Future Circular Electron Positron Colliders: CEPC and FCC-ee

J. Gao

Institute of High Energy Physics

2019 Particle Physics Gordon Research Conference
June 30- July 5, 2019




Outline

Historical review of e+e- circular coliders

Circular e+e- collider design principles

FCCee and CEPC status

Comparison of FCCee and CEPC



Historical Review-1

A Historical Account of +rs Rolf Widerde 1902-1996

The First Electron-Positron Circular Collider = 1943: secret
- patentofa
AdA ‘nuclear mill’

(published in 1953)

J. Haissinski
Laboratoire de |I' Accélérateur Linéaire, Orsay

IHEP, Beijing, October 9, 2018 AE8.3

Rolf Wideric

2004 in the office of
Prof. J. Haissinski,
LAL, Orsay, France




Historical Review-2

Phys. Rev. 102, 590, 15 April 1956 : Attainment of Very High Energy by

R Olf Vid er(.je Means of Intersecting Beams of Particles
D. W. Kerst, F. 1. Cole, H. R. Crane, L. W. Jones, L. J. Laslett, T. Ohkawa,
was g Norwegic:m engineer who had given some A. M. Sessler, K. R. Symon, K. M. Terwilliger, and Nils Vogt Nilsen

thoughts to the betatron principle while completing his FROM o
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«...and this is when (1943) | had my idea. If it
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were possible to store the parficles in rings J, TR SEON

for longer periods, and if these 'stored’ f,y//
particles were made to run in opposite /)
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directions, the result would be one
opportunity for collision at each 8
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Historical Review-3

Phys. Rev. 102, 1418, June 1956: Storage-Ring Synchrofron:
Device for High-Energy Physics Research, Gerard K. O'Neill HEPL Report, RX-1486, 1958: A Proposed Experiment on the
A Limits of Quantum Electrodynamics,

Barber, B. Richter, W. K.H. Panofsky, G. K. O'Neill,
Stanford University Internal,
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IL NXUCOVO CIMENTO Vor. XVITL, N, & 16 Dicembra 1960

The Frascati Storage Ring.

C. Berxarpisy, G, F. Corazza, G, Ganco

Latbwralori Nazionali del CXNXEN - Fraseali

B. Tovscikr
Istituto di Fisica dell’ Usiversitd - Rowa
Istituto Nazionale di Fisica Nuwleave . Sexione di Rowme

(ricevuto il 7 Novembre 1060)

pP-p Vs e-e- vs et+e- colliders

Each kind of colliders gives access to quite

different physics:

o p-p New particle searches thanks to the high energy
reach

o e-e- QED V{Jlldlfy limits (electron size, photon propagator)

o e+e- annihilation Adjustable energy deposition
in vacuum which allows one to study vacuum
excitations =2 spin-1 boson searches and
study.

The technologies involved are quite different
foo

Historical Review-4

Bruno Tous¢hek

Bruno Touschek (1964)

Main parameters of AdA

Parameter Jypeal opcranon Units
value

Energy per beam 200 MeV
Circumference 4 m
Luminosity 10 cres]
ieec;r:; current, per 0.5 i,
Injector (linac) energy 500 MeV
Max field on the orbit 1.45 T
Field index (dB/B)/(dr/R) 0.54
Vacuum pressure | nlorr
RF peak voltage S0 kV
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future circular lepton factories based on proven concepts and

techniques from past colliders and light sources

L/1P SUPERKEKB —» *rccz B-factories: KEKB & PEP-II:
CEPC- Z FCC W . .
s | BINP c-tau B,NP s . double-ring lepton colliders,
HIEPA ¢:tau V\KEKB/' SEPeeTY high beam currents,
CEPC- H ¢ FCC-t| .« e .

~ J.L.Xie /‘/c}/ f top-up Injection
(\Ij"’ 3 L BEPCII e CESR | . .
'5103 DAFNE: crab waist, double ring
S LEP
-‘gmﬂ VEPP2000 o ., ¢ Super B-factories, S-KEKB: low [3,*
= P. Marin » BEPC ® PETRA I
£ . _ s
3 J-‘e PULYEPP-ZM spEaRs VEP-M LEP: high energy, SR effects

1 5 |/ e ADONE B. TOUS’(:‘h?‘k and J. Haissinski VEPP-4M, LEP: precision =

/- | o calibration
- AADONE .

