invariant and phase (this can
be also derived by the equations in the previous slide)

Bt o
T 4sin?(nQ)’ bo=—mQ

Q For any location around the ring, the orbit distortion is written as

VB(s)Bo
u(s) = 9251n(7TQ)

—
Maximum distortion amplitude

cos(mQ — [1h(s) — vol)

34



K ‘ Transport of closed orbit distortion
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a Consider a transport matrix between positions 1 and 2
M o <m11 m12)
1—2 —

mMa1 1M22

Q The transport of transverse coordinates is written as
Us = MUl + Mo
UIQ = Mo1U] + mggull
. . . . iy 5(Bl)
Q Consider a single dipole kick at position 1. 61 = By
Q Then, the first equation may be rewritten

U + OUs = MUy + m12(’u/1 + 91) — 0Us = Mmy9by

O Replacing the coefficient from the general betatron matrix

Ouz = /152 sin(12)04

Sy = %[COS(@Dm) — g sin(112)]604
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position [mm]

10

-10
0

| === closed orbit — particle trajectories|

Q: 4.52

turns: 20

. localised dipole kick at end of machine: -0.16 mrad
4 8 10 12 14 16

FODO cell #

X' [mrad]

phase space at end of machine

0.6 T .
particle
e design orbit

0.4 closed orbit []

0.2} -

0.0 e -

‘e
-0.2 ot i
—-04} 4
_0_6 1 1 Il 1 1
-20 -15 -10 0 10 15 20
x [mm]
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position [mm]

10

&

Closed orbit distortion is most critical for tunes close to integer -
closed orbit becomes unstable

The closed orbit distortion propagates with the betatron phase advance
(e.g. single kick induces 4 oscillations for a tune of Q=4.x)

B(s)Bo

u(s) =46

28111(7'('@) COS(WQ T |¢(S) - ¢0|)
|

I N N I A

I N
rrrrrrrr et

0.6 phase space at end of machine

1 | | 1 | | ! R I | |
| === closed orbit — particle trajectories | - particle
e design orbit
0.4 ® closed orbit (]
5 -
0.2}
T
o
or g 0.0f e
* o,
_5 |
-0.4}
turns: 20
_10 . . locglised dipole kick at end of fnachine: -0.16 mr: 0.6 l . . . J . l
0 2 4 6 8 10 12 14 16 -20 -15 -10 -5 0 5 10 15 20
FODO cell # x [mm]
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Example of horizontal closed orbit for a machine with tune Q = 6.X

The kink at the location of the deflection (=) can be used to localize
the deflection (if it is not known) = can be used for orbit correction.
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- A deflection at the LHC

In the example below for the 26.7km long LHC, there is one undesired
deflection, leading to a perturbed closed orbit.

CO-P 1.000 GeV/c- Fill #0 - Single Kick & MCEH.32R4.B1 / Ang 10 / H - 04/01/17 21-35-43 =il
A ‘ Mean = u.iuug / RMS = 0.592 / RMS-dp = 0.592 / Dpi = -0.0093

~—~ 137

S

S 1

N—r

> 0.5

c _ o
3 | S E
& 25 o
> o =
g g— -0.57
=
S S
g | o
S =157 ; : : :
el ATLAS B-CLEAN|
= : : : : : :
g - 0 1L’IJO 2(|)O 3(|)0 460 S(IZIO
§ Monitor H
S : :
° BPM index along the LHC circumference
% Ll
(2]
c
S
8 Where is the location of the deflection?
8
£
®
()
=
=

40



To make our life easier we divide the position by VB(s) and replace the
BPM index by its phase u(s) = transform into pure sinusoidal

oscillation

tion, JUAS, J y 2018
3
— |1
I — 2

Beam position x/\p

——
———
——
—
——
P
—_— "
—_—
=
= e
e
——
—p

Hor. Phase [2pi]

Betatron phase p

imperfections and correction

Can you localize the deflection now?

