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GOAL:

e Define a tuning procedure to bring the vertical emittance to the design value
(6y < 1pm-rad to allow for IBS growth) under a misaligned lattice.

* |dentify the alignhment tolerances.

e  Study non-linear behaviour of the lattice.

OUTLINE:

* Low Emittance tuning
* Effect of misalignments
* Closed orbit correction

* Coupling and dispersion correction

Adding BPM resolution

Tolerances
* Dynamic aperture
* Impact of Synchrotron Radiation in DA

* Frequency Maps
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CLIC DR

LU TL I I--_--l-y..‘\‘-:-‘ll: O
HEl -, Parameter Symbol Value
FODO cell
Energy E [GeV] 2.86
44.1m
/ Circumference C[m] 427.5
TME cel il Bunch population Np[10°] 4.1
Hor. Norm. Emittance Exn[nm-rad] 456
m Bending elements .
m Focusing quads Ver. Norm. Emlttance Syn[nm'rad] 4.8
Dispersion suppressor - m Defocusing quads ’
Beta natching cell m Sextupoles
(111 E— Horizontal Tune Q, 48.34
N .
IRy T 0 O O U DL B W Vertlcal Tune Qy 16-39
167.8 m
7.0 Nominal beam AR — 0.050 71.0-Honikal beam 155 0.040 o
D —~
.3 - - 0.045 i ﬁ" B;” . =
5.6 - 0.040 9.2 1 ‘ S
- *
4.9 4 - 0.035 8.3 1 e =
4.2 1 - 0.030 7.4 - 0.025
3.5 - 0.025 6.5 - 0.020
2.8 - 0.020 3.6 1 - 0.015
2.1 1 - 0.015 4.7
- 0.010
14 - - 0.010 3.8 \
0.7 - 0.005 29 / - 0.005 )
0.0 T r r r r r T . 0.0 : — )
87. 88. 89. 90. 91 92. 93 94 95 96 & 75 77. 79 e
${m) $ {m)
= =
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CLIC DR

-
o s Energy E [GeV] 2.86
/ | . Circumference C[m] 427.5
THE cell : 3 Bunch population N,[107] 4.1
Hor. Norm. Emittance Exn[nm-rad] 456
eserson e :Efd%q;:?:f Ver. Norm. Emittance &, ,[nm-rad] 4.8
|||-|_Beta - ce"_| e Horizontal Tune Q, 48.34
SN "-f-"-/:'"---'-:;'a“'“-i--'--'-'- - Vertical Tune Qy 16.39
e 100 TME arc cells e Quads powered individually.
«  Small defocusing * Correctors installed:
gradient dipoles * 320 vertical:
e LSS * 141 per arc, 3 per Dispersion Suppressor, 13 per LSS
52 SC damping wigglers * 312 horizontal:
DS and beta matching cells * 141 per arc, 1 per Dispersion Suppressor, 13 per LSS
* Steady-state emittance * Monitors installed:
dominated by IBS due to high e 358 vertical&horizontal:
bunch charge and small size in * 141 per arc, 6 per Dispersion Suppressor, 26 per LSS
3 dimensions * 2 sextupole families in the arcs.

e Skew quads installed as windings in the sextupoles.
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Overview — Tuning algorithm

Low emittance tuning simulations

Nominal lattice with PDR beam <———— &, = 316 pm - rad

* Equilibrium emittance < £y = 1073’ m - rad

(zero current)

* Feed misalignments

e H&V CO correction \

* Coupling and Dispersion correction ]
PIng P > Tuning

* RF Matching algorithm

e Chromaticity correction /

* Measure equilibrium emittance

Simulations done in MADX
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Overview — Tuning algorithm

Low emittance tuning simulations

Nominal lattice with PDR beam <———— &, = 316 pm - rad

* Equilibrium emittance < £y = 1073’ m - rad

(zero current)

* Feed misalignments

e H&V CO correction \

e Coupling and Dispersion correction

> Tuning
* RF Matching algorithm

e Chromaticity correction

/

* Measure equilibrium emittance

Simulations done in MADX
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Feed misalighments — Tuning algorithm

