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FCC-ee Layout
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Å 90.6km circumference

Å 8 identical arcs 

Å 4 technical insertions

Å 4 interaction regions

Á Arc: Curved regions of dipole & quadrupole magnets 

Ą responsible for bending the beam around the ring

Á Straight sections: Linear regions dedicated to 

specific functions Ą collision points, RF cavities, 

injection

Á Collision point: Interaction Region (IR)

Á Technical Insertion: Injection, RF, Collimation etc

4 energy modes:

45.6 GeV (Z), 80 GeV (W),  120 GeV (Higgs), 182.5 GeV (tt)ɯ
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Luminosity, Emittance, ɓ-function
ÁBeta function ɓ(s): Amplitude of transverse oscillations Ą beam envelope

ÁEmittanceŮ: area of the beam ellipse in phase space (x, xô) Ą beam size 

ÁLuminosity L: ñbrightnessò of the beam (events/second)

Particles/

bunch

No. bunches
Revolution 

frequency

Parameter LEP1 LEP2 FCC-ee Z C//πŜŜ ǘǘ

xʁ [nm] 20 22 0.7 2.1

yʁ [pm] 400 250 1.4 2.1

ʲϝx [m] 2 1.2 0.09 0.9

ʲϝy [mm] 50 50 0.7 14

[ ώмлшщ ŎƳѐчǎѐцϐ0.002 0.012 150 1.45



Motivation
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Á FCC-ee requires very low emittance (vertical in the pico-meter range) ïamong the tightest 

ever

Á Impact of power supply ripple on beam dynamics is an open point Ą will define power 

converter specifications, class and eventually cost

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

Á Objective: study and define current/voltage ripple tolerances for power converter design 

to avoid impact on beam performance.

Á Tools: Xsuite simulations to quantify acceptable ripple levels, combined with important non-

linearities such as BB, synchrotron radiation etc.



Á Step 1: Study FCC-ee layout and organize magnet families (catalog)

Á Step 2: Define magnet circuits (mainly in the arcs)

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

Á Step 4: Power supply ripple simulations

Road to Power Supply Ripple studies
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Today



What is power supply ripple?
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ÁVoltage ripple from semiconductor switching, electrical network, and other effects Ą current 

ripple Ą oscillating magnetic field

ÁTime-dependent variation of magnetic field Ą beam receives periodic kick every turn

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

Ripple Chain Transfer Function

Not defined for the FCC-ee

Set to 1 for studies (worst case)



GHC vs LCC designs for FCC-ee

Á FCC-ee has four distinct operation modes, all at 3306Hzrevolution frequency:

All studies focusing only on Z-modeand tt-ɯmode

Power supply ripple ĄZ only for now

Á Two possible designs (optics): Global Hybrid Correction (GHC) by KatsunobuOide

Local Chromatic Correction (LCC) by Pantaleo Raimondi

Á Full lattice comparison reportbefore Christmas 2025 ĄLCC identified as the preferred optics (no 

formal decision yet) Ąwe will present both
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Á Power supply ripple study process:ȹkŸ ȹB Ÿ ȹI Ÿ ȹV

Á Ripple of █◄ Ў▓▪ἻἱἶⱫ█◄ ⱴ to each element

Á Magnet strength modulation in simulations (ȹk)

Ripple Simulations with Xsuite
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Insert xt.Exciter elements in the lattice to 

simulate time-dependent sinusoidal variations

Quadrupoles: tune modulation

Dipoles: orbit modulation

Line generation, 

radiation, bb
Insert xt.Exciter

elements

Run tracking 

simulations with noise

ȹkϚ(dipole) [rad/m]

ȹkϛ(quad)[rad/mĮ]

·Bɟ [T·m] (Beam rigidity)

·Bɟ [T·m] (Beam rigidity)
Magnetic Field 



Emittance under ripple (dipole)
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GHC

LCC

Á Dipole Ą horizontal kicks

Á Impact on horizontal 

emittance, plotted here

Á Similar behavior for 

both optics

frequency 

sensitivity



Emittance under ripple (quadrupole)
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frequency 

sensitivity

Á Quadrupole ripple Ą main impact on 

vertical emittance

Á GHC and LCC Ą identical impact 

(nominal emittance vs blow-up from 

ripple)

