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o CLIC overview

o CLIC DR new design

= Longitudinal variable bend and superconducting wiggler
= Trapezium field profile dipole
= Optics and parameters

o Nonlinear dynamics

= Chromaticity correction and tune sensitivity with energy
=  Phase space and dynamic aperture

= Lost particles & FMA

=  Multipole error

=  Acceptance

o \Vertical emittance tuning algorithm - to bring the vertical emittance to design value (g,<1 pm rad
including IBS effect) under the misaligned lattice

= Effects of misalignments — Theory
= Distribution of correctors

*  Tuning algorithm

= Tolerances

= Vertical emittance
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CLIC overview

o The GOAL: The Compact Linear Collider (CLIC) is an electron positron linear accelerator collider to be
hosted at CERN which aims to explore particle physics in the multi-TeV energy scale.
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CLIC overview

o Technology: Based on the novel technology of two beam acceleration (TBA) and employing
radiofrequency (RF) structures, the accelerating fields of 100 MV/m will be produced.
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o The damping rings (DR) are utilized in the injector section of the CLIC project to damp the large
emittance of the incoming beams particularly the positron one in all dimensions for the desired
luminosity performance.

reduce down to 500 nm and 5 nm in horizontal and vertical planes respectively. This corresponds

For the CLIC project, the normalized emittances of the input 2.86 GeV beams are aimed to

to an un-precedent horizontal and vertical emittance of 89 pm rad and 0.89 pm rad.
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CLIC DR - General layout
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o The DRs’ layout has a racetrack shape and consists of two arcs and two long straight sections.

o The arcs are composed of theoretical minimum emittance (TME) cell and the straight sections are
based on FODO cell filled with high field super conducting damping wigglers.

o Each arc/straight section includes of 42 TME/10 FODO cells.

o There are four matching sections grouped in two types to match the optics of straight section to the
optics of arc section and vice versa.
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Trapezium field dipole

o The horizontal emittance can be further reduced
below the TME limit by considering dipole
magnets with longitudinal variable bending field.
Regarding the analytical studies, the trapezium
field profile dipole provides the minimum
horizontal emittance.
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o The longitudinal variable bend can be generally

characterized by defining the length and bending radius
ratios asA = L1/L2 and p = p1/p2.

o The emittance reduction factor of TME cell (F;\¢) is the
ratio of the absolute minimum emittances of a uniform
with respect to a variable field dipole.

o The Trapezium field dipole is selected for application in
CLIC DR.
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Trapezium field dipole — For CLIC application

o For the CLIC DR application and from the M. Martinez F. Toral (CIEMAT)
magnet design and technology point of
views, the achieved A and p are 0.04 and 0.29
respectively which correspond to F;,=7.

2.4 ' . ' ' — ' ‘ '
o The designed dipole has the total length of 22f :fﬂ;}ig;jn;";;dﬁ‘;“%}ﬁ:?JS;E“?;TJ 1
58 cm and bends the beam by 4 degrees. 1.2: T |
:-1.6 r
o The blue step line represents the modelled 51;
dipole field profile by MADX and ELEGANT g
codes based on using separated rectangular Sosf
shape dipole sections. ol ]
0.2 b
?0.4 —OI.S —OI.Z —OI.1 lI) OI.1 0‘.2 DI.S 0.4
Dipole length [m]
Parameters Highest field section | Lowest field section
Length (cm) 2.143 5.900
Field (T) 2.321 0.685
Radius (m) 4111 13.937
Def. angle (Deg.) | 0.299 0.243
K (m-2) -1.100 -1.100
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Optical functions and parameters
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Energy [GeV] 2.86
Circumference [m] 359.44

No. of Dipole/wiggler 90/40
Hor./Ver. Tune 45.27/13.33

Nat./nor. emittance [pm/nm]

79.00/442.18

Nat. chromaticity

-134.42/-41.63
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Energy spread 1.28E-3
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Radio frequency [GHz]

2

RF voltage [MV] 6.5
Bunch length/charge [mm/nC] | 1.26/0.91
Number of particles per bunch | 5.7E10
Natural emittance+ IBS [pm] 110
Energy spread + IBS 1.33E-3
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o 0.05 25 ﬁx o
20 ﬁ’
0.04 T
15
EO.OE é
e =10 |
ol WAt i L
oo AR g

20 40 60 80 100120140160

s (m)

29 June 2017

H. Ghasem, et al. - Nonlinear dynamics and vertical emittance tuning for CLIC damping ring




Chromaticity correction-Tune shift with energy

o Two families of sextupole magnets both with the same
length of 15 cm in the TME cell are considered to correct

the natural chromaticity of ring to +1.
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Corrected horizontal chromaticity

Parameters SD | SF
Length [cm] 15
Pole radius [mm] 15
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Phase space & DA

DA: Physical transverse stable space for the particles after a given number of turns (2000 here)

The injected beam normalized emittance and energy spread;

o For electron DR: €,,=10 um and g ,=10 pm, 6=0.3%
o For positron DR: g,,=65 um and g,,,=10 um, 6=0.3%
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DA & FMA
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DA & multipoles