Linear

41
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%%, Global orbit distortion
Q Orbit distortion due to many errors
B(s)

s+C
u(s) = g [ 0BT cos(r@ — [0(s) — w(r))dr

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

distortion at |1 observation points (Beam Position Monitors) is

. +n
u; = 2si\1ng) Z 0/ Bj cos(mQ — |b; — ;)

j=1+1

with the kick produced by the j" error

. . 0(B;l;
Integrated dipole field error 6, = (B—Jpj)

: Bl sin ¢
Dipole roll =4 J
P 0, By

Gjljéuj

Quadrupole displacement 0; =

42
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", Example: Orbit distortion in SNS

280

T T T T
5.0

26.0 [

240 |

——====

40 | i 220 |
i ] 200 [

18.0 [

W
=)

16.0 F
(N
14.0 {1\ /

12,0 i ALY ;
(RN nffyfdnl? 1 ] n
OB ARG ANt o

A
=]

Horz and Vert RMS COD (mm)
Beta and Dispersion (meters)

i _
horizontal rms CO A
0o Lo . vertical rms CO - N

Il ‘ 1 1 1 L 1 1 Il ! 1
0.0 50.0 100.0 150.0 200.0 250.0 100.0 150.0 200.0
S (meters) S (meters)

©
=)

6.0
4.0
20 [
0.0 b

-
o
l

In the SNS accumulator ring, the beta function is 6m in the dipoles and
30m in the quadrupoles, the tune is 6.2

Consider dipole error of 1Imrad
The maximum orbit distortion in dipoles IS ug =

VOO 1073 ~ 5mm
_ o 2sin(6.27)
For quadrupole displacement giving the same 1mrad Kick (and betas of

30m) the maximum orbit distortion is 25mm, to be compared to magnet
radius of 105mm 43
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0 In the ESRF storage ring, the

-4

Vertical orbit correction

32 BPMs 24 steerers 24 eigen values

damping rme= 5.0945
damping peak=8.1273
damping rms EﬁPMs= 24,4604

|

beta function is 1.5m in the 4
dipoles and 30m in the 4
quadrupoles, the horizontal : ﬂ
tune is 36.44 d
Consider dipole error of il
1mrad bl
Maximum orbit distortion in 9| \
dipoles . |

1.5 1. 7
Ug VL5 15 1072 ~ 1mm

T2 sin(36.44m)

For quadrupole displacement
with Imm, the distortion Is vy ~ 8mm !!!

Magnet alignment is critical

100

Xplane

150 200

250

44



«, Statistical estimation of orbit errors &)
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QO Consider random distribution of errors in N magnets

By squaring the orbit distortion expression and averaging over the
angles (considering uncorrelated errors), the expectation (rms) value is

given by

o /B _ VNB(5)Brms
s (5) = 2v/2] sin(m Q)| Z VBii)ms = 2\/§| Sin(ﬂQ”H

rms

a Example:
In the SNS ring, there are 32 dipoles and 54 quadrupoles

The rms value of the orbit distortion in the dipoles

udip L \/66\/ 32
T 24/25in(6.27)

In the quadrupoles, for equivalent kick

o = V30 30V5L 1 0os | 1gem
21/2 sin(6.27) 45

1072 ~ 2cm




2 Correcting the orbit distortion @
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0 Place horizontal and vertical dipole correctors and beam position
monitors close to focusing and defocusing quads, respectively

HBPM VBPM
QF DX QD pvy

a Measure orbit in BPMs and minimize orbit distortion

Globally Locally
o Harmonic, minimizing components of a Sliding Bumps
the orbit frequency response after a o Singular Value
Fourier analysis Decomposition (SVD)

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

0 Least square minimization using the

orbit response matrix of the correctors P,
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a Consider a cell, where correctors are placed close to the focusing
quads

Q The orbit shift at the 2" corrector is dus = 1/ S1 82 sin (Y12) 04

Q This orbit error can be eliminated by choosing a phase advance
equal to & between correctors (this is called a “z-bump”)

Q The angle should satisfy the following equation

92—5u’2—\/

B
B2

/31

[cos (112) 01 — a sin (P12)] = 5
2 47




QF QF QF QF
—— 1

0, oo oo B QD""-_' QD

a 3-bump: works for any phase advance if the three correctors satisfy

V51 9, — VB2 6, — VB3

sin ¢23 sin ¢31 sin Zplg

03

Q Need large number of correctors

2 No control of the angles at the entrance and exit of the bump

Linear imperfections and correction, JUAS, January 2018
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sin ngs ,
1 sinig °

COS ¢28 — Qs sin ¢28

V /Blﬂs

Sin 112

Sin wls /
sina °

COS Y15 — Qg SIN Y1
Sin 12

_|_

PRERERRE R

V ﬁ2ﬁs

sin ?7D34 /
sintzg °

COS wsél — O sin 77bs4
Sin 134

\% ﬁBﬁs

Bs sin ¢33 33/
Basintzy °

COS ¢83 — Q5 sin 77&53
sin ?7034
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\% ﬁ4ﬁs

0 4-bump: works for any
phase advance

o Cancels position and
angle outside of the bump

o Can be used for aperture
scanning, extraction
bumps, ...
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Three correctors are placed at locations with phase advance of nt/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.