GHC

LCC



Á Quadrupole error Ą Tune Deviation

Á Every particleôs tune is

Á For a quadrupole with ‍ȟ and ɝὯ the maximum tune deviation is:

Á For multiple quadrupoles this adds linearly

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

Tune Deviation by Quadrupoles
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Amplitude-Frequency Scans
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ÁMagnets are grouped into families and powered by specific circuits

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

4 magnet groups to study:

Å All Arc Dipoles

Å All Arc Focusing Quadrupoles

Å All Arc Defocusing Quadrupoles

Å All Final Doublet Quadrupoles

For each group simulations for worst-case scenario:

All magnets Ą same ripple (amplitude, frequency, phase=0)

Goal: Identify sensitive frequencies and provide first 

estimates for tolerances

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



Arc Dipoles Scan

13

GHC LCC

Á Narrow resonance bands for LCC at horizontal tunesĄ low impact elsewhere

Á GHCĄ larger sensitive areas with similar impact

Á Switching frequencies to avoid these sensitive areas



Arc Focusing Quadrupoles Scan

GHC LCC

Á Large horizontal tune modulation but small horizontal emittance blow-up

Á LCC consistently less sensitive than GHC

Á Arc Focusing Quads: not a critical family for power converter specifications
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Arc Defocusing Quadrupoles Scan

GHC LCC

ÁLarger impact for GHC, for both lattices Ą largest blow up at ~half the revolution frequency

ÁEmittance growth significant at ~ T/m (GHC) and ͯ Ȣ T/m (LCC)

ÁGHC more sensitive in arc region overall
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Final Doublet Scan

GHC LCC

ÁHuge vertical beta functions ĄȹQy high

ÁLCC more sensitive

ÁMost critical magnet family, very sensitive but superconducting magnets attenuate ripple Ą

requirements likely relax in practice (with realistic transfer function)

16



Conclusion

17

What was delivered

ÁReady-to-use simulation environment for all required future studies

ÁDefined arc circuits, studied the FCC-ee layout, and created magnet catalogs for the team

ÁProduced nominal results

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

ÁAll results submitted to the comparison report Ą direct influence on decision

What we learned

ÁDifferent impact between dipoles and quadrupoles (multiple studies)

ÁKey is avoiding sensitive frequencies, rather than tolerating certain amplitudes

ÁAll simulations point to high sensitivity of the vertical plane
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Next Steps

Near term

ÁComplete ttmɯode scansðsimulation environment ready

ÁSimulate individual arc circuitswith different configurations (different phase etc)

ÁEngage power converter team to set new goals and discuss

Medium term

ÁArc sextupolesðcircuits already defined, natural next family

ÁOrbit correctors, kickers, higher-order multipolesðpending circuit definitions

Long term

ÁIntegrate realistic transfer functions(VŸIŸB) ðcurrently all set to 1 (worst case)

ÁStudy interaction regions & technical insertions magnetsðmany families, not yet touched
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Thanks for listening!
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Backup
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FCC is the future

24

Á New science and benefits beyond physics 
(breakthroughs in medical imaging, cancer 
therapy, computing, magnets and so much 
more!)

Á Inspiring new generations of scientists and 
engineers (the heart of CERN)

Á European & US strategy for particle physics 
ĄThe most effective and thorough 
approach to explore open questions in 
modern physics 

Why FCC??



FCC operation plan
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We are here

FCC Week 2023 (Fabiola Gianotti, CERN Director General)

Similar to LEP/LHC programé

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



Synchrotron Radiation & Beam-Beam
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ÁFundamental effects for the FCC-ee, must include in all simulations 

ÁSynchrotron radiation: Energy loss of relativistic charged particles due to bending in dipole 

magnets (huge loss for leptons vs protons )

ÁBeam-Beam force: Electromagnetic interaction between colliding bunches 

Á In collisions Ą Beamstrahlung: additional non-linearity Ą radiation emitted by colliding particles



Magnet Families in the Arcs (GHC Z mode)
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ÅOne circuit for dipoles per arc (minimum) 
ÅOne circuit for focusing quadrupoles per arc 
ÅOne circuit fordefocusing quadrupoles per arc
Å34 or 35 circuits for sextupoles per arc (powered in pairs)

