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- OUTLINE

1. Lattices used : V22 (z and t-tbar) HFD-51 (z and ttbar) HFD-61 (z and ttbar)
2. Sensitivity to sextupole and quadrupole alignment errors (no corrections) for ARC and FF

3. Commissioning simulations

1. Optics parameters after corrections
2. Dynamic apertures with errors
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Software used for all simulations is Accelerator Toolbox (python and matlab). + Exact Hamiltonian integrators

Tracking has been benchmarked with MADX-PTC in several occasions. https://github.com/atcollab/at §
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- ALIGNMENT ERRORS SENSITIVITY
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- CLUSTER USAGE FOR SENSITIVITY PLOTS

sd-slurm aggregated load_one last hour

tARC.quadrUpfles ARC sextupoles

08: 00 08: 10 08: 20 0B: 30 08: 40 08: 50
B asdhpci-01.esrf. fr O asdhpct-02.esrf, fr O asdhpcB-03, esrf, fr B asdhpcE-04,esrf.fr
B asdhpcE-0S.esrf. fr B asdhpce-06.esrf. fr B asdhpc6-07.esrf. fr B asdhpc6-08.esrf. fr

Avg Total: &0.37 Current Total: 0.00
Avg Average: 8.62 Current Average: 0.00

Rather fast (with the ESRF computing cluster). May be run often and for several lattice options.
Much longer time to extract and summarize the results in human readable tables.
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COMPARISON OF DISPERSION SENSITIVITY FOR BASELINE, HFD @ Z, TTBAR

10

AY @ qdf0-9. [ m]

2

ﬁ

0

V22 z exactpass # seeds:10

V22 |@< Aq >, [mm] |

'0'9%0:‘

E

2 4 6 8 10
T A X @ qdf0-9. [p m]

AY @ QF246 AQD135A [ m]

10

4@"3” >1p [mm]

HED61 |

6la exactpass nodogleg # seeds:10

2 B 6 8 10

A X @ QF2464QD135A [ m]

@ ttbar

4

d%c”

| Optics tuning for future circular colliders | 26th June 2023 | S.Liuzzo et al.

10

=] [+]

@ qdf0-9. [ m]
iy

<o

V22 t exactpass # seeds:10

do

a

V22

|@‘ Any >4 [mm] |

& X@qdfO 9 [ m]

10

—

AY @ QF246AQD135A [

61b exactpass nodogleg # seeds:10

10

8

050 L %0 <

YO0 E 00,

© |C§3>"3”><> 10 [mm]

AKX @ QF246AQD135A [ m]

B 6 8 10

he European Synchrotron | ESRF



- SUMMARY SENSITIVITY TO ARC ERRORS

Page 8

HFD61 is less orbit AB/B An Ae
sensitive to errors Ey # H \Y% H \Y% H \% H \Y%
In the ARCS than criteria 100um 100pum 1% 1% I1mm I1mm 1%e, 1%c€,
the baseline lattice arc quadrupoles sensitivity [um]
for for all
parameters studied. V22 Z 1420 1.9 1.9 29 0.7 0.1 0.1 3.0 1.0
HFD61 Z 2408 8.4 1.5 >10 3.0 5.0 1.6 >10 2.7
V22 it 2836 1.3 1.5 1.5 05 0.12 0.2 0.5 0.17
HFD61 it 2408 2.8 3.1 42 1.5 1.9 1.0 >10 0.8
arc sextupoles sensitivity [um]
V22 Z 600 >100 >100 17 8.5 3.1 2.6 90 39
HFD61 Z 912 >100 >100 60 26 10 16 >100 >100
V22 tt 2336 | >100 >100 10 7.0 7.5 10 27 26
HFD61 it 912 >100 >100 19 8 10 11 78 48
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- SUMMARY TABLE OF ERROR SENSITIVITY: NOT-ARC == FINAL FOCUS AND STRAIGHT SECTIONS

The Final Focus* magnets are more sensible espeC|aIIy in the V plane
Sensitivity to sextupole errors is similar. 7 nano-meter vertical

Sensitivity to quadrupole errors is better for V22@Z and foT HFD61@ttbar quad alignment error =»
. 1mm rms Hor. Dispersion,

1% hor. Emittance etc. ...