Linear imperfections and correction, JUAS, January 2018
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" Closed orbit correction: MICADO (&)

Q The problem of correcting the orbit deterministically came up a long
time ago in the first CERN machines.

a B. Autin and Y. Marti published a note in 1973 describing an
algorithm that is still in use today (but in JAVA/C/C++ Instead of
FORTRAN) at ALL CERN machines: MICADO*

* MInimisation des CArrés des Distortions d'Orbite.
(Minimization of the quadratic orbit distortions)

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN ISR-MA/73-17

CLOSED ORBIT CORRECTION OF A.G. MACHINES
USING A SMALL NUMBER OF MAGNETS

by

Linear imperfections and correction, JUAS, January 2018

B. Autin & Y. Marti
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.. MICADO — how does it work? @

Q The intuitive principle of MICADO is rather simple.

Q Preparation:
Need a model of the machine

Compute for each orbit corrector what the effect (response) is expected
to be on the orbit

Mean = 0.002 / RMS = 0.338 / RMS-dp = 0.347 / Dp - 0.0112
15
1
os
£
E
q © I
H | 1
-0.5
4 .
Mean - 0.000 / NS - 0.304 / ANS- - 0.308 / Op - 0.0015
s
15
G
-2
0 1
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a MICADO picks out the corrector that has the best match with the
orbit, and that will give the largest improvement to the orbit
deviation rms

Q The procedure can be iterated until the orbit is good enough (or as
good as it can be)
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&

Q The raw orbit at the LHC can have huge errors, but the correction (based
partly on MICADO) brings the deviations down by more than a factor 20.

%OpenVASPDVLHCRING/El/PH‘/SICSVJTEVVIONSrzulﬁ_\/l@l[IU_[END] Uncorrected hOfIZOﬂt&' Orblt of rlng 1 = |[ =

vvvvv BB (oo =l | (T3] CEB] More | ey B

Mean = -1.029 / RMS = 6.587 / Dpdh

50 mm MICADO & Co

V Pos [mm]

'1"OFienVASPDvLHC:IENGE/:;/PHVTCS—ATevrlo::u16_Vj@1uu_[END] Corrected horlzontal Orblt of rlng 1 o lE ]

([@ul

0 mm

[mm]
%
a
>
—

=1
%
[ -

{

Meonitor V
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%%, Response matrix approach @

Linear imperfections and correction, JUAS, January 2018

Q This approach works for orbit correction when using the measured
orbit distortion (but also for beta-beating when using AB/p, etc.)

Available set of correctors: ¢
Available observables (here the Beam Position Monitors): m
Assume the linear approximation is good (small corrections): Ac = m

Use optics model to compute response matrix A (i.e. the orbit change in the
i monitor due to a unit kick from the j" corrector):

A VBiBjeos(mQ — |pi — )
2,7

2sin(7Q) ... oruse, e.g., MADX

Invert or pseudo-invert the response matrix A to compute an effective global
correction based on the measured Am :

AG=A"1Am

In case the number of correctors is not the same as the number of Beam
Position Monitors one has to perform a pseudo matrix inversion, for example
using the “Singular Value Decomposition (SVD)” algorithm 55
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72

72

Singular Value Dec

omposition

N monitors / N correctors

Monitors Correctors

A-U*W*V T

Correctors Monitol

SVD

AT _vEwru

I~

=> Minimization of the RMS orbit (=0 in case of "Matrix Inversion" using all Eigenvalues)

N monitors / M cor

rectors

&

I I .

=> Minimization of the RMS orbit (monitor averaging)

i

72

56



“w, Orbit feedback

Linear imperfections and correction, JUAS, January 2018

Q Closed orbit stabilization performed using slow and fast orbit
feedback system.

