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CERN

6 GeV Linac

SPS / PBR: 6-20 GeV

Booster: 20 GeV-final 

collision energies

98 km Collider

FCC-ee complex

S. Ogur



biggest challenge: filling the collider 
from zero for Z mode: e-

not to scale!

6 

GeV

CERN

Collider: 16640 Bunches

1.7E11 is required bunch pop.

Booster: 16640 Bunches

B. Pop: 2.1E10

SPS: ~1190 Bunches

B. Pop: 2.1E10

6 GeV Linac: 2 Bunches/Pulse

200 Hz repetition

Bunch Population: 2.1E10

14 cycles 10 cycles*

*10 cycles for either species keep the charge imbalance 

within the required ±5% needed to prevent beam-beam 

flip-flop (“bootstrapping”) and pre-compensate the 

charge loss due to collisions [D. Shatilov] 

595 injections

S. Ogur



filling pattern for Z-mode 

(linac injecting into SPS/PBR)

Bunch spacing in a sub-train of 6 buckets is 20 ns. Yet sub-train spacing can be 15, 17.5 

or 20 ns.   Abort gap is 120 ns. Totally 1188 or 1190 buckets are filled.
M. Benedikt, S. Ogur

SPS flat bottom time (accumulation of 1190 bunches from linac)  =  2.975 s

O. Etisken, Y. Papaphilippou, S. Ogur et 

al.

SPS ramp time 6-20 GeV (acceleration + ramp down of mag)          = 0.175 s 

x 2

SPS damping time 0.03 s ( to reach equilibrium emittance)           = 0.03 s x 7 

→ SPS cycle time for Z-mode                                                                 = 3.535 s

linac duty factor ≥84%

The above means 60 ns spacing in linac.

Alternative would be 52.5 ns in linac, and 17.5 ns in collider. 



filling the main booster ring (BR) for Z-

mode
❖ 14 fills from SPS: 10 x 1188 +4*1190 bunches

❖ 1 fill from SPS = 1 BR train.  

→  gap of 3.6 ms in BR for beam abort (more than necessary)  

M. Benedikt

BR flat bottom time (accumulation of 14 fills from SPS)                  =  3.535 s x 14 

S. Ogur, B. Harer, B. Holzer, Y. Papaphilippou 

BR ramp-up time 20-45 GeV (acceleration + ramp down of mag) = 0.37 s x 2

BR damping time 0.1 s ( to reach equilibrium emittance)                = 0.1 s x 7 

BR cycle time for Z-mode                                                                     = 

50.93 s

Comments: 

• On-axis injection for BR could/should be considered.

• Each BR train has 120 ns abort gap inherited from SPS,; so we can enlarge the BR 

train spacing  and/or have several abort gaps, by reducing the length of the abort 

gap. 

→ Filling collider with both species                            = 50.93 s x10x2= 1018.6 s 

(17 min)



FCC-ee Injector Megatable

O. Etisken, 

Y. Papaphilippou, 

S. Ogur 

et al.



alternative filling directly into BR with 20 GeV 

Linac

BR flat bottom time (accumulation of 16640 bunches from linac) =  41.6 s

BR ramp-up time 20-45 GeV (acceleration + ramp down of mag) = 0.37 s x 2

BR damping time 0.1 s ( to reach equilibrium emittance)                = 0.1 s x 7 

BR cycle time for Z-mode                                                                     = 42.94 s

20 GeV linac will 

directly feed the main 

booster ring

with pre-booster: 17 min.

Filling collider with both species = 42.94s x10x2= 858.8 s (~14 min)

S. Ogur, K. Oide, M. Benedikt



bootstrapping and top-up injection: interleaving 

e+/e-

Interleaved injection of species in the collider, plus pre-

compensation of the charge loss due to collisions till 

next round. (The full target charge is normalised to 1.)

Bootstrapping of the charges while topping up in 

order to control bunch lengthening and emittance 

fluctuations due to beamstrahlung.