* Quadrupole vertical off-set (QV)

B, = k(y + Ay) = ky + kAy

ortogonal quad + constant term (vertical dipole)

* Quadrupole roll (QR)

(Bx) _ (cos 6 —SinH) (ky) _ (ky cosf — kx sin6 )
By,) \sin cos8 /\kx/ \kxcos6 +kysinf

ortogonal quad + skew quadrupole

* Dipoleroll (DR)

) » o
(5,) = Ging <050 ) (3) = (o5t )

Mainly emittance grows through:

Betatron coupling

horizontal dipole + vertical dipole Directly generated and vertical
- Sextupole vertical off-set (SV) ”Orl'zlem closed orbit [through
sexts
B, = kx(y + Ay) = kxy + kxAy Vertical dispersion
B. = k(x2 — + AV)2) =k(x2-v2) — 2kvAY — (Av2 Directly generated and vertical
Y ( & y)°) (x"-y7) kyRy = (8y7) non-zero closed orbit [through

ortogonal sextupole +skew quadrupole

quads]
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Feed misalighments — Tuning algorithm

* Apply gaussian distributions truncated at 2.5 sigma.

« Lattice too sensible to ARC quadrupole offsets (LSS quads offsets have no
influence on sensibility)

« MADX Twiss calculation fails after applying misalignments.

4000 seeds
100 . .

80

60

% seeds used

20}

0

0 20 40 60 80 100
Vertical quadrupole offset, RMS [um]

 For quadrupole misalignments divide the error in 7 parts and apply them
gradually, correcting x and y CO each step.
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Overview — Tuning algorithm

Low emittance tuning simulations

Nominal lattice with PDR beam <———— &, = 316 pm - rad

* Equilibrium emittance < £y = 1073’ m - rad

(zero current)

* Feed misalignments

e H&V CO correction \

* Coupling and Dispersion correction ]
PIng P > Tuning

* RF Matching algorithm

e Chromaticity correction /

* Measure equilibrium emittance

Simulations done in MADX
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Closed Orbit correction — Tuning algorithm

Max CO Max kick

# Mean: 1.7 um *

e 200 seeds

—
v
T
-
[
T

—
=3

* 45 um for QV

* 345 urad for QR
* 450 urad for DR
195 um for SV

Number of machines
=
o
7

Number of machines

wu
w
T

. . 1.0
x max [um] Max kick [urad]

«  MADX SVD algorithm

+ ~350 correctors/plane
(15cm long)

151

—
N
T

+ ~300 BPMs

-
T

Number of machines

Max kick = 0.02T

0.10 0.15 0.20
Max kick [mrad]

y max [um]
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Overview — Tuning algorithm

Low emittance tuning simulations

Nominal lattice with PDR beam <———— &, = 316 pm - rad

* Equilibrium emittance < £y = 1073’ m - rad

(zero current)

* Feed misalignments

e H&V CO correction \
 Coupling and Dispersion correction ]

> Tuning
 RF Matching algorithm
e Chromaticity correction /

* Measure equilibrium emittance

Simulations done in MADX
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Coupling and Dispersion correction — Tuning algorithm

* Previously, the correction canceled dispersion and x-y coupling term of the one turn transfer matrix.

» Xx-y coupling term was taken directly from MADX, not realistic.
 To introduce BPM resolution had to simulate the whole transfer matrix measurement.

* Now, build response matrix relating skew strengths with:

» Dispersion at each BPM (D)
« Change in vertical position at each BPM when beam is horizontally excited by a specific

kicker (C).
Any . D
(w . )=, . 2) ke

« Pseudoinvert the response matrix to calculate the skew corrections to be applied from the BPM readings.
* |f BPM resolution is present:
* Apply directly to C matrix.
Ay AE

« Experimentally dispersion is measured as Dy — ~— A then O-Dy — f(?)