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

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

QO Fast orbit correction system operates in a wide frequency range

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

0 Local feedback systems used to damp oscillations in areas where
beam stabilization is critical (interaction points, insertion devices)
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Q Threading the beam round the LHC ring (very first commissioning)
One beam at a time, one hour per beam.
Collimators were used to intercept the beam (1 bunch, 2 X 109

protons)
Beam through 1 sector (1/8 ring) = correct traject~ns ~nnon aollimatar
and mave on Beam 2 threading BPM availability ~ 99%

‘l : YASP DV LHCRING / INJ-TEST-NB / beam 2 | ; |J

_@“EWSJ BR[| = /s | |CHE] T |E| More | |55

£ O: ] 1' = - '|

H It 1] [

';0_ ﬁiﬁ‘ T ’FEE‘ Ic’i"s m . IIN]-B2

Monitor H

\ Pos [mm]

oS [DUMP-B2] lml—sz
T T

T T T
o] 100 200 200 400 500
Monitor V
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“&, Problem 3

Linear imperfections and correction, JUAS, January 2018

SNS: A proton ring with kinetic energy of 1GeV and a circumference of 248m has
18, 1m-long focusing quads with gradient of 5T/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 is 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?

30
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20 | / ||
s | /|
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_JI'
|
0 - 4
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Problem 4

SPS: Consider a 400GeV proton synchrotron with 108 3.22m-long focusing and
defocusing quads of 15 T/m, with a horizontal and vertical beta of 108m and 30m in
the focusing quads which are 30m and 108m for the defocusing ones. The tunes of
the machine are Qx=20.13 and Qy=20.18. Due to a mechanical problem, one
focusing quadrupole was slowly sinking down in 2016, resulting in an increasing
closed orbit distortion wrt a reference taken in the beginning of the year.

- By how much the quadrupole had shifted down when the maximum vertical closed
orbit distortion amplitude in defocusing quadrupoles reached 4 mm?

- Why was there no change of the horizontal orbit measured?

- How big would have been the maximum closed orbit distortion amplitude if it
would have been a defocusing quadrupole?

S

N
o U1, 1N Ul w oA~ U

Difference orbit wrt reference (18 08 2016)

¥ OpenYASP DV SPSRING / SPS.USER.LHC4 / LHC 25ns SLOW_2INJ Q20 2015 V1 o e [E
R views | 7[R [m 2| Gl O |EE| More | 3|

e s b L S (G S Gt S B IS ER LGS B S gl 2l it e s e s an i e

w

o

~Mean = -0.424 / RMS = 0.791 / RMS-dp = 0.755 / Dp = -0.1029

&
4
: 1 1
0,.l_ll_--I._...,,.I_...l_-__.ll-l-_._n_l-.l,.l_lllll_. I.I,ll“.l,_lllllllllll__.___ . l_. l'-'ll'-'ll'-"lfll'._'l'
_24
4
&

horizontal BPMs (at focusing quadrupoles)

H Pos [mm]

T T T T T
0 20 40 &0 80 100

Maximum closed orbit distortion [mm]
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a Up to now all particles had the same momentum p,

a What happens for off-momentum particles, i.e. particles with
momentum p,+Ap?

Consider a dipole with field B and m
\ ,

bending radius p
Po

Recall that the magnetic rigidity is Bp = —
and for off-momentum particles q

Ap  Ap A
B(p+ap) =020 o 2P 2P
q P bo

Considering the effective length of the dipole unchanged

A, A A
Hp:l:const.:>pA9+9Ap:O:>—:__p:__p
0 P Do

I
Al = — Ap
Po

Linear imperfections and correction, JUAS, January 2018

a Off-momentum particles get different deflection (different orbit)

Po+Ap
Po
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“w, Dispersion equation

Q Consider the equations of motion for off-momentum particles
1 Ap

2 + Kx(S)f = p(S) D

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

z(s) =z (s)+ xr(s)

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

o9+ Ky(s)zg = 0
: _ L2
r; + Ky(s)xr = ) e
0 The dispersion function can be defined as D(s) = =
Ap/p

Q The dispersion equation is

D"(s) + Kz (s) D(s) = (5)

Linear imperfections and correction, JUAS, January 2018




&

Q Design orbit defined by main dipole field
O On-momentum particles oscillate around design orbit (w/o errors)

0 Off-momentum particles are not oscillating around design orbit, but

around “chromatic” closed orbit, defined by the dispersion function
times the momentum offset

