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Luminosity	vs.	centre-of-mass	energy	

past [orange, black, green centre-right], present (2016) [red] 
and future lepton colliders [blue, purple, green top-left] around 
the world



Normalized	emittance	vs.	circumference

Emittance normalized to beam energy vs. circumference for storage rings in
operation (blue dots) and under construction or being planned (red dots).
The ongoing generational change is indicated by the transition from the blue
line to the red line. (Courtesy R. Bartolini, LER-2014, updated 2016)

Low emittance lattice a must



Some	lessons	learnt
� High beam currents possible à control trapped HOMs, e-

cloud
� Crab waist works à lattice to meet sextupoles requirements 
� Top-up injection is needed à very reliable injection complex
� e-cloud mitigation à solenoids, low SEY pipe material, 

coating, clearing electrodes, grooves, NEG
� Bunch-by-bunch Feedbacks work very well à upgrade 
� Backgrounds increase with Ibeam and L à masking, shielding, 

beamstrahlung control
� Emittance tuning needed to achieve low values à machine 

errors minimization (girders), fast online procedures for 
orbit/beta/dispersion/coupling correction

� IP orbit control needed à IP feedback
� Nano-beams require vibrations control for FF quads



The	present



SuperKEKB
� SuperKEKEb, upgrade of the highly successful KEKB-Factory which 

holds peak and integrated luminosity world records, started its 
Phase I (no detector, no FF quads, no beams crossing) in February 
2016 (for 5 months)

� This allowed for preparation of Phase II (detector but no vertex, 
detuned lattice, lower L) and Phase III (Vertex IN, low-beta, design 
L), facing quite a few problems 

� SuperKEKB parameters are state-of-the-art with respect to KEKB and 
PEP-II, which twenty years ago were already pushing up their design 
Luminosity and beam currents with respect to previous colliders

� A boost in performances is expected by: 
� “large Piwinsky angle and crab waist” collision scheme invented by P. 

Raimondi (called here “Nano-beam”, no crab waist sextupoles) 
� major upgrade of the technical systems 
� high charge/low emittance RF photo-injector for e-

� Damping Ring for e+ 

� very complicated FF layout (quads, solenoid, correcting coils)





This might be 
a problem



KEKB	and	SuperKEKB comparison

KEKB 
Achieved

SuperKEKB
Nano-beam Factor

LER HER LER HER
Ibeam [A} 1.6 1.2 3.6 2.6 (>) 2
by* [mm] 5.9 5.9 0.27 0.30 (<) 20
xy 0.09 0.12 0.088 0.081 ~1
L [cm-2s-1] 2.1 x 1034 8.0 x 1035 (>) 40

SuperKEKB will be state-of-the-art in 2018



Y. Funakoshi, KEK



SuperKEKB Phase-I	issues	with	high	current
Fixed during commissioning





The	future



Future	lepton	colliders

A. Yamamoto, IAS, HK, 2017

Good for high E

Good for high L



Parameters	comparison



Recent	changes/staging	options
� ILC baseline now 250 GeV c.m.
� CLIC Phase 1 rescaled to 380 GeV, with an option to be fully 

klystron based
� CEPC now 2 rings, 100 km, FCCee-like
� FCCee injector now 6 GeV linac, CEPC-like
� Remarkably, the cost is now very similar

FCCee unknown

W. Chou, IAS, HK, 2017







ILC	staging
� Strong demand for cost reduction 
� Improvement of Linac technology under study (however cost 

reduction 10-15% at most):
� Higher gradient: 31 MV/m à 35 MV/m
� Higher Q values: 1010 à 2x1010

� Nitrogen infusion developed at FNAL
� Staging is the option: start at 250 GeV c.m.
� Luminosity simply scaled at lower E is low (0.82x1034)à

needs a “real” 250 GeV design!
� Can be doubled by doubling Nbunch (1312 à 2625)
� Another factor of 2 for 10Hz collision (5 Hz for collision, 5Hz 

for e+ production)
� Positron source with undulator not suitable at low E à

conventional? (but not polarized)
� Debating if 500 GeV or 250 GeV tunnel



P. Burrows, JAS

Same option for CLIC



CLIC	staging
� Optimize cost and power consuption
� Produce optimized, staged design: 380 GeV 

(optimized for H and top) à 1.5 TeV à 3 TeV (exact 
choice depends on LHC findings)

� Support efforts to develop high-efficiency klystrons
� Consolidate high-gradient structure test results
� Choose new staged parameter sets, with 

corresponding upgrade path, considering the 
possibility to have a klystron-powered initial stage













Different layout options considered 



“Fully Partial Double Ring”

J. Gao, IAS 2017



CEPC	parameters	for	FDPR	(2017)

!!



