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Reverse phase operation

Reverse phase operation (RPO) mode allows increasing RF cavity voltage (Y. Morita et al., SRF, 2009)
- Experimentally verified with high beam loading in KEKB (Y. Morita et al., IPAC, 2010)
- Baseline solution for EIC ESR (e.g., J. Guo et al., IPAC, 2022)
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Transient beam loading
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— Modulations might impact luminosity and/or beam stability

Conventional approaches:

« Particle tracking simulations (difficult for 11200 bunches in FCC-ee Z)
« Steady-state time domain method (J. Tickmantel, 2011)

« Small-signal model in frequency domain (F. Pedersen, 1992)

— Tracking simulation were applied for EIC (1160 bunches)
— Small-signal model was adapted for the RPO case of FCC up to now



Reduced Pedersen model

General equations of beam-cavity interactions with reverse phase operation (RPO) mode
(adaptation of formalism in J. Tickmantel, 20117):

_ Vf(t) 1 Awf Ib,rf(t) de(t) 1
lor (t)‘Z(R/Q)(QL_Zl wrf)+ 2 dt wn(R/Q)
IZIONE! Awg\ | o) | dVa() 1
’gd“)‘zm/cz)(QfZ‘ wrf>+ 2 T dt @ (R/Q)

Energy balance Vi, cos ¢ = NrAs Cos(qbs — ¢p + b + gbf) + NyA4 cos(ps — Py + Pog + Dg)

To calculate beam-induced modulation we assume:
 I;r4(t) = constant — no beam loading compensation

« Vea(t) = Af’d(t)ei¢f(t)+i¢cf,d’ Iy £ (t) = Ab(t)e‘i‘/’s+i¢b(t)

avfa Prd db
ap ’ ap 'ab

Then, system of equations is linearized to obtain transfer functions:
Ara = Veav(1 + aypa), Ap(t) = [Fpllpac (1 + ap)



Bunch-by-bunch spread of cavity parameters
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Bunch-by-bunch spread of beam parameters

-21/+49 %
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Imbalance of charge results in different detuning for electron and
positron beams
— Slightly different transients (most critical during filling)
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Peak-to-peak spread of ~30% in synchrotron tune and bunch
length can have a significant impact on beam stability
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Bunch-by-bunch spread of beam parameters

-21/+49 %
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Critical impact of spread

Interplay between beam-beam and coupling impedance

A positive chromaticity has a beneficial effect on the beam-beam. Self-consistent simulations
show a luminosity per IP close to the nominal value of 141 x 1034 cm2s-! by properly choosing the

collider working point. 180
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140

Y. Zhang, IHEP, Beijing, China

Lum/IP [10°4 cm™s™1]

|

| | | | |

Q, spread

AV

: Qx'=0, Qy=0.610, w/ Impedance —+— :
| Qx'=5,Qy=0.610, w/ Impedance —>— |

Horizontal Tune

0.53 0.535 0.54 0.545 0.55 0.555 0.56 0.565 0.57

FCCIS week 2024

12/06/2024

Pag. 22

M. Migliorati, FCC Week 2024

— No stable region for a horizontal tune can be found in presence of large Q. spread.
Possible mitigations need to be studied



Possible scenarios
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Higher RF voltage
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Impact on parameters (oversimplified scaling)

FCC-ee collider parameters for the GHC lattice as of Aug. 2

2024.

Beam energy [GeV] 45.6

Layout

# of IPs

Circumference [km]

Bend. radius of arc dipole [km]

Energy loss / turn [GeV] 0.0390

SR power / beam

Beam current [mA] 1283

Colliding bunches / beam 11200

Colliding bunch population [101Y 2.16

Hor. emittance at collision £, [nm] 0.70

Ver. emittance at collision &, [pm] 1.9

Lattice ver. emittance £y jattice [pm] 0.87

Are cell Long ¢

Momentum compaction ayp [10-9] 28.

Are sext families i
Sy [mm] 110 / 0.7

Transverse tunes Q. /, 218.158 [ 222.220

Chromaticities @, ,, 0/+5

Energy spread (SR/BS) o5 [%] 0.039 / 0.110

Bunch length (SR/BS) o [mm] 5.57 [ 15.6

RF voltage 400/800 MHz [GV] 0.079 /0

Harm. number for 400 MHz

RF frequency (400 MHz) MHz

Synchrotron tune @, 0.0289

Long. damping time [turns] 1171

RF acceptance [%] 1.06

Energy acceptance (DA) [%] +1.0

Beam crossing angle at IP 6, [mrad]

Crab waist ratio [%] 70

Beam-beam &, /&[] 0.0022 / 0.0977_|

Piwinski angle (0.0.ps)/c 26.6

Lifetime (q + BS + lattice) [sec] 11800

Lifetime (lum [sec] 1330

Luminosity / [103* /em?s] 143

“incl. hourglass.

bonly the energy acceptance is taken into account for the cross section, no beam size effect.