Design orbit

orbit

Chromatic  closed "
orbit :

Off-momentum
particle

On-momentum
particle trajectory

Linear imperfections and correction, JUAS, January 2018
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T&, Outline
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a Optics function distortion (gradient error)
Imperfections leading to optics distortion
Tune-shift and beta distortion due to gradient errors
Gradient error correction
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.. Gradient error and optics distortion

Linear imperfections and correction, JUAS, January 2018

a Optics functions perturbation can induce aperture
restrictions

0 Tune perturbation can lead to dynamic aperture loss

Q Broken super-periodicity = excitation of all resonances

In a ring made out of N identical cells, only resonances that are integer
multiples of N can be excited

Q Sources

Errors in quadrupole strengths (random and systematic)
Injection elements
Higher-order multi-pole magnets and errors

2 Observables
Tune-shift
Beta-beating
Excitation of integer and half integer resonances 66
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position [mm]

Illustration of optics distortion <)

0 ldeal machine toy model with regular FODO lattice and quadrupole
error at the end of circumference

Particle injected with offset performs betatron oscillations but gets
additional focusing from quadrupole error

Beam envelope Is distorted around the machine ... “beta-beating”

phase space at end of machine

T T T T T T T 0-6 T T T T T T T
| === closed orbit — particle trajectories| +  particle
e design orbit
041 ® closed orbit []
0.2f |
5
o
g 0.0f [ .
x
-0.2} o .
Sy o
Q: 4.27 —0.4F 1
turns: 40
. . localised quadrupole error at end of machine: 0.03/m 0.6 ] . . ‘ . . ‘
2 4 6 8 10 12 14 16 ‘=20 -15 -10 -5 0 5 10 15 20
FODO cell # x [mm]
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%« Gradient error

Q Consider the transfer matrix for 1-turn

Mo — (COS(QT('Q) + ap sin(27Q) Bo sin(27Q) )
0 —7p sin(27Q)) cos(2mQ)) — avo sin(27Q))

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

o = (—Kol(s)ds (1)> and m = (—(K0(5)1+ 5K)ds (1))

Q The new 1-turn matrix is M = mmg ' M, = <—5;(d3 (i)) Mo

which yields

M= cos(27Q) + apsin(27Q)) 3o sin(2w Q)
— \0Kds(cos(2mQ)) — apsin(2wQ))) — vo sin(27Q)  cos(2wQ) — (0K dsfy + ag) sin(27Q)

Linear imperfections and correction, JUAS, January 2018
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%, Gradient error and tune-shift
a Consider a new matrix after 1 turn with a new tune x = 27(Q + Q)

M — (cos( By sin(x)

cos(x) — g sin(x)

X) + g sin(x)
—"o sin(x)

and finally 476() = 6 Kdsfy

0O The traces of the two matrices describing the 1-turn should be equal
Tra(M™) = Tra(M)
which gives 2 cos(27Q) — 6 KdsBy sin(27Q) = 2 cos(27(Q + 6Q))

Q Developing the right hand side
cos(2m(Q + 0Q)) = cos(2mQ) cos(2m Q) — sin(27w Q) sin(27wIQ)

~
2m0Q)

S1
|

Q For a quadrupole of finite length, we have

1

" an

Linear imperfections and correction, JUAS, January 2018

&

5Kﬁod8




%, Gradient error and beta distortion @

Linear imperfections and correction, JUAS, January 2018

O Consider the unperturbed transfer matrix for one turn

ailx; ai2

M() _ <m11 m12> — B. A W|th A= (CLQl a22>
ma1 122
o bi1 D12
b= (521 b22>
Q Introduce a gradient perturbation between the two matrices
* *
x (M1 M2} _ 1 0
o0 <m§1 m§2> =B (—5de 1) A
0 Recall that mi12 = Gy sin(27Q) and write the perturbed term as
miy = (o + 00) sin(27(Q + 0Q)) = maz + 60sin(27Q) + 2m0Q fp cos(27Q)

where we used sin(270Q) =~ 276Q and cos(276Q)) ~ 1
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%%, Gradient error and beta distortion @