Marica Biagini and J. Gao

17 ACO . BAMGEENS . | KEKB: e*source
0.1 10 e 100 1000
c.m. Energy (Ge
Ada

HERA, LEP, RHIC: spin % ymnastics
combmlng successful ingredients of several recent colliders - highest Iummos ities & energies

Overview Future Circular Colliders, EPPSU, Granada



Luminosity from colliding beams

* For equally intense Gaussian beams Particles in a bunch

\ 5 Geometrical factor:
Nb - crossing angle

L=f

Collision frequency

R - hourglass effect

Transve beam

size (RMS)
* Expressing luminosity in terms of our usual beam parameters

4 roxo;

E[GeV]I[A]
p,[em]

Llem™s™ ] =2.17x10"(1+ )&,

- IAEi?\fTEﬁ‘I'
where E = ‘ :
- 270, (0, +0))




. rNB, ~Maximum Beam-beam tune shift analytical expressions
£ _

. 270,(0,+0,) for lepton and hadron circular colliders
For lepton collider:

r.1s electron radius

2845 2845y r y is normalized energy

E — & = € R 1s the dipole bending radius
y, mmax 2T Y. N p_Y,MaxX 1 67RNp N ;p is number of interaction points

5 — 4 /25 J. Gao, Nuclear Instruments and Methods in Physics

X, MaXx ¥, max \ Research A 533 (2004) 270-274
For hadron collider:

J. Gao, Nuclear Instruments and Methods in Physics
Research A 463 (2001) 50-61

r
5 — 2845}/ p ] J.Gao, “Review of some important beam physics issues
max
f (X) 67Z'RNIP in electron positron collider designs”,
h . . Modern Physics Letters A, Vol. 30, No. 11 (2015)
whner
ere r, 1s proton radius 1530006 (20 pages)
t’ —
f(X> 1 - / J. exp (_ ?)dt J. Gao, et al, "Analytical estimation of maximum
beam-beam tune shifts for electron-positron and hadron
) 4f(X) 4f2 (X) 6 circular colliders", Proceedings of ICFA Workshop on
X = - High Luminosity Circular e+e- Colliders — Higgs Factory, 2014
GV 1p 284omy \ 1, NV, —



Constraints for parameter choice

> Limit of Beam-beam tune shift

2845 U, -
= x | * . - J. Gao
S, 27 \27EN, ! F;: €y enhancement by crab waist
» Beam lifetime due to beamstrahlung
e : N 1) V. Telnov, arXiv:1203.6563v, 29 March 2012
BS life time: 30 min —<0.1n a > 2;\/. slaing (oG e Lo i

G)CGZ 37/’/;

» Beamstrahlung energy spread
A=/ s (A=3)
» Beam currect limited by either radiation power or by HOM power per cavity
P ., =k(o,)eN, *2[, <2KW

*1) J. Gao, emittance growth and beam lifetime limitations due to beam-beam effects in e+e- storage rings, Nucl. Instr. and

methods A533 (2004) p.270-274.
*2) J. Gao, Review of some important beam physics issues in electron positron collider designs, Modern Physics Letters A,

Vol. 30, No. 11 (2015) 1530006 (20 pages)
3) D. Wang, J. Gao, et al, Optimization parameter design of a circular e+e- Higgs factory, Chinese Physcis C,

Vol. 40, No. 1 (2016) 017001-017007
4) D. Wang. J. Gao, eta al, Optimization parameter design of a circular e+e- collider with crab-waist, to be submitted to

Chinese Physcis C



Basic theroy of dynamic aperture in circular accelerator-1

2 r—1
P K(s) E L. 87 K, -
H=—+ +H'ng e L E (s—kL)

D)
k=—mc

Circular machine

B, = Bo(1 + by + 2?by + 2°bg + -+ + 2™ b1 + - )