K. Oide, 2024

X-Z instability
(K. Ohmi, 2016)

Higher Q

— stronger low order resonance but

more space available between them
Bunches are ~50% shorter (assuming the
same oy)

— stronger beamstrahlung

(¢, increase is smaller)

— stronger impact of longitudinal

impedance?

Resonant depolarization

Figure of merit SMI =v;o5/Q, ~ 1.3-1.4 for
baseline

— is reduced to ~0.85 (SMI<1 is preferred)

Many more aspects to be re-analyzed...
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Summary

Reverse Phase Operation (RPO) mode aims to avoid hardware modification of
RF system between Z, W, and ZH modes

« Synchrotron frequency and bunch length spread due to transient beam loading
could be a potential showstopper.

« Possible mitigations are reduction of gap length or increase of total RF voltage

* Would it be possible to find a new parameter set before end Feasibility Study?

Thank you for your attention!
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Backup slides



Norm. ampl. spread (%)

Phase error (deg.)

Parameter sensitivity of RPO
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Transients for baseline scenario (56 1-cell cavities)
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Global parameters (Déja vu)

March 2022

p*=10cm @Z

UQUSt 0 e e Beam energy [GeV] 45.6 80 ‘
| Beam energy [GeV] | 45.6 Layout PA31
Layout # of IPs 4
# of IP? o] Circumference [km] 91.174117 |
Circum EEnce ) LD Bending radius of are dipole [km] 9.9
Bend. radius of arc dipole [km] E loss GoV 0.0391 0.370
Energy loss / turn [GeV] 0.0390 | nergy loss / turn [GeV] : : |
SR power / beam [MW] SR power / beam (MW] 5(
Beam current [mA] 1283 Beam current [mA] 1280 135
Colliding bunches / beam 11200 Bunches / beam 10000 880
| Colliding bunch population [1077] 2.16 | Bunch population [1011] 2.43 2.91
Hor. em_ltnancc at coll_]s_lon Ex [nm]| 0.70 Horizontal emittance =, [nln] 0.71 216
Ver. emittance at collision &, [pm] 1.9 . )
Latti . ! Vertical emittance [pm)] 1.42 4.32
attice ver. emittance gy jattice [pm] 0.87 y
Are cell Long 90/90 Arc cell Long 90/90
Momentum compaction ay, [10-9] 28.67 | Momentum compaction a, [10~°] 28.5 [
Arc sext families 75 Arc sextupole families 75
7. [mm] 110/ 0.7 B [mm] 100 / 0:8 200 / 1.0
gﬂiﬁﬁﬁfﬁ%f@”” 218 /’ i Transverse tunes/IP Q,/, 53.563 / 53.600
> ities Q) ; )
Enersv spread (SR ?BS\ as [%] 0.039 / 0.110 0.0 Energy spread (SR/BS) 9s [%] 0'0'38 / 0.132 0'0§9 / 0.154
Bunch length (SR/BS) o [mm] 5.57 / 15.6 3 Bunch Tength (SR/BS] o, |mm] 4387 1564 3.55 / 8.01
RF voltage 400/800 MHz [GV] 0.079 / 0 RT voltage 400/800 MHz [GV] 1.0/0
Harm. number for 400 MHz Harmonic number for 400 MHz 121¢
RF frequency (400 MHz) MHz RF freugeuncy (400 MHz) MHz 399.994581
Synchrotrml_tune_ Q. 0.0289 Synchrotron tune @, 0.0370 0.0801
Lol o [trrns] L7l Long. damping time [turns] 1168 217
RF acceptance [%] 1.06 8- pmg i
Energy acceptance (DA) [%] +1.0 RF acceptance (%] 1.6 3.4
Beam crossing angle at IP @, [mrad] Energy acceptance (DA) [%] SEIL 6] +1.3
Crab waist ratio [%] 70 Beam-beam & /£ @ 0.0023 / 0.135 § 0.011 / 0.125
[ Beam-beam &, /¢ ] 0.0022 / 0.0977_| 0. Luminosity / IP 103 /cm2s] 182 19.4
Pivinakiangle (0 0s)/ - 6 Lifetime (q + BS) e -
ifetime (q + BS + latfice sec T
Lifetime (lum fsed] 1330 Lifetime (lum) [sec] 1129 1070
Luminosity / [10% /em?s] 143
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Impact on beam stability (first thoughts)