Q On the other hand

a1z = \/BoB(s1)sin, bl = /BoB(s1)sin (27Q — V)

and m’{z = b11a12 + bioa9s — a12b120 K ds = myo — a12b120 K ds
— v,

Y
mi2

Q Equating the two terms

§3sin(27Q) + 2wdQ By cos(2mQ)) = — a12b120 Kds

Q Integrating through the quad

o 1
By —QSil’l(QT('Q

s1+1
) / B(s)0 K (s) cos(2y — 27Q)ds

Q There is also an equivalent effect on dispersion
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position [mm]

Quadrupole errors have biggest impact close to integer and half
integer tunes = envelope (or beam size) becomes unstable

Optics distortion propagates with twice the tune (count the peaks)

0 1 s1+l1
ﬁ_f T 2sin(27Q) / B(s)0K (s) cos(2¢) — 2mQ)ds

hase space at end of machine
10 T N 1a| T T T T T " 0.6 T p T p T T T T T
N //0 particle
e design orbit
0.4 ® closed orbit []
0.2}
=) )
o %
£ 0.0} P e
B3
-0.2}
-0.4}
10 :“‘h‘“ I W/ | WY/ 1 ‘l0C§||Seg quadrupd!e err\(\)r at epd Of mach'ine OOl/r‘ﬁ 0.6 | 1 ! 1 1 ! |
0 2 4 6 8 10 12 14 16 '~20 -15 -10 -5 0 5 10 15
FODO cell # x [mm]

20
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&

@&
\

Q = N (integer) Q = N/2 (half integer)
—> kicks from quadrupoles add —> kicks from quadrupoles add up
up  (same as for kicks from dipoles) (while kicks from dipoles cancel)

Therefore integer tunes and half integer tunes need to be avoided
for machine operation to avoid beam envelope becoming unstable
due to quadrupole errors

Recall: for integer tunes dipole errors drive the closed orbit unstable
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Optics distortion characteristics
O Let’s take a look at the LHC ...

Example: one quadrupole gradient is incorrect

Nominal optics
Perturbed optics

o

B[m]

5000 10000 15000

20000 25000
s [m]

Zoom into a subsection
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The local beam optics perturbation
... nhote the oscillating pattern

= 700 ¢
= = Nominal optics
600 — .
- Perturbed optics
500 —
400 —
300 —

200

100

8000 8500 9000 9500 10000 10500 11000 11500 12000 12500 13000
s [m]

0
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Optics distortion characteristics @

Linear imperfections and correction, JUAS, January 2018

B ratio

The error is easier to analyse and diagnose if one considers the ratio of
the betatron function perturbed/nominal.

The ratio reveals an oscillating pattern called the betatron function

beating (‘beta-beating’). The amplitude of the perturbation is the same
all over the ring!
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“%. Optics distortion characteristics

The beta-beating pattern comes out even more clearly if we replace the

Linear imperfections and correction, JUAS, January 2018

p ratio

longitudinal coordinate with the betatron phase advance

&

The result is very similar to the case of the closed orbit kick, the error

reveals itself by a kink!

If you watch closely you will observe that there are two oscillation
periods per 27t (360 deg) phase. The beta-beating frequency is twice

the frequency of the orbit!

1.4

1.3
1.2

1.1

|||||
R ——

1.0

0.9
0.8

0.7

D.B 11 | | I I | | I I | | I I |
20 21 22 23 24

28 29 30
Betatron phase [2n]
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t error In SNS

45

I} im)

B fmy

- = = = - = b [ [
= o = o = o L= n L=

2k 230 s B
5 (m) 5 (m)

O Consider 18 focusing quads in the SNS ring with 0.01T/m gradient error. In this
location f=12m. The length of the quads is 0.5m and the magnetic rigidity is
5.6567Tm

The tune-shift is 60 = —18 - 1220

.0 =20.01
iy 5.65670 > =0.015
Q For a random distribution of errors the beta beating Is
56 1 2 n2\1
= = 5k232)1/2
B0 rms 2v/2|sin(27Q)| (z; )

Optics functions beating > 20% by random errors (1% of gradient) in high
dispersion quads of the SNS ring ... justifies correctors strengths
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a Consider 128
focusing arc quads in
the ESRF storage ring
with 0.001T/m
gradient error. In this
location 5=30m. The
length of the quads is
around 1m. The
magnetic rigidity of
the ESRF is 20Tm.