D. Shatilov



electron gun(s)

A. Levichev, D. Nikiforov et al

RF gun can provide up to 4x1010 

electrons, 2x more than we need for the 

e- collider bunches 

For e+ production: 

thermionic gun can generate up to 

6.3x1010 

the 3 x higher value 

supports e+ yield ≥0.3

S. Ogur



Element Simulated Error

Injection Offset (h/v) 0.1 mm

Injection Momentum Offset (h/v) 0.1 mrad

Quadrupole Misalignment (h/v) 0.1 mm

Cavity Misalignment (h/v) 0.1 mm

BPM’s Misalignment w.r.t. Cavity (h/v) 30 μm

linac assumptions in CDR

❖ Linac wakefields are 

included. 

❖ Space charge included in 

the RF-Gun simulations and 

in the first 75 MeV part of the 

linac 

Cavities S-Band C-Band

Frequency (MHz)
2855.98 

(or 2800 or 3000)

5711.96

(or 5600 or 6000)

Length (m) 2.97 1.8

Cavity Mode 2π/3 2π/3

Aperture Diameter (mm) 20 16

Unloaded Cavity Gradient (MV/m) 25 50

S. Ogur

lattice and tracking simulations: see appendix



linac during positron production             

(CDR configuration)

S. Ogur, K. Oide

up to 1.54 GeV: 2 e- bunches (from thermionic gun?)

1.54 to 4.46 GeV: 2 e+ bunches and the 2 e- bunches

4.46 GeV to 6 GeV: 4 e+ bunches  of different energy

or 60 ns or 60 nsor 60 ns
or 60 ns or 60 ns

or 60 ns

or 20 ns = 8 buckets with shorter spacing after every 6 bunches



Beam Enters

:=Positron Bunch

Beam 

Exits

Injection and Extraction Section

RF Cavity Section

Positron Damping Ring 

2 wigglers each in 

Straight Sections

400 MHz LHC like 2 

SC cavities 

(1.5 + 2x1 meter long)

S. Ogur

the ring 

accommodates

8 bunch pairs

each bunch stays 

for 8 linac cycles 

(40 ms) in the 

damping ring 



Damping Ring lattice and parameters

DR could be used only for e+ or for both species

Parameter Value

𝜏x/𝜏y/𝜏z 10.5/10.9/5.5 ms

equilibrium emittance 

(x/y/z)
0.96 nm/- /1.46 μm

circumference

241.8 m (for 50 ns)

→≥320 m for 60 ns 

linac spacing

# of cells (FODO w/ 

sextupoles)
114

dipole field 0.66 T

no. of wigglers,  field 4, 1.80 T

betatron tune (x/y) 0.193 rad/0.183 rad

ring tunes 24.189/23.580

studies of injection, emittance & dynamic aperture: see appendix

S. Ogur



Bunch Compressor 

❖From DR back to linac at 1.54 GeV T. K. Charles et al

Damping Ring needs error study.  Energy compressor may not 

be needed, if the current DA is preserved after introducing 

errors. 



Each of the FCC-ee injector components has 

been designed with alternative options. The 

injector baseline satisfies all known requirements, 

even with safety margins.

In particular, it supports the proposed 

bootstrapping injection mode of the collider. With 

the proposed injector, the collider can be filled 

from zero in about 17 minutes at the Z pole, and 

much faster at higher energies. The bunch 

schedules have been optimised for maximum 

average luminosity in operation. 

Conclusions
S. Ogur,

K. Oide,

Y. Papaphilippou,

D. Shatilov, et al.



Linac lattice design & beam dynamics simulations

Damping ring beam dynamics simulations 

SPS as pre-booster

New pre-booster synchrotron

Main booster

Appendix



S-band linac up to 1.54 GeV 
❖ An S- Band Linac has been simulated starting from an RF- Gun which provides 

~2E10 particles* in a bunch at 10 MeV with 0.35/0.5 μm geometric emittance (i.e. 

8/12 μm normalised). The initial beam is created with 1% energy spread and 

sigma_z=1 mm Gaussian randomly .

❖ We need 1.7E10 particles in a bunch (10 bunches -> 1 collider bucket for Z- mode), 

however 2.1E10 is chosen assuming above 80% transmission up to the collider.)

Case
Horizontal 

Emit. (nm)

Vertical Emit. 