AGD

Assume an energy scan equal +8 times the beam energy spread (as in ATF DR): 16e-3
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Coupling and Dispersion correction — Tuning algorithm

| . An D
Scan of the algorithm weight . A;) = . C) (kskew)

, 5 le=12 Scar‘l of coupli?g-dispersi‘on correct?un weightl [qv] gle=14 SCaI:I of couplirjg—dispersion correct‘ion weight‘ [ar]
QV 50 um | QR 100 prad

2.0r
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g g
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Coupling and Dispersion correction — Tuning algorithm
Scan of the algorithm weight Any) = D) (k )
. Ay . C skew

Max skew strenght over
200 seeds
s} ‘ ' ‘ ‘ ‘ ‘ ‘ ‘ ] . 45 pm for QV
* 345 urad for QR

* 450 urad for DR
195 um for SV

1 seed distribution

30

25

Number of machines

Max pole tip field =0.03 T
(for a 20mm aperture)

O(.)OIZ 0.014 0.016 0.018 0.020 0.022 0.024 0§26 0.028 0.03 J
Max pole tip field [T]

Number of skews quadrupoles

O[.)OOD 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.01
Pole tip field [T]
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R11

R11 after coupling correction

Coupling and Dispersion correction — Tuning algorithm

Beta beating

= Before

= Misaligned, max=5.42%

CLIC WORKSHOP 2015

- After =~ Before coupling corr, max=5.564682%
ar = Corrected, max=0.128904%
2
)
o
2
5 of e N
>
o
FS
2
W -2 ’
r |
I w,
—4}
50 100 150 200 250 300 350 400 450 650 100 150 200 250 300 350 400
s[m] s [m]
Vertical dispersion
0.020 T T T T -
= Misaligned, max=0.02
0.015 === Before coupling corr, max=0.006666 ]
= Corrected, max=0.000817
0.010
0.005
0.000
—0.005F
—0.010F
—0.015F
—0.0205 50 100 150 200 250 300 350 400 450
s [m]

450

Example of correction

1 seed

QV(rms) =45 um
QR(rms) = 345 prad
DR(rms) = 495 urad
SV(rms) = 195 um

(tolerance values, next
slides)
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Overview — Tuning algorithm

Low emittance tuning simulations

Nominal lattice with PDR beam
e Equilibrium emittance

* Feed misalignments

* H&V CO correcion

e Coupling and Dispersion correction

/ 1 RF cavity situated just after a LSS
* RF Matching - -

« Chromaticity correction < Two sextupole famiIie; in TME
cells, LMDIF algorithm
Measure equilibrium emittance
\‘ Target 2¢, < 1pm - rad

CLIC WORKSHOP 2015 J. Alabau-Gonzalvo



QV - Results

500 seeds
3.5 w ; : : ‘ — 100
== analytic estimate
3.0l = corrected - Error: 45.00 um (500 seeds)
180 I ' ' I
2.5
— ) 50 |
© " 0 T
S 2.0l K -
= R & 40
o ’ °
=19 £
wl 'l 330
1.0 ’,' S
0.5} ,o" 120 201
_-'T“ ‘ 10
0.00~"20 20 60 80 100 120 140°
Misalignment, RMS [um]
1.0 1.5 2.0 : § 3.5
7 | | | 100 Ey [m.rad] =t
== analytic estimate
6l == corrected
|: 180
5t
2 : 60 X
S an =
£ |
=3
wy
2
. 120
J O L T SCEE L P PP e EEEEs
%20 40 60 80 100 120 140°

Misalignment, RMS [um]
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QR — Results

100 seeds
8 T T "' 100 Error: 345.00 urad (100 seeds)
- = analytic estimate v % : ' : : ; '
’
7H = corrected "
6t
p— 0
2 S
C T 3
E 4‘ a (@]
Ao 8
> o
(NN
2t
.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Ey [m.rad] le-12
1
0 0

0 200 400 600 800
Misalignment, RMS [urad]

CLIC WORKSHOP 2015 J. Alabau-Gonzalvo



100 seeds
le3 :

|| === uncorrected

"0 200

= = analytic estimate
=== corrected

VN N

100

600 800
Misalignment, RMS [urad]

Seeds used [%]