Cell length = 519.4714 m



Magnet Families in the Arcs (GHC ttbar mode)
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Å§ŰĲШĦŔƖĦƨŔƣШŉŸƖШĬŔƓŸũĲƚƓĲƖШċƖĦШ
Å§ŰĲШĦŔƖĦƨŔƣШŉŸƖШŉŸĦƨƚŔŰŊШƕƨċĬƖƨƓŸũĲƚШƓĲƖШċƖĦШ
Å§ŰĲШĦŔƖĦƨŔƣШŉŸƖШĬĲŉŸĦƨƚŔŰŊШƕƨċĬƖƨƓŸũĲƚШƓĲƖШċƖĦ
ÅΣΦШŸƖШΤΜШĦŔƖĦƨŔƣƚШŉŸƖШƚĲǂƣƨƓŸũĲƚƓĲƖШċƖĦШыƓŸƽĲƖĲĬШŔŰШƓċŔƖƚь

Cell length = 519.4714 m

But to go from Z to ttbar in 

GHC is more complicated 

than just circuitséStudies 

by G. Roy



GHC Arc Cell z mode vs ttbar mode
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Magnet Families in the Arcs (LCC Z mode)

Cell length = 319.23 m 

Å§ŰĲШĦŔƖĦƨŔƣШŉŸƖШĬŔƓŸũĲƚƓĲƖШċƖĦШ
Å§ŰĲШĦŔƖĦƨŔƣШŉŸƖШŉŸĦƨƚŔŰŊШƕƨċĬƖƨƓŸũĲƚШƓĲƖШċƖĦШ
Å§ŰĲШĦŔƖĦƨŔƣШŉŸƖШĬĲŉŸĦƨƚŔŰŊШƕƨċĬƖƨƓŸũĲƚШƓĲƖШċƖĦШ
ÅÑƽŸШĦŔƖĦƨŔƣƚШŉŸƖШŉŸĦƨƚŔŰŊШƚĲǂƣƨƓŸũĲƚƓĲƖШċƖĦШыŔŰƣĲƖĦőċŰŊĲĬШůċŊŰĲƣƚь
ÅÑƽŸШĦŔƖĦƨŔƣƚШŉŸƖШĬĲŉŸĦƨƚŔŰŊШƚĲǂƣƨƓŸũĲƚƓĲƖШċƖĦШыŔŰƣĲƖĦőċŰŊĲĬШůċŊŰĲƣƚь
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Magnet Families in the Arcs (LCC ttbar mode)

Cell length = 319.23 m

Same circuits (and layout) as Z mode



Layout of Dipoles in IRs
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Layout of the dipole magnets of the interaction point 

D for the GHC and LCC designs for ttbar mode

ÁOnly ttbar shown Ąin IRs only strength 

changes

ÁGHCĄshorter IR with negative dipoles

ÁLCC Ąlonger positive dipoles

ÁGHC Ąstructure called ñreturn arcò (green 

arrow)Ącan be powered like the arcs



Layout of Quadrupoles in IRs

Layout of the quadrupole magnets of the interaction 

point D for the GHC and LCC designs for ttbar mode

ÁAgain, only ttbar shown Ą in IRs only 

strength changes

ÁGHCĄ more quadrupoles

ÁGHC Ą structure called ñreturn arcò (green 

arrow)Ą can be powered like the arcs

ÁFor both lattices Ą final doublet 

quadrupoles off scale (centre)
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Layout of Sextupoles in IRs

Layout of the sextupole magnets of the interaction 

point D for the GHC and LCC designs for ttbar mode

ÁAgain, only ttbar shown Ąin IRs only 

strength changes

ÁGHCĄstronger CCS + Crab sextupoles(off 

scale)

ÁLCC Ąmuch weaker sextupoles(easier to 

power and manufacture)
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GHC Final Doublet
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Á Final Doublet = final quadrupoles before collision Ą each experimental insertion