29 June 2017

Order Multipole  Systematic Random
2 Quadrupole 1.00 *10* 1.00*103
3 Sextupole 1.50*10%* 1.00*103
Dipole, 4 8-pole 0.00 1.00%10°
5 10-pole 5.00*%10° 1.00*103
B,/B,@10mm |g 12-pole  0.00 1.00*10°3
7 14-pole 5.00*10* 1.00*103
8 16-pole 0.00 1.00*103
3 Sextupole  0.00 1.00*103
4 8-pole 0.00 1.00*103
5 10-pole 0.00 1.00*103
6 12-pole 1.00*10°% 1.00*103
7 14-pole 0.00 1.00*103
8 16-pole 0.00 1.00*103
9 18-pole 0.00 1.00*103
Quadrupole, |49 20-pole  1.00*107  1.00*1073
B./8,®10mm |11 22-pole 0.0 1.00*10°
12 24-pole 0.00 1.00*103
13 26-pole 0.00 1.00*103
14 28-pole 1.00*108 1.00*103
15 30-pole 0.00 1.00*103
16 32-pole 0.00 1.00*103
17 34-pole 0.00 1.00*10°3
18 36-pole 1.00*108 1.00*103
4 8-pole 0.00 1.00*103
5 10-pole 0.00 1.00*103
6 12-pole 0.00 1.00*103
7 14-pole 0.00 1.00*103
8 16-pole 0.00 1.00*103
Sextupole, 9 18-pole  1.00*10¢  1.00*10°3
B./B,® 10 mm |15 30-pole  1.00%107  1.00%103
21 42-pole 1.00*10°% 1.00*103
26 54-pole 5.00*107 1.00*103
33 66-pole 1.00*107 1.00*103
9 3-pole 00*10-8 00*1Q3
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RF frequency, fye: 2 GHz

Natural radiation loss per turn, U,: 5.7 MeV
Harmonic number, h: 2398

RF voltage, Vge: 6.5 MV

Over voltage factor, g: 1.123

RF acceptance, ;;: £1.33 %
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Ring acceptance; = /2B;&; + 1;0

g; is assumed to be 10 times larger than the injected beam and the “i”
|nd|cates horizontal and vertical directions.

10 mm residual vertical dispersion and 1.5% momentum deviation are
assumed.

No essential requirement for the aperture for
the DR vacuum system in view of acceptance.
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Vertical emittance

o In practice, the vertical emittance for a circular machine is dominated by two factors;

=  residual vertical dispersion
=  petatron coupling

o Magnet alignment errors are the dominant sources of vertical emittance, in particular:

= tilts of the dipoles around the beam axis;

= vertical alignment errors of the quadrupoles;
= tilts of the quadrupoles around the beam axis;
= vertical alignment errors of the sextupoles.

o Tuning algorithm to minimize the vertical emittance;

= Nominal lattice

= Feed expected misalignments

= Correctors distribution

= Orbit correction

= \Vertical dispersion and coupling correction

= Vertical equilibrium emittance measurement
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Misalignments of magnets - theory

Combined Dipole B, = kycosd + k(Aycos9) — Bsin9 —
By = (B + kx)cos9 — k(Axcos)) +

Combined horizontal dipole Vertical dipole
generated by Ax, 6 generated by Ay, 6

Quadrupole

By = kycos9 + kAycos) —
By = kxcos9 + kAxcos9 +

Orth. quadrupole Hor/ver dipole
generated by 6 generated by Ax/Ay

o The vertical offset, non-zero vertical CO and roll of the combined dipole and quadrupole magnets
are the main sources of vertical emittance degradation by generating vertical dipole kicks.

Sextupole
o Sextupole vertical offsets generate skew
component identical to quadrupole S 9 4 v Axcos 4 k o 9
transverse rolls. x = RAYEOSU T Ryaxcos —7 (X = y%)sin
k
By, = > (x2 — y?)cos9 + kxAxcosd — + kxysin9
o Large vertical CO distortion corresponds
to the case that sextupoles have large Orth. sextupole Orth. quadrupole Skew sextupole
vertical offset and consequently large generated by 8 || generated by Ax generated by

betatron coupling.
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Correctors

Correctors installed

o 242 vertical; (84 per arc, 8 per DS-I, 9 per DS-II, 20 per LSS)
o 262 horizontal; (84 per arc, 8 per DS-I, 9 per DS-II, 30 per LSS)

Monitors installed
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Correction method — response matrix

o The low emittance tuning starts with vertical closed orbit (CO) correction using correctors and BPMs.