DR — Results

5 Error: 450.00 urad (100 seeds)

40

10

1.0 1.5
Ey [m.rad]
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2.0

2:5
le—-12
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SV — Results

500 seeds
300 — uncorrected ,H o 180 —spon o SR EOREEe
== analytic estimate S _
250 == corrected |
80 140
200 120
%-‘ - 2100
C 60 & c
= 3 8 80
£ 150 g
(o} v 60
— ]
> 40 & 40
W 100}
20
120 % 1 2 3 2 3 3 7
50_ Ey [m.rad] le—12
0 n , . . __f 0
0 50 100 150 200 250 300

Misalignment, RMS [um]
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Analytical predictions

700

Il Dispersion, dipole kick
[ Coupling

EE CO through sexts

[ CO through quads
I Orbit Correlation

600

500F

R
c
— S
T 400} =
g 2
> 300} 8
w (]
(&)
3
Q
200} @ B Dispersion, dipole kick
20 3 Coupling
100} HEl CO through sexts

I CO through quads
I Orbit Correlation

QV(45um) QR(345urad) SV(195um) DR(450urad) QV(45um) QR(345urad) SV(195um) DR(450urad)

Contribution of different emittance growth sources, for RMS 45um (QV), 345 urad (QR),
195um (SV), 450 urad (DR).

Following SLAC-PUB-4937 [T. Raubenheimer]
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Adding BPM resolution

w

Factor 0.1
Factor 0.2
Factor 0.3
Factor 0.4
Factor 0.5
Factor 0.6
Factor 0.7
Factor 0.8

£

w
T

N
T

QV misalignment (RMS) [um]

Vertical emittance [pmrad] (95%limit)

o
o

160 260 360 4CIJO 500 SIO 1|00 1'50 260 2|50
BPM resol [nm] BPM resol [nm]

+ Feed all misalignments together at found tolerances multipled by a factor.
» Scan this factor from 0 to 1 (for 200 seeds) and calculate the tolerance to BPM resolution as previously
« Choose a compromise between BPM resolution and QV misaligment (the tightest one)

Tolerances (95% gy, < l1lpm- rad)

Quadrupole Vertical Offset 18 um
Quadrupole Roll 138 urad
Dipole Roll 180 urad
Sextupole Vertical Offset 78 um
BPM resolution 200 nm
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Dynamic Aperture

« Dynamic aperture: Region of the transverse space where tracked particles
survive a given number of turns (1056 here).

Dynamic Aperture Dynamic Aperture
T T T ——

60 Dynamic Aperture

o
=}

~ dp/p= -5e-04 « | = dp/p=-5e-04 — dp/p= -5e-04

el & AR = e
Positions | L Positions ! Positions
g 6oy _é 301 gao
O -10 -5 x/sig?na_x”.s 10 is =20 sysiaig. 10 %% -5 x/sig?’na_x 5 10
No error 200 seeds 200 seeds
DA: QV(rms) = 18 um QV(rms) = 18 um
10 o, QR(rms) = 138 urad QR(rms) = 138 prad
80 oy DR(rms) = 180 urad DR(rms) = 180 prad
SV(rms) = 78 um SV(rms) = 78 um
At injection: No BPM resolution BPM resolution = 200nm
o, = 330um _
o, = 34um DA (95% of lattices): DA (95% of lattices):
>5 o, >5 oy
>40 oy, >40 oy
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Impact of Synchrotron Radiation in DA

Typically in a DR, radiation effects are slow compared to revolution frequency.
In CLIC DR:

Revolution period Ty = 1.4 us
Horizontal damping time 7 = 2 ms

} One damping time is 1400 turns
Simplified simulations:
To avoid going into MADX tracking code:

Perform 1-turn tracking using exit coordinates as an input of next 1-turn tracking.

— W/OSR

S(t) — Soe‘zt/f — — WSsR

— Equation

x 0002
x o \E - x—2~4/e—2T°/r = 0.999303

1

X [m]

Multiply position and angle by a damping factor ~0.002
at the end of each whole turn.

\ i l\!lH{

—0.004

s

0 260 460 660 800 10|00
turn
Since MADX needs to reload the tracking environment, the simulations become extremely slow and takes

near a factor 1056 (number of turns) in running time. Lower the factor by taking the non SR DA and tracking
from it.
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Impact of Synchrotron Radiation in DA

Typically in a DR, radiation effects are slow compared to revolution frequency.