a The tune-shift is

1 0.001
= —128-30———1 =0.014
0@ ypn 8- 30 50 0.0

phase modulation

0.05

0.04r

0.03r

0.021

0.01

-0.01 ¢

-0.02

-0.03

-0.04

-0.05

ror in ESRF

| | \

AR
/. |

— correction ON

. ——

= @ =

50 100 150 200
BPM number
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%%, Gradient error correction @

0 Quadrupole correctors
Individual correction magnets
Windings on the core of the quadrupoles (trim windings)

0 Methods & approaches
Compute tune-shift and optics function beta distortion

Move working point close to integer and half integer resonance to
Increase sensitivity

Minimize beta wave or quadrupole resonance width with trim
windings

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

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

Linear imperfections and correction, JUAS, January 2018
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Q At 3*=40cm, the bare machine has a beta-beat of more than 100%

Q After global and local corrections, -beating was reduced to few %

final corrections

40cm LHCB2 before and after local correction

. BEAM 2
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Outline

a Coupling error
Coupling errors and their effect
Coupling correction

Linear imperfections and correction, JUAS, January 2018

83



Linear imperfections and correction, JUAS, January 2018

QO Coupling errors lead to transfer of horizontal betatron motion and
dispersion into the vertical plane

0 Coupling may result from rotation of a quadrupole, so that the field
contains a skew component

tilted quadrupole

normal quadrupole

skew quadrupole

a A vertically displaced sextupole has the same effect as a skew
quadrupole. The sextupole field for the displacement of dy becomes

B, = Byxy = Boxy + Boxoy

\

| {
A

B _
72(332 — %)

[

B, =

! skew quadrupole

B

)|
—Boydy + — (2 — y°)

2
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(gf/((?)) - (
() = (¢

to get a total 4x4 matrix

w’((S)) _ |G 0(5)
\v/(s)/

Cy
Cz

(s)
(s)

(s)
(s)

Yo
\ v

with skew quadrupoles these

matrix elements are non-zero
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“w, Effect of coupling

Linear imperfections and correction, JUAS, January 2018

O Betatron motion is coupled in the presence of skew quadrupoles

Q The field is (B., B,) = ks(z,y) and Hill’ s equations are coupled

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

5@ X |ks|\/5xﬁy

a Coupling coefficients represent the degree of coupling

|C:|:| = ‘QL]{dSkS(S)\/ﬁx(S)By(s)ei(@bxﬂﬂby—(Qxﬂ:Qy—q:t)Qﬂ's/C)
T

... complex number characterizing the difference resonance
Qac — Qy =N

a As motion is coupled, vertical dispersion and optics function
distortion appears
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", Closest tune approach

Qyy

0.34
0.32 t
Qmin
0.31
0.3 / \

0.29

-0.02 -0. 01 0. 01 0.02
Any quadrupole strength

a Coupling makes it impossible to approach tunes below

|IC™], where C™ is again the coupling coefficient
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Measurement in the CE
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T
200
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a Coupling makes it impossible to approach tunes below
AQmin = |C™| , where C™ is again the coupling coefficient

Q The coupling coefficient C™ can be measured very easily by trying
to approach the tunes and measure the minimum distance




", Linear coupling correction @
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a Coupling correctors
Introduce skew quadrupoles into the lattice

If skew quadrupoles are not available, one can make vertical closed
orbit bumps in sextuple magnets (used in JPARC main ring until
Installation of skew quadrupole correctors)

0 Methods & approaches

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

Correct optics distortion (especially vertical dispersion)
Move working point close to coupling resonances and repeat

a Remarks

Correction especially important for beams with unequal emittances
“flat beams” (coupling leads to emittance exchange)

The (vertical) orbit correction may be critical for reducing coupling
(e.g. due to feed-down sextupoles) 89
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i Example: SNS coupling correction @

0O Local decoupling by super period using 16 skew quadrupole
correctors

Q0 Results of Q,=6.23 Q,=6.20 after a 2mrad quad roll

O Additional 8 correctors used to compensate vertical dispersion

0.0200
<P}
> 0.0150
=
<P}
S 0.0100
<P}
=
o= 0.0050
=
- 0.0000
©
=
o -0.0050 -
D -0.0100
=
=
e -0.0150
Seed #
-0.0200
1 2 3 4 5 6 7 8 9 | 10 |11 | 12 |13 | 14 |15 | 16 | 17 | 18 | 19 | 20
o BeforeCorrection  +0.009|-0.014{0.016|-0.013}0.004[0.007 [0.0150.008 |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 10.000/0.000 -0.000[0.000 -0.000|-0.000/0.000|0.000 |[0.000|-0.000+0.000{0.000 |0.000/0.000 |0.000|0.000
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", Chromaticity