Not-ARC orbit ABIBY N N Ae
Ey # H V H : \" v H \Y H \"
criteria 100um 100 um 1 % 1 %o \ 1mm . 1mm 1%e;p, 1%o¢€p,
final focus quadrupoles sens1t1v1ty to (hor., VBi‘:) ahgnmen

V22 Z 436 0.8 >10 (1.5, 1.2) 0.05 (0.025, 0.025) 0.01 (1.2, 1.0) 0.008
HFD61 Z 524 0.8 0.19 (1.7,1.0) 0.06 (0.4,0.007) 0.004 (5.5,0.007) 0.006

V22 tt 480 2.0 0.35 2.1 0.22 0.24 0.04 1.1 0.06
HFD61 t 524 2.8 0.40 4.2 0.3 1.1 0.1 2.1 0.01

final focus sextupoles sensitivity to (hor., ver.) alignment [um]

V22 Z 16 >10 >10 >10 0.25 >10 1.2 >10 >10
HFD61 Z 152 >10 >10 >10 0.25 9 2.2 >10 >10
V22 tt 16 >10 >10 >10 0.50 >10 2.6 >10 8
HFD61 tr 152 >10 >10 >10 0.45 >10 3.7 >10 >10

Sensitivity to sextupole misalignment primarily dominated by the low-beta chromatic correction
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V22@Z

COMMISSIONING SIMULATIONS: V22
F PyAT

a) 1 BPM and 1 corrector for each quadrupole

b) Set 10um rms alignment errors in ARCS
guadrupoles and sextupoles

c) Correction loop (repeated 2 times).

O WN PR

d) Evaluate lattice properties (DA, MA, optics,
emittances, etc...)

Trajectory steering *, find closed orbit
Orbit correction

Tunes correction

Chromaticity correction

(not done, no BPM errors BBA)

Optics and coupling correction (“LOCO-
like”, 18 steerers) using Analytic Jacobians v
thick quad. and thick steerers corrections

yith
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*N.B.: SEXTUPOLE “RAMP” is not needed. Replaced by realistic
trajectory steering. EBS was commissioned sextupoles on.

Table 3: B-beating, dispersion and emittances after correc-
tion of 10 um random alignment errors on dipole quadrupole
and sextupole magnets for the FCC-ee lattice using analytic
ORM derivative (1856 BPMs, 18 steerers). The input lattice
is tested: without radiation, with radiation and with radia-
tion and tapering. Reference lattice is in all cases without
radiation.

A ABy
(std)s ﬁf, . Bf, - Anp, Any,  Ae,

units %o %o mm mm pmrad

4D err 3.63 6137 118.7 82.36 -
4D cor 0.84 424 2567 958 0.71

6D err 3.60 5945 120.54 8245 -
6D cor 0.81 4.29 26.0 9.57 0.17

6D err
+ tapering 3.61 61.33 119.59 82.96 -
6D cor
+ tapering 0.82 422 26.03 9.65 0.18

A.Franchi et al. Analytic derivative of orbit response matrix and dispersion with thick error
sources and thick steerers implemented in python, MOPLOG9, IPAC2023
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- CLUSTER USAGE FOR COMMISSIONING SIMULATIONS AND DA/MA COMPUTATION

asd-slurm aggregated load _one last day
soo ¥
450 .
Correction, 50 seeds + DA/MA
400 i
i 1
350
300
250
ot Correction,
50 seeds
150
100
50 .'., “
0 o) el : . - Py D |
Thu 18:00 Thu 21:00 Fri 00: 00 Fri 03:00 Fri 06:00 Fri 09:00 Fri 12:00 Fri 15:00
B asdhpc6-0l.esrf.fr asdhpcB-02.esrf.fr O asdhpc6-03.esrf. fr B asdhpc6-04.esrf. fr
B asdhpc6-0S.esrf.fr B asdhpc6-06.esrf.fr B asdhpc6-07.esrf. fr B asdhpc6-08.esrf. fr
Avg Total: 105.49 Current Total: 0.00
Avg Average: 15,07 Current Average: 0.00