A nonlinear
- G2 multipol
For one multipoleB. = Boz™ 'b,,-1  m23 uitipole
TR KB o,
" ds' ds I= 2p°B,
¥ = | T JoB(s)
& I = 18 o
=f F) n 1 ‘\ +”]
£, P B‘,;PH i n: ox x
'=3 =3 N{\ +(’r’“\__’1 l‘ 2y [ AP eA.
5 _L 1 —l]+\;JJ(I+P—“—[p_IT“]
uu.m—ﬂ == AN
i ={B-32) | -5
dJI . '(-:Hl
2rv " dy’ d'\ _ (!q_'}
X = 20 b s cos| Py ——3 — 1 oo
W P«ls) { L l"f“[,\]J g Jl - If’:pl_J]]
d'.'p] le - L
ds  daJ, Yy =¥(¥:.J1)

IT=1+ Kgsin0

Kol <1 (0.97164) Analytical DA expressions

J. Gao, “Analytical estimation of the dynamic apertures of

circular accelerators”, Nuclear Instruments and Methods in Physics
Research A 451 (2000) 545-557.



Basic theroy of dynamic aperture in circular accelerator-2

o4 Kis) 5 1 &R,

H:?—t— g +m!BgP dxm—1 L Z =4l
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Circular machine

B. = Bo(1+aby +2°by + 2 bg + - + 2™ by + )

A nonlinear multipole

For one multipoleB. = Boz™ 'b,,-1  m23
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J. Gao, “Analytical estimation of the dynamic apertures of
circular accelerators”, Nuclear Instruments and Methods in Physics Research A 451 (2000) 545-557.
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FCC-ee basic design choices

double ring e*e- collider ~100 km

follows footprint of FCC-hh,
except around IPs

A (IP)

30 mrad

FCC-hh/
134m 106m pgocter

asymmetric IR layout & optics to
limit synchrotron radiation towards
the detector

presently 2 IPs (alternative

layouts with 3 or 4 IPs under

study), large horizontal crossing J(RF)
angle 30 mrad, crab-waist optics

synchrotron radiation power 50
MW/beam at all beam energies;
tapering of arc magnet strengths
to match local energy

top-up injection scheme; requires
booster synchrotron in collider
tunnel

0.3m

D (RF)

K. Oide et al.




(FES)) Fec-ee collider parameters

parameter

beam energy [GeV] 45 80 120 182.5
beam current [mA] 1390 147 29 54
no. bunches/beam 16640 2000 393 48
bunch intensity [10"] 1.7 1.5 1.5 23
SR energy loss / turn [GeV] 0.036 0.34 1.72 9.21
total RF voltage [GV] 0.1 0.44 2.0 10.9
long. damping time [turns] 1281 235 70 20
horizontal beta* [m] 0.15 0.2 0.3 1
vertical beta* [mm] 0.8 1 1 1.6
horiz. geometric emittance [nm] 0.27 0.28 0.63 1.46
vert. geom. emittance [pm] 1.0 1.7 1.3 2.9
bunch length with SR/ BS [mm] 3.5/12.1 3.0/6.0 3.3/5.3 20/2.5
luminosity per IP [1034 cm-2s-1] 230 28 8.5 1.55
beam lifetime rad Bhabha / BS [min] 68 / >200 49 />1000 38/18 40/18




RF systems for circular e*e- colliders

t#cell/cavity | Vgeior [MV] | acc. gradient | technology
[MV/m]

SuperKEKB 30 (ARES) 1 warm Cu
8 (SCC) 1 12 6 bulk Nb

charm-tau 500 1/ ring 1 2x1 6 bulk Nb

FCC-ee-H 400 136 / ring 4 2000 10 Nb/Cu

FCC-ee-t 800 372 5 6930 19.8 bulk Nb

(addt’l)

CEPC 650 240 2 2200 19.7 bulk Nb

 all systems between 400 and 800 MHz, various technologies,

« preference for SC cavities,

 FCC-ee RF system optimized for each working point, CEPC features single
system

M. Benedikt Overview Future Circular Colliders, EPPSU, Granada



FCC-ee RF cavities — optimized for each running mode

.~ Z-pole FCC-ee:
L 116 single-cell
ppg.  cavities (collider
M + booster)