0 Linear equations of motion depend on the energy (term proportional

to dispersion)

a Chromaticity is defined as: &, = "y
op/p
0 Recall that the gradientis x = & = ¢ _ 9% _ %P
Lp p k P

Q This leads to dependence of tunes and optics function on the
particle’s momentum

a For a linear lattice the tune shift is:

1 10
5Qaz,y — E %633,?45]{(8)6[8 — ___p %ﬁx ]
Q So the natural chromaticity is:
£y = ——fﬁx Jk(s)ds

Ez,y

Qz.y
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0 Sometimes the normalized chromaticity is quoted [{z,y =

92



Example: Chromaticity in SNS @

Q In the SNS ring, the natural chromaticity is —7

Q Consider that momentum spread dp/p = £1%

QO The tune-shift for off-momentum particles is

5Qaz,y — gzc,y(sp/p = +0.07

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

Sextupoles

Linear imperfections and correction, JUAS, January 2018
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. Chromaticity from sextupoles

0 The sextupole field component in the x-plane Is: B, = gxz

oP
Q In an area with non-zero dispersion x = xg + D?
o S oP S oP*?

Q Then the field is B, = 53:0 —I—fD?mo +§D2 I
Y j w j

O With ke = i quadrupole dipole

Bp
sextupoles introduce an equivalent focusing correction 6k = k2D

Q The sextupole induced chromaticity is
1
= m P e (as)Das) ds

Q The total chromaticity is the sum of the natural and sextupole
Induced chromaticity

(1% =~ § B (5)(K(5) F ko)D) d

oP

P
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Q Introduce sextupoles in high-dispersion areas

Q Tune them to achieve desired chromaticity

a Two families are able to control horizontal and vertical
chromaticity

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

a 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 O chromaticity, their strength should be
74

_ o e —3 : — 2
k2= oo gz ~ 3w ora gradient of S=17.3 T/m

Linear imperfections and correction, JUAS, January 2018
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— B, b] p/p=0.7%
= B, 8p/p=0.7%
B, 8p/p=0.0%
30 - B, Sp/p=0.0%
— B, Sp/p=—0.7%
--= B, dp/p=-0.7%
T 2
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0
n: Sp/p=0.0%
L — 1, op/p=-"0.7% S2(F2)
1 1 n 1 n 1 L 1 n 1 n 1
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S [m]

Two families of sextupoles not enough for correcting off-momentum
optics functions’ distortion and second order chromaticity

Possible solutions:

0 Place sextupoles accordingly to eliminate second order effects (difficult)
a Use more families (4 in the case of the SNS ring)
Large optics function distortion for momentum spreads of ==0.7%,when

using only two families of sextupoles; Correction of off-momentum
optics beating with four families



“%. Problem5

SPS: Consider a 400GeV proton synchrotron with 108 3.22m-long focusing and
defocusing quads of 15 T/m, with a horizontal and vertical beta of 108m and 30m in
the focusing quads, and horizontal and vertical beta of 30m 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?
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"= Problem 6

CLIC pre-damping rings: Consider a 2.86 GeV electron storage ring with a racetrack
shape of 389 m circumference. Each arc is composed of 17 regular “TME” cells,
each consisting of 2 half dipoles, 2 focusing and 2 defocusing quadrupoles. The beta
functions are around B,=4m (2m) and B,=4.2m (9m) in the focusing (defocusing)
guadrupoles and the normalized quadrupole gradients are 2.49/m? (2.07/m?). The
guadrupoles have a length of 0.28m. The natural chromaticity of the machine is
about -19 and -23 in the horizontal and vertical plane, respectively.

- How big is the chromaticity contribution from the arcs?

- Where would you install sextupole magnets for correcting chromaticity?

100 MEcel 0.34

o1 B it L 0.33
821 | L 0.32
73] ; L 0.31
641 ' L 0.30
551 L 0.29
46] L 0.28
371 — Loz
2.8 W L 0.26
1.9 1 L 0.25

o L 0.24
. . ‘ . 0

Be (m), B (m)
D (m)
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