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Luminosity, Emittance, b-function

A Beta function b §): Amplitude of transverse oscillations A beam envelope
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Motivation

A FCC-ee requires very low emittance (vertical in the pico-meter range) T among the tightest
ever

A Impact of power supply ripple on beam dynamics is an open point A will define power
converter specifications, class and eventually cost

A Magnet circuits are not strictly defined, no studies for power supply ripple

A Objective: study and define current/voltage ripple tolerances for power converter design
to avoid impact on beam performance.

A Tools: Xsuite simulations to quantify acceptable ripple levels, combined with important non-
linearities such as BB, synchrotron radiation etc.




Road to Power Supply Ripple studies

A Step 1: Study FCC-ee layout and organize magnet families (catalog)
A Step 2: Define magnet circuits (mainly in the arcs)

A Step 3: Simulation environment + nominal (no ripple) studies

A Step 4: Power supply ripple simulations - Today




What is power supply ripple?

A Voltage ripple from semiconductor switching, electrical network, and other effects A current
ripple A oscillating magnetic field

A Time-dependent variation of magnetic field A beam receives periodic kick every turn

A Sensitivity depends on: magnet type, ripple amplitude & frequency, tunes, optics

—7— Power converter
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Not defined for the FCC-ee
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Set to 1 for studies (worst case)




GHC vs LCC designs for FCC-ee
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Ripple Simulations with Xsuite
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A Magnet strength modulation in simulations (gX)

gk ¢(dipole) [rad/m]-By [T-m] (Beam rigidity)
‘ Magnetic Field
akg( q u & d)a d-Bynil-nh] (Beam rigidity) ’

Exciter
Insert xt.Exciter elements in the lattice to
class xtrack.Exciter(*, samples=None, nsamples=None, sampling_frequency=0, frev=0, knl=None, ksl=None, . . . ] . ]
start_turn=0, duration=None, _xobject=None, **kwargs) o Simu |a.te t| m e'd ep en d ent SINUSOI d al varil at| ons

Beam element modeling a transverse exciter as a time-dependent thin multipole.

The given multipole components (knl and ksl) are scaled according to a custom waveform, Q.U ad ru pO l e_S: tune m(?dU|at|0n
allowing for arbitrary time dependence. The waveform is specified by an array of samples: Di PO les: orbit modulation

knl(t) = knl * samples]i]

Line ge_neration, Insert xt.Exciter Run tracking
radiation, bb ' elements ' simul ations wi




Emittance under ripple (dipole)

A Dipole A horizontal kicks

Ve

A Impact on horizontal
emittance, plotted here

A Similar behavior for
both optics
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Emittance under ripple (Qquadrupole)
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Tune Deviation by Quadrupoles

A Quadrupole error A Tune Deviation ) )
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A For a quadrupole with]  and 3°Q the maximum tune deviation is:
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A For multiple quadrupoles this adds linearly

A The maximum tune deviation is used as a metric to compare ripple levels




Amplitude-Freqguency Scans

A Magnets are grouped into families and powered by specific circuits

A Amplitude-Frequency scans for multiple magnets (submitted to comparison report)

4 magnet groups to study: For each group simulations for worst-case scenario:

A All Arc Dipoles All magnets A same ripple (amplitude, frequency, phase=0)

A All Arc Focusing Quadrupoles
A All Arc Defocusing Quadrupoles
A All Final Doublet Quadrupoles

Goal: Identify sensitive frequencies and provide first
estimates for tolerances

‘ Color-code: ratio of emittance with ripple to nominal for each simulation




e s Scan
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A Narrow resonance bands for LCC at horizontal tunesA low impact elsewhere

C

Ar

v

v

A GHC A larger sensitive areas with similar impact

v

A Switching frequencies to avoid these sensitive areas

mx. _.:u_u_m\mx. nominal
@ © < ~
— —

- 2.0

3.86
N 2.57

8
7
0.53
0.35

o o
(c—0T %) [1] Vv pIa1d a|ddiy

Ex, ripple/Ex, nominal

1.8
.6
4

™
—

7.08

1.06-

o o <t (e} [s¢]
& ~ N ™ —
N <t m o~ —
(,-0TX) PI91d %}/%V pazijew.o
o — ™M N o
~ N ™ —

o o o o

[e0]
2 -
(c—0Tx) [1] ®jv pioid ajddiy

o
™~

—l

(-0TX) P12 2/ Vv pazijew.o
I 1 1 &
—

o

1.0

0.00

0.00-

0.00

0.00-

2000 4000 6000 8000 10000 12000
Frequency [Hz]