Issues	and	challenges	for	future	
(Beam	dynamics	related)
� Dynamic aperture
� FF Non-Linearities
� Crab Waist sextupoles effect on DA 
� Beam-beam with Space Charge, NL, CW
� Beam lifetime with BB, CW
� Backgrounds shielding (also technical!)
� e-cloud mitigation (also technical!)
� Saw-tooth orbit with energy
� Injection induced oscillations at IP
� ….



Issues	and	challenges	for	future	
(Technology	related)
� Magnets (warm/cold SC, IR doublets, SC wires) 
� Radiation damage on magnets
� HOMs in beam pipe
� SRF cavities
� Injectors (high reliability)
� Positron source (high number of e+, polarization?)
� Beam pipe (material, vacuum, design,…)
� High efficiency klystrons
� High field accelerating sections (X-band, …)
� SRF cavities (single/multi-cells, cryogenics, 400/650/800 MHz)
� Energy saving options
� Civil Engineering
� Low field SC magnets for CEPC booster
� IP feedback and vibrations control
� ...



FF	Non-Linearities
� Kinematic terms and FF quads fringe fields introduce NL 

which affect beam dynamics
� Increase with low-b

Ring by* 
(mm) K1 (m-2) L* (m) Jy/A 

(mm)
SKEKB-HER 0,3 3,05 1,22 0,02
SKEKB-LER 0,27 5,1 0,76 0,03
CEPC 1,2 0,176 1,5 0,76
FCC-ee 1 0,336 2,2 0,22
KEKB 5,9 1,78 1,76 4,22
SuperB-HER 0,253 4,6 0,6 0,05
SuperB-LER 0,21 4,4 0,6 0,036

Should:
increase by*, 

decrease 
gradient and L*



Dynamic	aperture
� Dynamic aperture is usually tight for low-emittance/high 

chromaticity rings
� Large “enough” DA and large energy acceptance are essential 

for lifetime, beam-beam, operational tune diagram
� FF nonlinearities reduce DA
� Beam-beam reduces DA
� Crab waist sextupoles are beneficial to bb BUT reduce DA
� Machine errors reduce DA
� New optimization methods seem to get good results:

� Robust conjugate direction search method and particle swarm 
optimization method (Huang, SLAC)

� Multi Objective Genetic Algorithm (used at NSLS-II, Yang, Li, et 
al.)

� NSGA II (Non-dominated Sorted Genetic Algorithm 2, by Deb, 
Pratap, Agarwal,  Meyarivan)



DA	optimization @	ESRF
� Variables used for nonlinear optimization: chromaticities, 

sextupoles (six families) and octupoles (two families)
� Most relevant changes in linear optics include tunes and 

horizontal β  function in the straight sections (IDs)

For ESRF (SL 
facility) Touschek 
lifetime is the 
most relevant
parameter

Initial
value

Optimum 
value

S. Liuzzo, N. Carmignani



Factor of ~7 drop in lifetime

SuperKEKB

Still not solved, can improve with crab sextupoles







CEPC



Beam-beam	studies	
� BB Strong-Strong simulations for FCCee and CEPC large angle 

collisions show a coherent bb instability with head-tail mode
� Will be experimentally studied at SuperKEKB
� Lower bx* in FCCee suppresses it: could need a revision of 

design parameters
� In CEPC: saturation of xy, and Luminosity (slightly lower than 

design) fluctuates with high bunch current (critical for Z)

Ohmi, Shatilov



Space	charge	tune	shift
D. Zhou



SuperKEKB LER	luminosity	with	NL	+	SC	+	BB
D. Zhou

Chromatic XY 
coupling 

correction could 
help





E-cloud	mitigation
� To reduce Secondary Electron Yield (SEY): antechamber, 

solenoids, grooves, clearing electrodes, thin-films (e.g. titanium 
nitride, NEG-coating, amorphous carbon) or laser-ablated 
surface structures