In CLIC DR:
Revolution period Ty = 1.4 us L
Horizontal damping time 7 = 2 ms } One damping time is 1400 turns

Simplified simulations:

No SR SR
Dynamic Aperture Dynamic Aperture
120F T 120F T
=== dp/p= 0e+00 === dp/p= 0e+00
Positions Positions
100p 100p
80 80
2 2
@ @
g 60F g 60F
a a
= =
40 40
20¢ 20¢
% 2 a 6 8 10 12 % 2 a 6 8 10 12
x/sigma_x x/sigma_x
Couple of hours runtime 3 days runtime

No difference in DA at least in the spacing of scanned initial positions (0.6, and 6.5ay)):
Maximum difference in DA: 8%
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Frequency Map: Evolution of the tune of particles during the acceleration as a function of the initial off-

set.
No misalignments included.
Color code: Diffusion parameter.
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* Alow emittance tuning to recover the nominal vertical emittance has been
defined.

e Tolerances to main magnet misalighnments have been found and are feasible.

Tolerances (95% gy, < 1lpm- rad)

Quadrupole Vertical Offset 18 um
Quadrupole Roll 138 urad
Dipole Roll 180 urad
Sextupole Vertical Offset 78 um
BPM resolution 200 nm

* The Dynamic Aperture accomodates 5 o,.
* Multipole errors will be included (simulations ongoing).

* Additional sextupole families or octupoles could be installed to ameliorate the DA.

Thank you for your attention!
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Tahle 1.3: Parameters equired at the exit of the low energy linac and before injection to the pre-damping rings

Injected parameters e et
Bunch population [10°] 43 .6
rm.s. Bunch length [mm] 4 54
rm.s. Energy spread [%] 1 4.5
Hor., Ver. Norm. emitiance [nm]  100x 107 Tx 108

Tahle 3.4: Parameters required at the extraction of the damping rings

Exiracted parame iers

e ket

Bunch population [ 107]
Bunch spacing [ns]
Mumber of bunches/train
Mumber of trains
Repetition rate [Hz]

Mormmalized horizontal emittance [nm]

Mormalized vertical emittance [nm]

Mormmalized longitodinal emittance [keY.m]

4.1
0.5
312
1
50
500
5

fi

Tabde 3.5: CLIC PDR imjecied heam parameters (after injection and capture losses) [32] and equired extracted

Parameters Injected Extracted
€ £

Bunch population [10°] 43 43 43

r.m.s. bunch kength [mm] 4 54 10

r.m.s. energy spread [%] 1 0.6 05

Long. emittance [ke'V.m] 114 93 143

Hor Morm. emittance [um] 100 Tx10° &3

Vir. Norm. emitiance [pm] 100 T=I07 1.5

CLIC WORKSHOP 2015

Table 16 Design parameiers for the PDRs

Parameter, Symbol [Unit] 2GH: | GHz
Energy, E [GeV] 286
Circumference, C [m] L
Bunch population, ¥ [107] 43
Basic cell bype in the aro/1.55 TMEFODN
Number of dipoles, Ny I8
Dipole Field, By [T] 1.2
Horizontal and vertical tune, (s .0y ) (16.39,12.26)
Horizontal and vartical chromaticity, (£;.£) (-19.0,-22.9)
MNumber of wigglers, My 36
Wiggler peak field, H, [T] 1.9
Wiggler kength, Ly [m] 3
Wiggler period, A, [cm] 0
MNorm. equil. horizontal emittance, yEq|m| 54
Hor., vert. and long. damping time, (tx, %y, 7} [ms] (2.7.2.7,1.35)
Momentum compaction factor, o [10—3] 17
Energy loss'tum, [7 [MeV] 18
Equil. energy spread (rm.s.), o3 [%] ol

RF Voltage, Vier [MV] 10
Synchrotron tune, ( o7l oosl
Bunches per train, m, 312 156
Bunch spacing. T [ns] 05 1

RF acceptance, &y [%] 1.2 1.7
Harmonic number, & 2506 1208
Equil. bunch length {r.m.s.}, & [mm] iz 46
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Table 3.8: Design parameters for the main DRs.