0

6000 8000 10000 12000
Frequency [Hz]

4000

2000

0




Arc Focusing Quadrupoles Scan
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T/m (LCC)

8

T/m (GHC) andx

r

A Larger impact for GHC, for both lattices A largest blow up at ~half the revolution frequency

r

A Emittance growth significant at ~

r

A GHC more sensitive in arc region overall

Arc Defocusing Quadrupoles Scan
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Final Doublet Scan
A Huge vertical beta functions A o, high

A LCC more sensitive
A Most critical magnet family, very sensitive but superconducting magnets attenuate ripple A

requirements likely relax in practice (with realistic transfer function)
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Conclusion

What was delivered
A Ready-to-use simulation environment for all required future studies
A Defined arc circuits, studied the FCC-ee layout, and created magnet catalogs for the team

A Produced nominal results

A First dedicated studies of power-supply ripple impact for the FCC-ee

A All results submitted to the comparison report A direct influence on decision
What we learned

A Different impact between dipoles and quadrupoles (multiple studies)

A Key is avoiding sensitive frequencies, rather than tolerating certain amplitudes

A All simulations point to high sensitivity of the vertical plane




Next Steps
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Thanks for listening!
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FCC operation plan

FCC has 2 stages: FCC-ee (electrons/positrons) and FCC-hh (hadrons)

HL-LHC
ConceptualDesign  Feasibility Study Projectapproval by Condiictionor Sl Operationof FCC-ee  Operationof FCC-hh
Study CERN Council tunneland ECC.ee
starts
FCC Week 2023 (Fabiola Gianotti, CERN Director General)
We are here
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A Fundamental effects for the FCC-ee, must include in all simulations

A Synchrotron radiation: Energy loss of relativistic charged particles due to bending in dipole
magnets (huge loss for leptons vs protons )

A Beam-Beam force: Electromagnetic interaction between colliding bunches

A In collisions A Beamstrahlung: additional non-linearity A radiation emitted by colliding particles
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Magnet Families in the Arcs (GHC Z mode)

} } | }
SF3 SF3 SD3 SD3...
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V24.2_GHC at Z - Basic Cell -sropo Same as GHC_25.3.1

Cel | | ength = 519.4714 m
AOne circuit fordipoles per arc (minimum)
AOne circuit forfocusing quadrupoles per arc
AOne circuit for defocusing quadrupoles per arc
A34 or 35 circuits for sextupoles per arc (powered in pairs)




Magnet Families in the Arcs (GHC ttbar mode)

! Voo - ! ! } L
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Cel | |l ength = 519.4714 m
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GHC Arc Cell z mode vs tthar mode

GHC_25.3.1 arc cell at z mode

Dipole
Quadrupole
Sextupole

1200 1300 1400 1500 1600
s [m]

GHC_25.3.1 arc cell at t mode

Dipole
Quadrupole
Sextupole

1200 1300 1400 1500 1600
s [m]




Magnet Families in the Arcs (LCC Z mode)

] o
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Magnet Families in the Arcs (LCC ttbar mode)

| |

SF2 SD1 SF1 sD2 sD2 SF1 SD1 SF2

QD1am QF2 QD1 QF3 QD1 QF4 QD1 QF4 QD1 QF4 QD1am
[ DL1 - DL1 1 DL1 1 DL1 1 DL1 41 DL1 N DL1T (H DL1 q DL1 -1 DL1
V24.3 LCC at t-tbar - Basic Cell =5Fopo Same as LCC_105.0.0

Cel | | ength = 319.23 m

Same circuits (and layout) as Z mode




Layout of Dipoles in IRs
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Layout of Quadrupoles in IRs
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Layout of Sextupoles in IRs

Sextupole Strength [T/m?]

Sextupole Strength [T/m?]
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. power and manufacture)
400 |
200 4 ' Z mode tt mode
' Name | k; (rad/m?) | Gradient (T/m?) | Length (m) | Name | k3 (rad/m?) | Gradient (T/m?) | Length {m)
o] | | | SY2L 7.603098 HT8.235438 0.225 SY2L 6.148206 1871.374105H1 0.225
i | SY1L 9.005500 684.891822 0.225 SY2R | -6.959082 -2118.186162 0.225
i SY2R | -9.682796 -736.401979 0.225 SY1L 7.783318 2369.064849 0.225
=200+ ; SY1IR | -11.085199 -843.068363 0.225 SYIR | -8.594194 -2615.876960 0.225
Table 4.2: Chromatic correction sextupole parameters for Z mode and ¢t mode for the
=400 4 .
; . : — - . . GHC design
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Layout of the sextupole magnets of the interaction
point D for the GHC and LCC designs for ttbar mode