Significant amount of time, man power and computing resources spent for FCC-ee studies
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counts over 50 counts over 50 counts over 50

counts over 50

DA AND LATTICE PROPERTIES AFTER COMMISSIONING-LIKE CORRECTION : V22@Z

# BPMS: 1856

# correctors: 1856 # skew quad: 632

# normal quad: 1496
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S.Liuzzo et al., Commissioning simulations tools based on python Accelerator

Toolbox, MOPA142, IPAC2023, IOP
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6D tracking
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R.Tomas et al., Progress of the FCC-ee tuning working group WEPLO23,
IPAC2023
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COMMISSIONING SIMULATIONS FOR HFD-61@Z LOCATION OF BPM AND CORRECTORS

ASSUMPTION (as for EBS): SEXTUPOLES ARE THE MAIN SOURCE OF OPTICS ERRORS

~ 2 BPMs per sextupole : @ sextupole and 1 between 2 consecutive sextupoles: 1732 BPM

1 H/V corrector at every sextupole : 1064 correctors
(1 corrector per BPM will also be analyzed (1732 BPM / 1732 cor) and 1 BPM/COR per sextupole (1064 BPM / 1064 COR)

Normal and skew quad at every sextupole : 1064 Norm/Skew quad
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- COMMISSIONING SIMULATIONS FOR HFD-61@Z: SIMULATIONS RESULTS

P PyAT correcting trajectory —— Closed orbit from start!
Closed Orbit: True <+——
Final Hor. orb | std: 8.62e+03 microm | (min, max) (-2.12e+04, 5.59e+03)
Final Ver. orb | std: 8.43e+03 microm | (min, max) (-2.12e+04, 3.62e+03)

HFD-61@Z

a) ~2 BPM and 1 corrector for each Sextupole
Fitting Tune...
b) Set 10um rms alignment errors in ARCS Initial value [222.24990804 222.40033254]

quadrupoles and SeXtUp()'eS Final value [222.25006598 222.40097606]
Fitting Chromaticity...

c) Correction loop (repeated 2 times): Initial value [0.41061787 0.66738543]
1. Trajectory steering *, find closed orbit Final value [0.39133633 0.46618063]
2. Orbit correction correcting orbit
3. Tunes correction Hor. orbit | std: 1.08e+03 microm | (min, max) (-3.05e+03, 3.2e+03)
it i Ver. orbit | std: 661 microm | (min, max) (-5.27e+03, 5.59e+03)
f" ChromathIty correction Final Hor. orb | std: 26.2 microm | (min, max) (-109, 91.8)
. (notdone, no BPM errors BBA) - . Final Ver. orb | std: 28.1 microm | (min, max) (-133, 156)
6. Optics and coupling correction (“LOCO-

like”, 8 steerers) using Analytic Jacobians with correcting optics
thick quad. and thick steerers corrections Before - fitted quadrupole errors correction:
beta-beating: HO0.61% V 1.22% .
delta dispersion: H2.11mm  V 4.13mm Small beta-beatlng and

Eval latti r rti DA. MA i emittance: H 542.09pmrad V 0.94pmrad : : ;
d) a uate lattice prope ties ( ’ ’ Opt €S, After -fitted quadrupole errors correction: dlsperS|on/emlttance
emittances, etc...) beta-beating: H0.19%  V 0.21% deviation

delta dispersion: H 2.14mm  V 4.13mm
emittance: H 542.09pmrad V 0.96pmrad
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DA AND LATTICE PROPERTIES AFTER COMMISSIONING-LIKE CORRECTION: HFD61@Z

RF ON, Radiation ON, Tapering ON, Sext ON, Oct ON, ...