(nm)

Transmi

ssion

Average 9.4 6.0 100%

No-blow 

up
2.7 3.8 100%

Some results for 12 different seeds 

averaged using 100k macro-particles for 

Gaussian random beam are presented 

below (all misalignments + BPM errors + 

SPACE charge are included):   

S. Ogur



S-band linac from 1.54 to 6 

GeV

Trial ID Horizontal Emit. (nm) Vertical Emit. (nm) Transmission

Average emit. at 6GeV 0.55 0.11 100%

Emittance without blow-up 0.48 0.10 100%

❖ S-Band structures. 

❖ Results (averaged out of 12 

different seeds) with all 

misalignments including BPM 

errors.

S. Ogur, 

K. Oide



Linac from 1.54 to 20 GeV

S-Band structures stop at 6 GeV (QC0 in the optics), then C-band 

structures start and contunie till 20 GeV.

S. Ogur, 

K. Oide



Linac from 1.54 to 20 GeV

❖ Beam profile at 20 GeV for a random seed.

❖ No beam loss has been seen and automatic orbit steering works 

well.

Trial ID Horizontal Emit. (nm) Vertical Emit. (nm) Transmission

Average 1.18 0.05 100%

Emittance w/o blow-up 0.15 0.03 100%

S. Ogur, 

K. Oide



summary of linac simulation 

results

Linac Results S-Band up to 1.54 GeV S-Band 1.54 -> 6 GeV C-Band  6 -> 20 GeV

Length (m) 79.1 239.1† 446.9

Transmission for 2.2E10 part. 100% 100% 100%

Number of Cavities 21 60 156

Number of Quadrupoles* 14 12 13

Emit. with no blow 2.7/3.8 nm 0.48/0.10 nm 0.15/0.03 nm

Avg. Extracted Emit. 6.4/5.0 nm 0.55/0.11 nm 1.18/0.05 nm

†Excluding positron optics. 

Meets the 

expectation of the DR 

very safely. 

Meets the 

expectation of the 

SPS very safely. 

Meets the 

expectation of the 

Booster very safely. 

S. Ogur, 

K. Oide



Damping Ring - Dynamic Aperture

❖ Intrabeam scattering has been included in simulations. In order to overcome 

emittance blow in horizontal, 20% coupling has been assumed: 

S. Ogur, K. Oide



Damping Ring – injecting positrons

N. Iida et al.

✓ KEK collimates e+, and inject the beam left with ±5% energy spread into the energy 

compressor. 

✓ However FCC-ee damping ring has about ±7.8 % energy acceptance. Therefore, 

beam can directly be injected without collimation. 

➡The purple particles are 

safely injected into the DR. 

The orange particles are cut 

by the collimators at LTR 

because they can not enter 

the separatrix of DR.  

S. Ogur



Damping Ring - tracking

❖ Intra-beam scattering is assumed, the misalignment and error study has  not been 

done yet. The beam profile for 40 ms (50k turns).

❖ The bunch length 2.1 mm can be a problem due to CSR. 

S. Ogur



Damping Ring - further studies

❖ The bunch length 2.1 mm can be a problem due to CSR. 

❖ The extracted/equilibrium bunch length can be elongated by reducing 

cavity voltage from 

4 MV to 2 MV, so that beam bunch length becomes more than 4 mm. 

❖ Momentum acceptance of the DR would shrink to 3.8%. Either we need 

to collimate the incoming positron beam or we need an energy 

compressor.  

❖ Since this DR had been designed to host 5 pairs of positrons, the 

needed kicker was with rise time of 100 ns, now it has to be 50 ns, and 

bunch spacing should be 50 ns, as well. Yet, this means SPS fill has to be 

changed (PS: it was prepared for 60 ns bunch spacing in linac). 

S. Ogur



Pre-booster - SPS

O. Etisken et al.



Pre-booster - SPS

O. Etisken et al.



Pre-booster alternative:  New Synchrotron

O. Etisken et al.



Pre-booster - New Synchrotron

O. Etisken et al.

❖ The new synchrotron has 2664 m of circumference. 

❖ It can satisfy all the requirements of the main booster. 



Main Booster

B. Harer et al.



B. Harer et al.

Main Booster



status of ring designs

❖ Modified SPS with damping and Robinson wigglers is being 

designed

❖ Alternative new pre-booster synchrotron is also being 

designed, with 4 straight sections; satisfying the FCC-ee

needs; instability studies are ongoing.

❖ Booster has large enough dynamic aperture; instabilities are 

under study. 