GHC Final Doublet

A Final Doublet = final quadrupoles before collision A each experimental insertion

Ve

A After arc magnets maybe next magnet family to investigate in more detail

A Quick summary of Final Doublet for GHC (sorted by strength in both modes):

Z mode
Name k1 (rad/m) Gradient (T/m) Length (m)
gcz2l1 0.005024 0.764186 1.25
gc2r2 -0.015914 -2.420649 1.25
gcll3 -0.044930 -6.834041 1.20
gclr3 -0.064261 -0.774418 1.20
gc2l2 0.133666 20.331275 1.25
gcll2 -0.172577 -26.249839 1.20
gclr2 -0.203622 -30.971965 1.20
gc2rl 0.229834 34.958893 1.25
gcllil -0.288819 -43.930843 0.70
gclrl -0.288819 -43.930843 0.70

ttbar mode
Name k1 (rad/m) Gradient (T/m) Length (m)
qc2r2 0.027684 16.852788 1.25
gcz2l2 0.048959 29.804212 1.25
gc2l1 0.107169 65.239609 1.25
gc2rl 0.142025 86.458409 1.25
gcll3 -0.146314 -89.069195 1.20
gcll2 -0.147440 -89.755058 1.20
qclr2 -0.149036 -90.726139 1.20
qclr3 -0.160355 -97.616540 1.20
gclll -0.164268 -99.998576 0.70
gclrl -0.164268 -99.998576 0.70




Histograms of Magnet Strength in Arcs //N

p,\+ + PD
Magnet Strength Distributions - ARC1 - GHC_25.3.1
Dipoles Quadrupoles Sextupoles PH PF
400 A 200 A 60 4
Hll z mode = z mode Il z mode PG
3 ttbar mode ] M 1 ttbar mode M 50 - =3 ttbar mode
300 A 150 A
40
€
3 200+ 100 - 30
o
20 A
100 A 50 4
0 T T T T T 0 T T T r T T T 0 T m ITm i m m il m
0.01 0.02 0.03 0.04 0.05 0.06 0.07 -15 -10 -5 0 5 10 15 -400 —300 —200 —100 2 300 400
Magnet Strength [T] Magnet Strength [T/m] Magnet Strength [T/mZ]
Magnet Strength Distributions - ARC1 - LCC_105.0.0
Dipoles Quadrupoles Sextupoles
400 A 200 A 60
Il z mode [ z mode G I z mode
[ ttbar mode [ ttbar mode 50 4 [ ttbar mode
300 A 150 A
- - - = = 40 4
=
3 200 1 100 4 30 A
o
20 A
100 4 50 4
10 A
0 = T T T T T 0 T T T T T T T 0 T T T T T T -
0.01 0.02 0.03 0.04 0.05 0.06 0.07 -15 =10 -5 0 5 10 15 -400 -300 -200 -100 O 100 200 300 400

Magnet Strength [T] Magnet Strength [T/m] Magnet Strength [T/m2]




Al | Magnet s

Magnet Strength Distributions - All Magnets - GHC _25.3.1
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Experimental insertion (Point A)

A peak i nto an experiment al Il nsertioneé <circuli
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Magnet Circuits for GHC and LCC

Power Sup y ldentify Magnet
Ri ppl e Simul at i @rguwsts

A Goal: identify powering circuits and magnet families for
ripple studies for both optics

A Magnets with identical strength A likely on the same circuit,
especially in arcs

A Arcs are regular A circuits easy to identify; insertions still
under discussion

Magnet Type GHC LCC
Dipoles 2 circuits 2 circuits
Quadrupoles 4 circuits 4 circuits
Sextupoles 34 or 35 circuits| 4 circuits

Magnet circuits for GHC and LCC for one arc, Z mode (one beam)

powering for GHC is more
complicated (ZA ttbar)*

Section Magnet Type GHC LCC
Dipoles 16 16
Arcs (total) Quadrupoles 96 64
Sextupoles 2240 64
Return Arc 1
IR Dipoles Incoming Side 11 8
Outgoing Side 19
Return Arc 2
Incoming Side 21 39
IR Quadrupoles NCOMING DICe
Outgoing Side 27 39
Final Doublet 10 8
Return Arc
IR Sextupoles Incoming Side 2 10
Outgoing Side 2 10