CrabSext OFF, Fringe fields OFF, Solenoid OFF, Spin OFF 10 pm alignment errors in

Page 15
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DA AND LATTICE PROPERTIES AFTER COMMISSIONING-LIKE CORRECTION: HFD61@Z

RF ON, Radiation ON, Tapering ON, Sext ON, Oct ON, ...
CrabSext OFF, Fringe fields OFF, Solenoid OFF, Spin OFF
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counts over 50 counts over 50 counts over 50

counts over 50

DA AND LATTICE PROPERTIES AFTER COMMISSIONING-LIKE CORRECTION: HFD61@Z

RF ON, Radiation ON, Tapering ON, Sext ON, Oct ON, ...
CrabSext OFF, Fringe fields OFF, Solenoid OFF, Spin OFF
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colnts 50

Colnts 7 50

70 um alignment errors in

ARCS'’s quad. and sext.

Beam is stored with > 500um closed orbit.
300um BPM offsets are probably tolerable to
store the beam. (To be checked)

As for Synchrotron light sources, beam can
be stored with BPM offsets (c.o0.d. ~ (3002 +
5002) and as a second stage standard BBA
(based on closed orbit) takes place.
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- COMMISSIONING SIMULATIONS COMPARISON TABLE

Page 18

Summary of above plots:

Only errors in ARCS

Gaussian errors, no truncation.
NO ERRORS in Final Focus.
RF ON

Radiation ON

Tapering

Identical correction procedure

Identical correction parameters
(eigenvectors, weights, etc...)

Average over 50 seeds of
standard deviations of
parameters along the ring.
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-‘5"..6 h

AB,

(std)s Ax Ay Bre B Any, An, A€, A€,
units pm pm %o Yo mm mm pm rad pm rad
V22 @Z 10 pm
err 631.1 28894 36 5945 120.54 82.45 - -
cor 2979 1203 081 4.29 2600 957 690.78 0.17
HFD-61 @Z 10 um
err 15550 183.81 0.65 2552 2.8 11.75 1833.97 -
cor 8.56 9.09 0.07 0.06 0.91 1.12 54252 0.14
HFD-61 @Z 30 pm
err 490.03 550.24 2.87 227.88 1322 79.46 - -
cor 2567 2728 020 0.19 2.72 337 54263 1.29
HFD-61 @Z 70 pm
err - - - - - - - -
cor 51.50 5884 05 0.77 6.39 6.84 543.19 6.33
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DYNAMIC APERTURE WITH ERRORS: 6D TRACKING, TAPERING, ARC ERRORS AND CORRECTIONS

DA for the 50 error seeds of previous slide

3.0

—— 4D 6D tracking.
RADIATION has ] — ggradoﬁ ~ So_ga‘ildzlr:ris.\ . V22-Z-10le
a severe effect | — 6D + tapering g |s0se
on Dynamic 20 S 40 "
Aperture - S| e e,
p E 154 FCC_v22z > %
- 512 turns =}
rad True o ”
Errors further 101 /f
reduce Dynamic . £ 5 10
' g = Err. + Cor. T
Aperture | N — Design LY
20 53006 ~0.0004 —0.0002 0.(;60(]1 0.0002 0.0004 0.0006 15 -10 -5 0 5 10 15
. . - x [m : _
With radiation HFD~=V22 L de-5  [sigmas = 8.29 ym]
_i*_ a0 i 6D tracking e
N e i d = = Err. + Cor.
GOOGV 2.5 77— GDradoff l & 40_?.1213;?15 ..l-. .'. —— Design
—— 6D + tapering ' p 50 seeds " by
i i = 8 failed
207 1 : > 30
£ |
: S0 _»
1 o
~1500,, 20q-1-Fmm A :
0.5 - :
SO VI = — i o{ &= HFD61-Z-70um
-3.0006 —0.0004 —0.0002 0.0000 0.0002 0.0004  0.0006 . .
% [m] . -20 ~10 0 10 20
—~ —~ X [sigmas = 9.02 um]
500, 50c;,
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- DYNAMIC APERTURE WITH ERRORS: 6D TRACKING, TAPERING, ARC ERRORS AND CORRECTIONS

le—5

RADIATION h 6 6D fails — 4D 100 |20, racking = Erm 4 Cor
Ira rue -. .
i s{ + tapering OK — e rado 212 turns V22-ttbar-10pmPesion
a severe effect 50 seeds

—— 6D + tapering

[o1]
o

[ %)
i [suma\?