Interplay between beam-beam and coupling impedance

CEPC CDR
A positive chromaticity has a beneficial effect on the beam-beam. Self-consistent simulations
show a luminosity per IP close to the nominal value of 141 x 1034 cm2s™' by properly choosing the _0.014 — 'W, 7L \}was'—-— i
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Higher Q, — lower order resonance (stronger)

Higher Vi, — ~50% shorter bunches (assuming the same dp/p) — stronger beamstrahlung (¢, increase)

Stabilizing role of chromaticity is not fully understood

Resonant depolarization

Figure of merit SMI = nus * (sigma_E/E) / Qs ~ 1.3-1.4 for baseline — reduces ~0.85 (SMI<1 is preferred) 17



Beam phase (ps)

Changing optics
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Beam phase (ps)

Reduced Q;=1.5e5 for same Vi,
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Beam phase (ps)
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Motivation

RF power for SRF cavities with circulators is minimized for optimal parameters:

Optimal detuning Awgp = —

Optimal quality factor

wrf(R/Q)lFb |Ib,dc sin ¢s
2Veay

Veav

Fy,

Q —
ext.opt |Fb | (R/Q)Ib,dc COS ¢s

Keeping 2-cell cavities for Z, W, H, (and tt):

— Large range for Qgxopr adjustment (a factor of ~75-600)

starting from ~5 x 103: possible FPC solutions was
studied (S. Gorgi Zadeh and E. Montesinos, CERN SRF,
2024; see also slides of F. Gerigk, FCC Week 2024)

— Incresed detuning enhances instability due to

fundamental mode

Can the voltage per cavity be increased for Z mode?

F A1)

~ ]

Optimal parameters for different scenarios
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Beam loading model: main equation

A

(:—9)7 V < L R —C @ lIb,rf

, IV ( 1 4 1 Z.Aw> n Ib,rf
= — Ll—
Generator current 97 2(R/D\Qy  OQext W 2

1 2 1 2
Generator power P, = EZext|Ig| =3 (R/Q)Qext|ly|

Fixed parameters are V, (R/Q), Qq, wys, Ip s, While V, Aw, and Q.4 can be adjusted

See, e.q., J. Tuckmantel, CERN Report No. CERN-ATS-Note-2011- 002 TECH, 2011



RF power requirements

Constraints: N7/

- The same Qext0pt fOr all cavities to avoid a movable Qextopt = |Fy | (R/Q) 1y g cos(ds + de)
fundamental power coupler design

- The same P, ,,,; to have the identical power sources and [Veavl | FplIp,qc cos(ps + ¢c)
uniform power distribution (role of variations is under study) Fg.opt = 2

— Cavity voltage must be the same for all cavities: cos(¢ps + Proc)= cos(Ps + DPgeroc) = Proc =

Starting with energy

gain per turn NeoclVeavl cos(@s + droc) + NaefoclVeavl €0s(@s + Pdefoc) = Viot €OS P
|Vcav||Fb|Ib,chOS(¢s + ¢foc) |Veavl |Fb|1b,dc COS((ps + ¢defoc) _ |Fb|1b,dc
foc 2 + Ndefoc 2 - 2 Vtot COS ¢s

Nfocpg,foc + Ndefocpg,defoc = IpacUo = Psr

p . _ Fsr
g.opt —
Neot

_2¢s - ¢defoc

o |Fp |1y ac

Pg,foc — g, defoc = I'g,opt
Ntoc + Ngefoc = Niot

— No RF power overshoot is needed for RPO if optimal detuning and optimal quality factor are used
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Reverse phasing mode equations

Preservation of energy gain Nfoclvcavl COS(¢5 + d)foc) + Ndefoclvcavl COS(¢S + (pdefoc) = Viot €OS ¢

Preservaﬂon Of Synchrotron tune NfOC“/CaV| Sin(¢s + ¢fOC) + Ndefoclvcavl Sin(¢s + d)defoc) — VtOt Sin ¢S

| Vi | U2 U2 Nt
— Cavity voltage Veavl = +{1-
y J Vea | Niot \/ Vot Viot) (Nfoc = Naefoc)?