Table 3.10: CLIC DR parameters relevant to RF

Parameters, Symbol [Unit] 2GHz 1GHz
Energy, E [GeV] 2.86
Circumference, C [m] 427.5
Bunch population, N [10°] 4.1

Basic cell type in the arc/LSS TME/FODO
Number of dipoles, Ny 100
Dipole Field, By [T] 1.0
Norm. gradient in dipole [m~2] -1.1
Horizontal and vertical tune, (Qx.Qv) (48.35,10.40)
Horizontal and vertical chromaticity, (£x.5y) (-115.-85)
Number of wigglers, Ny, 52
Wiggler peak field, By, [T] 2.5
Wiggler length, Ly [m] 2
Wiggler period, 4,, [cm] 3

Hor.. vert. and long. damping time, (Tx. Ty, 7)) [ms] (2.02.0.1.00
Momentum compaction factor, o [10"‘] 1.3
Energy lossfturn, U [MeV] 4.0
Norm. horizontal emittance, y&, [um] 472 456
Norm. vertical emittance, yey[um] 4.8 4.8
Energy spread (rm.s.), o5 [%] 0.1 0.1
Bunch length (rm.s.), o [mm] 1.6 1.8
Longitudinal emittance, & [keVm] 5.3 6.0
IBS growth factors hor./ver./long. L5/1.1/1.2 1.5/1.11.2
RF Voltage. Vg [MV] 4.5 5.1
Stationary phase [?] 62 51
Synchrotron tune, Qs 0.0065 0.0057
Bunches per train, ny, 312 156
Bunch spacing, 7, [ns] 0.5 1

RF acceptance, ery [%] 1.0 24
Harmonic number, fr 2851 1425

Parameter DR @ 1GHz DR @ 2GHz
Circumference [m] 427.5

Energy [GeV] 2.86

Mom. compaction factor 1.3x107*
Energy loss per turn [MeV] 3.98

Energy spread (r.m.s.) [%] 0.1 0.1
Bunch length (r.m.s.) [mm] 1.6 1.8
Longitudinal emittance [keVm] 5.3 6.0
RF voltage [MV] 5.1 4.5
RF stationary phase [/] 62 31
Peak/Average current [A] 0.66/0.15 1.3/0.15
Peak/Average power [MW] 2.8/0.6 3.5/0.6

CLIC WORKSHOP 2015
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Table 3.9: A list of the DR main magnets including CLIC DRs

Type Location Length Number Families Pole tip field Full aperture H/V
[m] [T] [mm]
. Arc 96
Dipoles DS.BM (.58 A 1 0.97 80/20
Arc (.20 376 2
LSS (.20 28 + 26 2 20/20
Quadrupoles  po pM 0,20 24 12 1O
DS-BM 0.31 4 2
Sextupoles  Arc 0.15 188 +94 2 0.5 20720
Wigglers LSS 2.00 32 1 2.5 80/13
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Dynamic Aperture

« Dynamic aperture: Region of the transverse space where tracked particles
survive a given number of turns (1056 here).

Dynamic Aperture Dynamic Aperture

— g‘pﬁp= ;JS(;-?)?) : - ‘dD/P= -Se-04 . Dynam‘iiép\erfure == Idp/p= -5e-04
100 === dp/p= 0e+ == p/p= 0e+00 \ — = Oe+
el I vl B L e
-5 -10 -5 x,’sig?‘na_x 5 10 15 =10 -5 x/sig?‘na_x 5 10 % =5 X/Sig(:na_x 5 10
No error 200 seeds 200 seeds
DA: QV(rms) = 45 um QV(rms) = 18 um
10 o, QR(rms) = 345 prad QR(rms) = 138 prad
80 oy DR(rms) = 450 prad DR(rms) = 180 prad
SV(rms) = 195 um SV(rms) = 78 um
At injection: No BPM resolution BPM resolution = 200nm
o, = 330um
o, = 34um DA (mean): DA (95% of lattices):
3 oy >5 oy
18 oy, >40 oy
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