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Colliders Location Status

DAFNE
F-Factory
Frascati, Italy

In operation     
(SIDDHARTA, KLOE-2, 

SIDDHARTA-2)  

SuperKEKB
B-Factory
Tsukuba, Japan

In operation, 

the world record luminosity 

has been achieved

SuperC-Tau C-Tau-Factory
Sarov, Russia

Russian mega-science 

project

FCC-ee Z,W,H,tt-Factory
CERN,Switzerland

91 km, CDR released in 

December 2018

CEPC Z,W,H,tt-Factory
China

100 km, CDR released 

in September 2018

HIEPA 2-7 GeV
China

Considered base line 

option

Colliders based on Crab Waist concept



Other Factors Affecting Luminosity

1. Electron cloud (beam size blow up, tune spread)

2. Lattice Nonlinearities

3. Ions of residual gas (incoherent effects, trapped ions)

4. Wake fields (single and multibunch effects)

5. Gap transients (different bunch synchronous phases)

6. Feedback noise (and also in other devices)

7. Low lifetime (not enough time for fine tuning)

8. Space charge effects

9. Touschek scattering

10.Other effects

Zobov, see talk at IPAC2010



Suppression of longitudinal multi-bunch instabilities 

in collision with a crossing angle in DAFNE 

No collision In collision

Collisions with a horizontal angle produce 
the longitudinal tune shift and tune spread. 
The synchrotron tune spread results in the 
instability suppression (Landau damping)

A.Drago, P.Raimondi, D.Shatilov and M.Zobov, 
Phys.Rev.ST Accel.Beams 14 (2011) 092803



97.756

1390

0.27

150/0.8

CDR at Z

14.8

16640

0.039/0.132

3.5/12.1

Table from the talk of K.Oide at FCC Week 2023



Crab Waist helps

to overcome the hourglass effect to alleviate the effects of the 

nonlinear beam-beam interaction



Crab Waist collision scheme

a) Large Piwinski Angle F (smaller emittance, 

large crossing angle, lower horizontal beta)

b) Small vertical beta function at IP

c) Suppression of beam-beam resonances using 
sextupoles in the interaction region
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2. P.Raimondi, D.Shatilov, M.Zobov, 
physics/0702033

3. M.Zobov et al., Phys.Rev.Lett. 104 (2010) 174801

4. C.Milardi et al., Int.J.Mod.Phys.A24 (2009) 360 



Suppression of beam-beam resonances 

(DAFNE example)

Frequency map 
analysis

Images from synchrotron 
light monitor

D.Shatilov et al.,  Phys.Rev.Lett. 14 (2011) 014001
M.Zobov, IPAC2010, pp. 3639-3643



Collisions exploiting the crab waist scheme and extreme 

beam parameters at the interaction point (can) result in 

additional effects in beam-beam interaction 

1. Beamstrahlung

2. Beam-beam head-tail instability (X-Z instability)

3. 3D flip-flop

1. V.I.Telnov, Restriction on the energy and luminosity on e+e- stoage rings  

due to beamstrahlung, Phys.Rev.Lett. 110 (2013) 114801

2. K.Ohmi et al., Coherent beam-beam instability in collisons with a large 

crossing angle, Phys.Rev.Lett. 119 (2017) 13, 134801

3. D.Shatilov, FCC-ee parameter optimization, ICFA Beam Dyn.Newslett.72 

(2017) 30-41



Beamstrahlung

Bending of particle trajectories during beam-beam interaction produces 

photon emission, similar to the synchrotron radiation. The effect is called 

beamstrahlung and its strength is described by beamstrahlung parameter

Beamstrahlung is one of the most important effects in the future circular colliders 

45.6 Gev 80 GeV 120 GeV 175 GeV 182.5 GeVFrom FCC-ee CDR

High energy High bunch intensity

Short bunch Small beam sizes

V. Telnov, Restiction on the energy and luminosity of e+e- storage 
rings due to beamstrahlung, Phys.Rev.Lett. 110,114801 (2013) 





Coherent beam-beam head-tail instability (X-Z instability)

Coherent instability: x dependence on x and z. 
URF = 250 MV (red) and 100 MV (green, blue).