2
Optimal detuning e 0t (R/QIF |1 ac Jl if

opt — — U2 N2
2Veay VeavNeot

See, also A. Blednykh et al, EIC-ADD-TN-33, 2022

Viot COS ¢s>

Viot COS ¢s>
NtOtVCaV

Pdefoc = —Ps — arccos<
NiotVeav

Phases Droc = —Ps + arccos<

The aim is to keep Veay, Py opt: @Nd Qexiopt fOr Z, W, and ZH modes
— Cavity voltage can be change in discrete steps of Niyc — Ngefoc = 2,4, ...
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https://www.osti.gov/servlets/purl/1888292

Derivations for arbitrary cavity phase (1/2)

G t A k}+ L 589 loxt
enerator curren g = Z(R/Q) Q}K Qext lwrf > . ];__[?/1(8)]?:6‘:
0o\
Complex quantities: I, V,and I, . > | Iy = ,|ei%L, V = [Viaylei®e, I v = |yl gce %5
. Pe (1 A Fyll, gce s
|Ig|€l¢l‘ _ |VcaV|e ( _ Zl—w> n | bl b,dc€ « o—ide
Z(R/Q) Qext Wrf 2
_i¢s_i¢c
|Ig|€i¢l’_i¢c _ |VC3V| ( 1 . ZlA_w) n |Fb|1b,dce
Z(R/Q) Qext Wrf 2

Then splitting in real and imaginary parts:
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Derivations for arbitrary cavity phase (2/2)

1, [eidLite = Veavl . [Fpllbac cos(@s + bc) f IVeavl Aw  [Fpllpacsin(s + bc)
p =

2(R/Q)Qoxt 2 "R/Q o T 2

1 2
Pg — E (R/Q)Qextllgl

12
1 |VC3V| |Fb |Ib dc COS(¢S + ¢C) i _ [Veavl
— — (R 4+ ’ —» Minimized for Qextopt = ey
2 ( /Q)Qextlz(R/Q)QeXt 2 | p |Fpl(R/Q)I , (Pst+c)
. 12
+ 1 (R/Q)Qext |I/CaV| A(,l) + |Fb |Ib,dC Sln(¢S + ¢C) . =0 for Awopt — _ wrf(R/Q)|F1;||II;9,dc|Sin(¢s+¢c)
2 (R/Q) wre 2 _

Setting ¢. = 0 recovers classical equations for optimal parameters
Adjusting ¢., Qext,opt AN be modified to meet certain constraints

V Fyl|l COS +
The minimum power Pg,opt _ | cav” bl b,dc2 (¢s (pc)
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Preliminary results

. n - > 0-L€0

V| = Viot | Ug n <1 _ Uo) Niot o) |
v Ntot Vt%)t Vt%)t (Nfoc — Ndefoc)2 -g 15- :
> I

Optimal quality factor with RPO = | QextopeforW 2-cell 120 cav.
A Vv Neot > 10 -
ext,opt Vtot(R/Q)lFbllb,dc cos ¢, = 2-cell 1§2 cav. i
g 05 i * i
+ [
o I

o | Veav fOr W

0.0 ' - - —
6 7 8 9 10

Cavity voltage (MV)

— RPO is under evaluation potentially allowing for the same optimal quality factor for Z, W, and H modes
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Reverse phasing mode equations

Constraints: |Ve,y| and Py o, are the same for focusing and defocusing cavities p _ NVeavllFpllp ¢ cos(es + ¢c)
- COS(¢S + ¢foc): COS(¢S + ¢defoc) = Proc = —2¢s — Pdefoc 9.0pt 2
Preservation of energy gain Neoc|Veav| cos(@s + Proc) + NdefoclVeavl €0S(@s + Pgefoc) = Viot COS s
Preservation of synchrotron tune Neoc|Veay| sin(@g + droc) + Ngefoc!|Veay| SIN(Ps + dgetoc) = Viot Sin s
RPO Classical
I/C%lVNtOt Vcav

Optimal quality factor Qextopt = Vot (R/Q)|Fp1, gc €OS s Qextopt = |Fy|(R/Q)I} gc coOS ¢y

i i Fpll 2 psVis wre(R/Q)|Fpllp qc sin ¢
Optimal detuning  Aw wre(R/Q)|Fp| b,dc\/l_COS PsViot  pg r c Sin s

— t e —
opt > > op oV
2Vcay VeavViot cav
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Cavity

Reduced Pedersen model
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