= Variation of the vertical orbit at the BPM placed at s; resulting from the corrector kick 6; at s; can
be analytically expressed by;

Ayj= len(nQy)ze~/3(S>c°S<“Qy W(s;) — wis)D)

[ Ay ] [ 01 ]
. . Ay, 0
The response matrix method is employed as Ays 05
corrections mechanism. Knowing the response : = Rnm
matrix helps to find the optimum vertical corrector
strength under the magnets alignment errors. | AV BPM. 16,1 cor

Feed misalignment error

Once the vertical orbit is measured, the corrector strengths 0. — R-1(_y
is calculated by pseudo inverting the response matrix using Cor = (=Yeas)
an Singular Value Decomposition (SVD) method.

o After the CO correction, the vertical dispersion and betatron coupling are measured to a unit
change in skew quadrupole strength and the related response matrix is created. With the same
method used for CO, the optimum skew strength is found to minimize the vertical emittance.
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Misalignments of magnets - simulation

o Simulations of the tuning have been done for hundred seeds of magnet alignment errors in the
CLIC DR magnets according to a 2o truncated Gaussian to ascertain the validity of simulation and
to find how sensitive they are.

o The results are given as accumulated histogram for each magnet and for each type of
misalignment individually.

o The mentioned accumulated histogram gives the vertical emittance for 100 machine samples and
present the required tolerances to achieve the desired emittance with a 95% confidence.

o The dash lines in the accumulated histograms reveal the goal limits where the vertical emittance
is below 0.5 pm rad for 95% confidence.

o The python script including Madx lattice is employed to simulate different machine samples.
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Dipole misalignments
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Accumulated histogram: Accumulated histogram;
The vertical emittance due to the dipole vertical The roll of dipole does not have big impact on the
displacement up to 150 um is below than 0.5 pm rad for vertical emittance. This could be anticipated
95% of machine samples. because of the small value of dipole transverse

gradient. For the case of 0.5 mrad, the vertical
emittance is still in the goal region for 100% seeds.
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Quadrupole misalignments
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o Misalignments of the quadrupoles have severe effects and the vertical emittance is very sensitive to

their alignment errors.

o Once the root mean square (rms) of the errors distribution exceeds a certain limit, an optimal
solution for a high number of sets of errors could not be found.

Accumulated histogram;

For Ay larger than 24 um, the vertical emittance is

completely out of the aim and the quadrupole vertical offset

up to 20 um, it is in the goal region for 100 seeds.

For the case of Ay=22 um, the vertical emittance is above

0.5 pm rad for 6 samples.

Accumulated histogram:;

For the case of 200 prad roll error which can be easily
reach with the present day alignment technics, the
vertical emittance for just few machine sample is above
0.5 pm.
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Sextupole misalighnments
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o The sextupole vertical offset has sever effect on vertical emittance while its roll is less significant.

Accumulated histogram: Accumulated histogram;

For the case of Ay=30 um, the vertical emittance isinthe  Upto 0.5 mrad, the vertical emittance would be smaller
goal region for 99 of seeds. than 0.3 pm rad for 100% of machine samples.
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Vertical emittance

o In order to find the equilibrium vertical emittance in the CLIC DR including all errors, the below
mentioned misalignments have been imposed randomly through the magnets for 100 seeds.

Error Unit Value
Dipole/quadrupole/sextupole/BPM vertical misalignment pum 35/20/20/50
Dipole/quadrupole/sextupole roll urad 80/50/50
BPM roll urad 50
BPM noise nm 200
o In addition to magnets errors, 50 um 80— :

and 50 prad are considered as the R R

BPM transverse offset and roll or —

respectively. sol o

&)
o
T

o The BPMs in practice include of some
intrinsic jittering which affect
measurement of beam position.

Machine sample
S
o
T
1

[#%]
o
T

o The mean value of the vertical
emittance for 100 seeds is around 0.12 201
pm rad and for 96% of machine
samples, the vertical emittance is below
0.4 pm rad. 0 '

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Vertical emittance, €, [pm rad]

10|
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Vertical orbit [m]

o The beta beating shrinks down to below 0.3%.

300 350

o Both of them are corrected to some few microns.

Vertical dispersion,  [m]

Vertical CO, dispersion & beta beat
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0.04

y

0.02

o The results reveal that the correction performance is satisfactory.

o Due to the errors, vertical CO is distorted up to £3 mm and vertical dispersion blows up to £10 cm.
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Corrector’s strength
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o The maximum value of the vertical corrector is below than 80 urad while considering 15 mm
as the aperture radius of the magnets, the maximum pole tip field of skew quadrupole
would be below than 42 mT.
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Summary and Conclusion

o The CLICDR is a 2.86 GeV ring which aims to reduce the large emittance incoming electron and
positron beams to reach an efficient collision at IP.

o The CLIC DR is designed based on TME cell including trapezium field profile dipole and FODO cell with
high field superconducting wiggler magnets. It provides the natural beam emittance of 79 pm rad
within 359.44 m circumference.

o The natural chromaticity of ring is corrected with two families of chromatic sextupoles. Particle
tracking results showed that the physical stable space for on energy electron/positron is about
+200,/+80, in horizontal and +45¢, in vertical directions.

o Tuning algorithm is introduced to correct the alignment error effects and based on the modelled
correction scheme, the vertical emittance smaller than 0.4 pm is found for 96% of machine samples.
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Thank youl!
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