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

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

Name k1 (rad/m) Gradient (T/m) Length (m)

qc2l1 0.005024 0.764186 1.25

qc2r2 -0.015914 -2.420649 1.25

qc1l3 -0.044930 -6.834041 1.20

qc1r3 -0.064261 -9.774418 1.20

qc2l2 0.133666 20.331275 1.25

qc1l2 -0.172577 -26.249839 1.20

qc1r2 -0.203622 -30.971965 1.20

qc2r1 0.229834 34.958893 1.25

qc1l1 -0.288819 -43.930843 0.70

qc1r1 -0.288819 -43.930843 0.70

Name k1 (rad/m) Gradient (T/m) Length (m)

qc2r2 0.027684 16.852788 1.25

qc2l2 0.048959 29.804212 1.25

qc2l1 0.107169 65.239609 1.25

qc2r1 0.142025 86.458409 1.25

qc1l3 -0.146314 -89.069195 1.20

qc1l2 -0.147440 -89.755058 1.20

qc1r2 -0.149036 -90.726139 1.20

qc1r3 -0.160355 -97.616540 1.20

qc1l1 -0.164268 -99.998576 0.70

qc1r1 -0.164268 -99.998576 0.70

Z mode ttbar mode



Histograms of Magnet Strength in Arcs
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All Magnets
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Experimental insertion (Point A)
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A peak into an experimental insertioné circuits under discussion

no final doublet

no large GHC sextupoles



Magnet Circuits for GHC and LCC
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Power Supply 

Ripple Simulations 

Identify Magnet

Circuits 

Á Goal: identify powering circuits and magnet families for 

ripple studies for both optics

Á Magnets with identical strength Ą likely on the same circuit, 

especially in arcs

Á Arcs are regular Ą circuits easy to identify; insertions still 

under discussion

Magnet circuits for GHC and LCC (both beams), 

for Arcs (total) and one Interaction Region (IR)

powering for GHC is more 

complicated (ZĄttbar)*

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)



Parameter Table 

Parameter table forGHC v25.3 andLCC v106.1 lattices
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Dynamic Aperture (DA)
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ÁRectangular grid, quantum synchrotron radiation, beam-beam and beamstrahlung

ÁAll results submitted to the comparison report 

ÁMultiple seeds to compensate for quantum effects

GHC LCC

In collaboration with Kyriakos!



Emittance evolution
Á Initial Gaussian distribution tracked until equilibrium

ÁEmittance blows up Ą beamstrahlung + beam-beam

Á3 separate studies for LCC to see this Ą GHC is similar

Twiss Reference

Simulation Equilibrium
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LCC



Á Beam-beam interactions introduce nonlinearities ĄDA shrinks (less stable) when beam-
beam is on

Á Multiple studies with and without beam-beam, here example with LCC

Example DA for beam-beam studies
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Beam-Beam off Beam-Beam on



Dynamic Aperture (DA) ttbar mode
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ÁAll results submitted to the comparison report

ÁMultiple seeds to compensate for quantum effects

GHC LCC



FMA evolution with beam-beam (Z mode)
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Á Beam-beam scale strength increase left-to-right, top-to-bottom

Á Beam-beam effects directly responsible for large vertical tune spread (+bb tuneshift)



Emittance evolution for GHC
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GHC



Tune Deviation by Quadrupoles (Test)

ÁFor both GHC and LCC ripple of 1Hz and ▓ ᶻ □ to all defocusing arc quadrupoles

Á Green lines Ą Theoretical tune deviation                 Dark lines Ą Nominal tune

Exact match!

GHC LCC
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Tune Deviation by Quadrupoles (Test)

ÁFor both GHC and LCC ripple of 1Hzand ▓ ᶻ □ to all final doublet quadrupoles

Á Green lines ĄTheoretical tune deviation                 Dark lines ĄNominal tune

Exact match!

GHC LCC
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Tune Deviation by Quadrupoles (Test)

ÁFor both GHC and LCC ripple of 1Hz and ▓ ᶻ □ to all focusing arc quadrupoles

Á Green lines Ą Theoretical tune deviation                 Dark lines Ą Nominal tune

Exact match!

GHC LCC
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Emittance under ripple (dipole)

BUT vertical emittance sees a larger 

impact!

Horizontal kick gets coupled to the 

vertical plane

Vertical emittance is too sensitive 

compared to horizontal

GHC is worse é

GHC

LCC

frequency 

sensitivity same 

as DA/MA



Frequency scan for the same final doublet quad (LCC)

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

Identify the most sensitive frequency Ą near 1680Hz

Here for the horizontal emittance we donôt see much
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