Magnet circuits for GHC and LCC (both beams),
for Arcs (total) and one Interaction Region (IR)




Parameter Table

Optics GHC LCC
Mode tt tt
Beam energy E (GeV) 15.6 182.5 15.6 182.5
Jircumference C' (m) 90658.525 90644.816
Arc-cell setup 90°/90° long 90°/90° short 52° /45° 99° /77°
Momentum compaction factor a, (107%) 28.5 7.3 28.6 9.5
Energy Loss per turn Wy (GeV) 0.039 10.01 0.035 9.01
Beam Intensity N (102 particles) 2400 9.405 2424 9.435
Bunch Intensity N, (10 particles) 2.02 1.85 2.02 2.20
Number of Bunches 12000 51 12000 13
Horizontal S-function at IP 37 (cm) 9 90 9 90
Vertical S-function at IP 3} (mm) 0.7 14 0.7 14
Horizontal emittance €, (nm) 0.714 1.71 0.70 2.10
Target vertical emittance in collision £, (pm) 1.48 1.75 1.40 2.11
Transverse tune (), /@), 214.16 / 214.20 394.19 / 390.27 | 194.16 / 170.20 346.19 / 262.27
Chromaticity @, /@), 12 /5 0/0 12 /5 0/0
Harmonic number h at 400 MHz 121200 121200
Total tf voltage of 400 / 800 MHz (GV) 0.09 2.1/ 89 0.09 2.0 /8.1
Synchrotron tune (), 0.031 0.086 0.031 0.111
tf momentum acceptance (%) 1 2 1 2
Bunch length o, (non coll./coll.) (mm) 54 /16.3 1.9 /2.7 51 /16.7 1.9/28
Rel. mom. spread o, (non coll. /coll.) (107%) 0.40 / 1.29 1.58 / 2.21 0.39 / 1.34 1.52 / 2.33
Longitudinal damping time 7, (turns) 1159 18 1297 20)
Crab-waist ratio (%) 51 40 55 40
Beam-beam parameter &./&, (107%) 1.5 / 80 61.2 / 108.9 1.4/ 80 67.1 / 120
Luminosity £ (10%*s7! /em?) 151 1.54 150 1.45

ParameterGHG@DE ahhd&€C1OO6I] At t |

ces



Dynamic Aperture (DA)

A Rectangular grid, qguantum synchrotron radiation, beam-beam and beamstrahlung

A All results submitted to the comparison report

|l n coll aboration wi
A Multiple seeds to compensate for quantum effects
GHC LCC
50 50
+10 envelope +10 envelope
—— Mean DA —— Mean DA

DAenvelopemin = 9.70

40 1 ® DAenvelopemin = 6.80 40 -




Emi ttance evol uti on
Twiss ‘Reference

A Initial Gaussian distribution tracked until equilibrium _ _ -
Simulation == Equilibrium

A Emittance blows up A beamstrahlung + beam-beam

Ve

A 3 separate studies for LCC to see this A GHC is similar

LCC

le—10 — BB —— BB+BS —— NoBB

-- Reference value = 7.16E-10

le—12

-- Reference value = 1.37E-12

0 2000 4000 6000 8000 10000




Example DA for beam-beam studies

A Beatmeaimnt eractions intA®AuGs® r(nlmekdss nehaah lthedeasm
beam I s on

AMultipleisgthuadaines wi-bleaudte relixeaanmpl| e wi th LCC

Beam-Beam off Beam-Beam on

-+
+10 envelope *+10 envelope

—— Mean DA —— Mean DA
® DAchveiopemin = 12.20 40 - ® DAchveiopemin = 9.70

~15 -10 -5 5 10 15

0
X [Vex]




Dynamic Aperture (DA) ttbar mode
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FMA evolution with beam-beam (Z mode)

Ve

A Beam-beam scale strength increase left-to-right, top-to-bottom

A Beam-beam effects directly responsible for large vertical tune spread (+bb tuneshift)
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Emittance evolution for GHC

GHC
950 le—10
-- Reference value = 7.39E-10
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Tune
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Tune Deviation by Quadrupoles (Test)
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Tune Deviation by Quadrupoles (Test)

A For both GHC and LCC ripple of 1Hz and

A Green lines A Theoretical tune deviation
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Emittance under ripple (dipole)
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Frequency scan for the same final doublet quad (LCC)

Identify the most sensitive frequency A near 1680Hz
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Frequency scan for the same final doublet quad (LCC)

Identify the most sensitive frequency A near 1680Hz

Here for t he hori zont al emittance we donot see much