Measured at SuperKEKB Phase I



Beam	lifetime	at	SuperKEKB



Injector	complex	issues
� Top-up requires high reliability and resistance to 

stresses (non stop operation)
� Photo-injector for low emittance/high charge 

electrons
� Damping Ring (electrons too?)
� High repetition rate
� Positron source (undulator, conventional, polarized)
� Control of injected beam oscillations at IP



Emittance evolution after injection,	with	and	
without crab sextupoles

D.Shatilov
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Beneficial effect of crab sextupoles on vertical emittance during injection



IR	design	and	MDI
� One of the most difficult task
� Collaboration between detector and accelerator is 

crucial and trade off are mandatory:
� L* (short for smaller quads aperture, large for detector 

and quads design,…)
� Small crossing angle better but short space for quads on 

2 beams 
� Luminosity monitor position and window
� Masks design
� Beam pipe design and material transitions
� Trapped HOMs calculations 



MDI	issues	(1)
� Lattice (betas, sextupole arrangements, quads non 

linearities)
� L* (distance IP-QD0)
� Beam pipe material (Be, Cu) (cold/warm) and thickness
� Beam pipe aperture and shape (round, elliptical)
� Shielding and masks (different sources of backgrounds, 

simulations with real layout)
� IR vacuum, water cooling, coating, HOM absorbers, 

(NEG, distributed pumping)
� IR trapped modes analysis (impedance budget)

Recently addressed at
FCC-ee mini-workshop 
CERN, 16-27 January 2017 
(M. Boscolo et al)



MDI	issues	(2)
� Luminosity monitor design
� Solenoid compensation scheme
� Detector magnet layout and integration
� IR quadrupole design (single, split, pm, SC, modified 

Panofsky type, conventional cosine-theta design or 
canted-cosine-theta (CCT))

� IR collective effects, i.e. electron cloud, and mitigation 
(thin films or laser-ablated structures)

� Diagnostics (BPM, Beamstrahlung monitor, fast 
luminosity monitor)

� Beam stability (nano-beams, vibrations control)



SuperKEKB Interaction	Region	
scheme	à real

Very complicated
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FCC-ee



FF	Quadrupoles	

M. Boscolo, CSN1, Roma, 7/2/2017

[H.Ten Kate, FCC-ee MDI, Jan. 2017]



SuperKEK

SuperKEKB QCS-L	Magnets	and	Cryostat



E.Paoloni, Univ. Pisa and INFN

SuperB twin	quads	with	helicoidal coils

SuperB



P. Fabbricatore
INFN Genova

Coil constructed at ASG Superconductors and 
successfully tested at 4.2 K at INFN-Ge and 
fed with a current of 2750 A
The limitation seems to be of mechanical 
nature (mechanical disturbances) 
Further tests were planned but unfortunately 
the program was stopped when SuperB was 
not approved 

Construction	of	a	model	coil	for	addressing	
quench	issues

SuperB



BINP



CEPC



Technology:
reduce	costs	while	

improving	performances



Y. Chi (IHEP), IAS, HK Jan. 2017



Y. Chi (IHEP), IAS, HK Jan. 2017











ILC 
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ILC 







Electricity	bill W. Chou, IAS, HK, 2017



FCC-ee total	power



CLIC





High	efficiency	klystrons
� Beams will require significant RF drive power (100 

MW) 
� An RF source with high efficiency is preferable to 

minimize the overall power required
� Klystrons with the current state of the art are 

operating at efficiencies of up to 70%
� Novel bunching methods, such as the Core 

Oscillation Method (COM), are being investigated
� Numerical simulation of klystrons featuring COM 

give efficiencies of up to 85% being predicted so far









Accelerator 
lifetime:
radiation 

damage was 
found on  LEP 
magnets when 
given to FNAL



A good fraction of cost



Conclusions
� The future of lepton colliders, linear and circular, depends on 

solving both the pending technological issues and the beam 
dynamics ones

� Technology moves fast, and the worldwide collaboration which 
is already in place will help solving the most ”hot” issues in the 
next 20 years or so à time is a friend

� The success of the B-Factories was also due to the healthy 
competition between PEP-II and KEKB

� Two linear and two circular projects are being proposed and 
the synergy between the communities, as well as with the 
Synchrotron Light Sources one, will be crucial for the success 
of hopefully at least one of each 

“No man is an island entire of itself; every man is a piece of the 
continent, a part of the main” (J. Donne, 1572-1631)