1 1
k- :

[
:
‘ - |

i 11 failed
on Dynamic +

Aperture

3

.05 um &, = 0.001¢]
o
| |

E 5]
— 37 Fcc_v22 ttbar
b 512 turns

See P.R. presentation, | e
due to off-energy x-y DA

ANt ) el P SSNG T § R Ll

S
Ny ot

i ~0.002 ~0.001 0.000 0.001 0.002
reduce Dynamic X Im] x [sigmas = 38.51 um]
2 le-5
Aperture o e : 6D Tacking ——
Lo XY ! 80 qrad True rr.. or.
I > S T = 512 turns — Design
' ' P 50 seeds
i l = 1 failed
44 ! ! i 607
i i W
—_ i l S
= 3 1 1 =
— FCC/hfd61_ttbar —— 6D rad off ' [te]
= 612turns — 6D + taperi i ST
fad True perng ! o —— -
ik | Likely needs review of BPM/COR locations
~1206, ot Z__/ o i aty
; . > in []
i 0, I Ay
oL @Aﬁ ! 0 HDF-61-ttbar-10um eus
o0z 0001 0-;"00] 0.001 0002 | ~10.0 -75 -50 -2.5 00 25 50 75 10.0
x [m .
X [sigmas = 45.97 um]
~500, ~500,,
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CONCLUSIONS Code: https://gitlab.esrf.fr/BeamDynamics/commissioningsimulations

HFD lattice appears less sensible to errors in the ARCs.
Final Focus sensitivity larger than ARCs.

Commissioning simulations @Z for V22 and HFD lattice show that HFD lattice may tolerate about 3
times as large alignment errors in the arcs after correction of trajectory, orbit, tune, chromaticity
optics and coupling. More could be possible after ad-hoc correction tuning.

HFD lattice commissioning simulations are performed with a smaller number of BPM & correctors. In
fact may need correctors at all BPM locations also for HFD lattice (1732 correctors).

Optics and coupling corrections are performed as in synchrotron light sources (LOCO-like, reduced
8-steerers ORM) and using Analytic Jacobians (see talk by A.Franchi on Wednesday)

Further commissioning simulations runs:
DA convergence studies are ongoing (S.White) and

for ttbar lattices indicate that larger number of turn for the DA could
ith 300 BPM off BBA be needed (4096 instead of 512). However, DA
wit um offsets (no ) tracking for 4096 turns without radiations takes 1.5h

with 1064 BPM/COR or 1732 BPM/COR using the 128 cores of a 2022 HPC.

Replace all normal and skew quadrupole corrections by H/V offsets at the sextupoles. If this is successful, no need of quadrupole
independent Power Supplies.
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- COMPLETE TABLE OF ERRORS SENSITIVITY

Page 25

Ey c.o.d. AB/B € failed seeds
H v H \Y H A% H A%
criteria 100 pm 100 pm 1% 1% 1 mm 1l mm 1 % 0.1 %ep, >0
arc quadrupoles (hor., ver.) misalignment [pm]
V22 Z (19,>10) (>10,1.9) (2.9,10.0) (0.7,6.8) (0.1,15) (>10,0.1) (3.0,9.0) (>10,1) (-,-)
HFD61 Z (84,>10) (>10,7.5) (>10,>10) (3,>10) (5,>10) (>10,1.6) (>10,>10) (>10,2.7) (-,-)
V22 t (1.3,8) (>10,1.5) (15,75) (05,22) (0.12,3.2) (>10,0.2) (05,7.3) (10,0.17) (-,5)
HFD61 t (2.8,>10) (>10,3.1) (42,>10) (15,>10) (19,85) (>10,1.0) (>10,>10) (>10,0.8) (-,-
arc sextupoles (hor., ver.) misalignment [pum]