Semi-analytical scaling law
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Bunch shape at different turns

Evolution of the horizontal emittance 
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1. K.Ohmi et al., Phys.Rev.Lett. 119 (2017) 13, 134801

2. K.Ohmi et al., Phys.Rev.Accel.Beams 21 (2018) 3, 031002

3. D.Shatilov, ICFA Beam Dyn.Newslett. 72 (2017)  30-41



Why have we started with the longitudinal impedance?

1. In the collision scheme with Crab Waist and Large Piwinski Angle 

the luminosity and tune shifts strongly depend on the bunch length
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2. For the future circular colliders with extreme beam parameters in 

collision several new effects become important such as beamstrahlung, 

coherent X-Z instability and 3D flip-flop. The longitudinal beam dynamics 

plays an essential role for these effects.



Single bunch longitudinal dynamics

Bunch shape distortion Synchrotron tune shift and spread

Bunch lengthening Energy spread growth

M.Migliorati, E.Belli and M.Zobov,
Phys.Rev.Accel.Beams 21 (2018) 041001



Interplay between beam-beam interaction, 

beamstrahlung and longitudinal impedance

1. Tune shift of stable tune areas due to the impedance related 

synchrotron frequency reduction 

2. Reduction of sizes of the stable tune areas

3. Smaller beam blowup presumably due to the synchrotron 

frequency spread induced by the impedance

X-Z Instability

In Stable Areas

1. Longer bunch length

2. Smaller energy spread than that due to beamstrahlung alone

3. Eventual damping of the microwave instability due to longer 

bunches and overall higher energy spread 

1. D.Leshenok et al., Phys.Rev.Accel.Beams 23 (2020) 10, 101003
2. Y.Zhang et al., Phys.Rev.Accel.Beams 23 (2020) 104402
3. M.Migliorati et al., Eur.Phys.J.Plus 136, (2021), 11, 1190.
4. C.Lin et al., Phys.Rev.Accel.Beams 25 (2022), 1, 011001



Combined effect of beamstrahlung and longitudinal 

impedance in stable tune areas

Energy spread Bunch length

D.Leshenok, S.Nikitin, Y.Zhang and M. Zobov, 

Phys.Rev.Accel. Beams 23 (2020) 10, 101003 



Microwave instability suppression in collision 

(CEPC example)



Horizontal beam size blowup due to beam-beam 

interaction in FCC-ee Z (CDR parameters)

Without longitudinal impedance

Including longitudinal impedance

M.Migliorati, E.Carideo, D.De Arcangelis, Y.Zhang and M.Zobov, 

Eur. Phys. J. Plus 136, 1190 (2021)



The lower momentum compaction factor results in 

higher sensitivity to collective effects

Examples of bunch instabilities

1. Microwave instability threshold

2. TMCI instability threshold 

𝐼𝑡ℎ =
2𝜋𝛼𝑐 𝐸/𝑒 (

𝜎𝐸
𝐸 )2𝜎𝑧0

𝑅(
𝑍𝐿
𝑛 )𝑒𝑓𝑓

∝ 𝛼𝑐
3/2

𝐼𝑡ℎ =
4 𝐸/𝑒 𝜈𝑠

𝑅Σ(𝐼𝑚𝑍𝑇 𝛽𝑥,𝑦)

4 𝜋

3
𝜎𝑧 ∝ 𝛼𝑐

3. Beam-beam X-Z instability

𝐼𝑡ℎ~
𝜈𝑠
𝜉𝑥
~
𝛼𝑐(𝜎𝐸/𝐸)𝜎𝑧

𝛽𝑥
∗



Lattice with a higher momentum compaction factor

D.Shatilov, talk at 133th Optics Design Meeting
M.Migliorati et al., Eur.Phys.J.Plus, 136 (2021) 1190

c=1.48e-5

c=2.50e-5



1. Lower synchrotron tune 

2. Higher order X-Z resonances

3. Landau damping due to higher 

synchrotron frequency spread

4. Longer bunches reduce the horizontal 

tune shift, which helps in suppressing the 

X-Z instability. 