V22 Z (>100,>100) (>100,>100) (17,>100) (8.5,>100) (3.1,65) (>100,2.6) (90,>100) (>100,39) (-,-)
HFD61 Z (>100,>100) (>100,>100) (60,>100) (26,>100) (10,>100) (>100,16) (>100,>100) (>100,>100) (-,-)
V22 t (>100,>100) (>100,>100) (10,95) (7,85) (7.5,90) (>100,10) (27,100) (>100,26) (-,-
HFD61 t (>100,>100) (>100,>100) (19,>100) (8,>100) (10,>100) (>100,11) (78,>100) (>100,48) =)

final focus quadrupoles (hor., ver.) misalignment [um]
V22 Z (06,1.1) (>10,>10) (15,12) (0.05,05) (0.05,0.025) (>10,0.01) (1.2,1.0) (>10, 0.008 ) (2,0)
HFD61 Z (0.8,0.8) (>10,0.19) (1.7,10) (0.06,08) (0.4,0.007) (>10,0.004) (5.5,0.007) (7,0.006) (5,2)
V22 t (2.0,25) (>10,0.35) (27,21) (026,022) (0.24,026) (>10,0.04) (0.07,1.1) (>10,0.06) (-,2)
HFD61 t (2.8,3.0) (>10,04) (4.8,42) (03,4.1) (1.7,1.1) (>10,0.1) (>10,2.1) (>10,0.01) (9.,7)
final focus sextupoles (hor., ver.) misalignment [pm]

V22 Z (>10,>10) (>10,>10) (>10,>10) (0.25,>10) (>10,>10) (>10,1.2) (>10,>10) (>10,>10) (8,-)
HFD61 Z (>10,>10) (>10,>10) (>10,>10) (0.25,>10) (9,>10) (>10,2.2) (>10,>10) (>10,>10) (-,-)
V22 t (>10,>10) (>10,>10) (»10,»10) (0.5,>10) (>10,>10) (>10,2.6) (>10,>10) (>10,8) (-,-
HFD61 t (>10,>10) (>10,>10) (>10,>10) (045,>10) (>10,>10) (>10,3.7) (>10,>10) (>10,>10) (-,-)

| Optics tuning for future circular colliders | 26th June 2023 | S.Liuzzo eMtps:llwww_overleaf.com/project/6486d060da6280d6dacf0fd3

The European Synchrotron | ESRF



Page 26

DA FOR THE 4 LATTICES

@ IP beta: 0.10002 0.00079998 EY: 1.4111 pmrad
rfon, rad off, 2048 turns

€n =0.706nm

120

100+

80

i 1 V22

40
201
0 o 2 L 2 o
-60 -40 -20 0 20 40 60
”x
@ IP beta: 1.0001 0.0015999 EY: 2.9733 pmrad
10 rfon, rad off, 2048 turns

+Ep=1.487nm il
30¢F
25+
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15+
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ttbar

g, =0.2% ¢,

@ IP beta: 0.14999 0.00080161 EY: 1.0858 pmrad
rfon, rad off, 2048 turns

€, =0.542nm
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@FCCEE__ING beta: 289.5822 236.3593 EX: 705.5676 pmrad
rfon, rad off, 2048 turns
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ttbar
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LOCAL MOMENTUM ACCEPTANCE FOR THE 4 LATTICES

EY: 1.4111 pmrad, V  =200MV, |

punch=0-1MA, b =19.1675mm

rfon, rad off, 512 turns EY: 1.0858 pmrad, Vpp=200MV, | =0.1mA, b|=19.1588mm
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Simulations data in:
/machfs/liuzzo/FCC/**/ANALYSIS

/machfs/liuzzo/FCC/**/Errors
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