5. Longer bunches in collision result in a 

smaller energy spread due to 

beamstrahlung.

Idea of using harmonic cavities

Issues to be solved/studied

1. Transient beam loading

2. TMCI should be investigated

3. Some luminosity loss due to longer 
bunches

4. Additional impedance contribution

5. Energy calibration

𝜎𝑧 = 18 mm (CDR: 12 mm)
𝜎𝑝 = 9.2e-4  (CDR:  13e-4)

No resonances

Eur. Phys. J. Plus (2021) 136:1190

doi:10.18429/JACoW-IPAC2021-MOXC01



Collisions with 4 IPs

The reduction of the horizontal beta at IP
is obligatory to get good tune areas larger 
than the horizontal tune shift and to obtain 
the required luminosity


x=1

0
 cm


x=1

5
 cm

M.Migliorati et al., EPJ Tech.Instrum. 9  (2022)  1, 10  



Beam-beam interaction including both 

longitudinal and transverse impedances

1. The X-Z instability gets somewhat stronger 
when the horizontal impedance is included

2. A strong vertical instability can arise when 
the vertical impedance is included that can 
limit the working point choice

3. The vertical chromaticity is an effective tool 
to suppress the instability

IPAC2023



Mode coupling due to beam-beam interaction 

and the vertical impedance (CEPC example)

Observations

1. Mode 0 decreases due to the ring impedance
2. Mode –1 increases due to beam-beam cross wake 

impedance
3. The threshold is reduced from 2.1e11 to 1.1e11

Possible mitigation

1. Chromaticity
2. Asymmetric tunes
3. Feedback

Y. Zhang et al., Phys.Rev.Accel.Beams 26 (2023) 6, 064401

No Zy Zy included



Mitigation of TMCI in beam-beam collisions

Suppression of TMCI instability in FCC-ee  
by using the vertical chromaticity of +5.

Suppression of TMCI instability in CEPC  by 
using the asymmetric tunes and reduced 
chromaticity of +5 (instead of +10)

1. Y.Zhang, M.Migliorati and M.Zobov, Proceedings of IPAC2023, pp. 3510-3513
2. Y.Zhang et al., Phys.Rev.Accel.Beams, 26 (2023) 064401 



Simulations before the mid-term review

X15880=1.33e36 Np=1.5e11, chromaticity = 0 



Simulations for the case with the reduced 

beam pipe radius of 30 mm

1. Reduced beam pipe radius (30 cm)

2. Beam pipe RW impedance (150 nm 

coating)

3. RW contribution of collimators

4. No geometric impedance of collimators

5. 10000 bellows (SuperKEKB model)

6. 4000 BPMs

7. 52 single-cell cavities (400 MHz)

8. 13 double tapers for cryo-modules

1. The luminosity of 1.4e36/IP can be 
achieved in the vicinity of the proposed 
betatron  tunes (218.158, 222.20) for the 
collisions with 4IPs

2. The respective bunch length is equal  to 
14 mm and the energy spread is 9.0e-4



Hopefully more combined effects can be studied soon 
with the modern software tools 

Presented 
at HB2023



Conclusions

1. Interplay of beam-beam collisions and collective effects 

makes achievement of  the collider design goals (even more) 

challenging

2. Several techniques have been found to mitigate the harmful 

combined effects of the beam-beam interaction and the beam 

coupling impedances such as the use of higher momentum 

compaction factors, lower horizontal beta functions, positive 

chromaticity, asymmetric tunes, harmonic cavities etc.

3. The future efforts should be aimed at the collider impedance 

minimization, at including other collective effects in these 

studies and at elaboration of the new means and techniques 

to cope with the collective effects which can deteriorate the 

collider performance

We thank Dmitry Shatilov for providing useful material and many fruitful discussions 