Z running:
single-cell cavities,
400 MHz, Nb/Cu at
4.5 K,

like LHC cavities

tt FCC-ee: 396

tt running:

five-cell cavities, four-cell 400
800 MHz bulk Nb at 2 K, MHz + 852
prototyped at JLAB, five-cell 800
added to 400 MHz VI Hz e
cavities
Nb/Cu four-cell cavities Oet. 20174 (collider +
at4.5 kK, F. Marhauser et
similar to LEP-2 cavities ‘ A booster)




RF R&D activities — towards higher efficiency

Several R&D lines aim at improving performance and efficiency and reducing
cost:
* Improved Nb/Cu coating/sputtering (e.g. ECR fibre growth, HiPIMS) Az
« New cavity fabrication techniques (e.g. EHF, improved polishing, seamlﬁff’:}:,» R

« Coating of A15 superconductors (e.g. Nb;Sn)

- Bulk Nb cavity R&D at FNAL, JLAB, Cornell, also KEK and CEPC/IHEP &
* High efficiency klystrons (e.g. COM, BAC, CSM) — synergy with HL-LHC s
« MW-class fundamental power couplers for 400 MHz |

Subtracting 0.5 nQ due to NC

Qol2K) .
v LI Lo n 5 ok fonge [@ rrecuice | ___mesowe |
Bres= 50 mG Bpaak [I'I"IT]
$56688804 . 0.2 40 60 8 100 120
% fe] B ; T=23K j
800 MHz 5-cell T —]
. 10° D g
quench ||m|t e s e 42 ,.._‘; St e ] l/l
" = : S S 80% | Klystron R&D - FCC CS
\ 0 E T I .l O - S . N SO
Regime of E,. I o —
requirements EL, MV
. 108 19./.20.7..30....4Q". 50.. 60,70
in FCC-ee, N R R - B TV I M V'
LHeC, PERLE Eacc MV/m]
Highest field ever reached by a Nb/Cu
0 5 10 15 20 25 30 35 cavity
Eacc (MV/m)

M. Benedikt Overview Future Circular Colliders, EPPSU, Granada



((FES)) Fcc-ee luminosity versus energy

luminosity [103¢ cm2s1] (21Ps)

1000 ¢
Z
91 GeV
100 -
r .
ZH
H s-channel N 240 GeV
160 GeV
10 |
ttbar
350-365 GeV
1 |
80 160 220

c.m. energy [GeV]




FCCee injector complex

FCC-ee

98 km Top-up Booster —»

Super Proton
Synchrotron

98 km Future Circular
electron-positron Collider

<4—— Damping Ring

Beam Transfer Line

|

4.46 GeV e- hits the (hybrid) target

not to scale!

1.54 GeV e+

SLC/SuperKEKB-like 6 GeV linac
accelerating; 1 or 2 bunches with
repetition rate of 100-200 Hz

same linac used for e+ production @
4.46 GeV et beam emittances reduced
in DR @ 1.54 GeV

injection @ 6 GeV into Pre-Booster
Ring (SPS or new ring) & acceleration
to 20 GeV - or alternatively 20 GeV
linac

injection to main Booster @ 20 GeV
and interleaved filling of e*/e-

( <20 min for full filling) and
continuous top-up

|. Chaikovska, O. Etisken, P. Martyshkin, S. Ogur, K. Oide, Y. Papaphilippou




Tunnel integration in arcs

FCC-ee
_ :-55’oamu|5_5 m inner diameier _23500 1__;}_5:!1

3670

CERN Future Circudar Collider Study
Michael Benedikt
7 FCCW 2019, 24 June 2019, Brussels

FCC-hh

3670

22



FCC-ee el. power consumption [MW]

45.6 80 120

Beam energy (GeV) 7 W ZH

RF (SR =100) 163 145

Collider cryo 1 9 14 46
Collider magnets 4 12 26 60
Booster RF & cryo 3 4 6 8
Booster magnets 0 1 2 5
Pre injector 10 10 10 10
Physics detector 8 8 8 8
Data center 4 4 4 4
Cooling & ventilation 30 31 31 37
General services 36 36 36 36
Total 259 278 282 359




FCC-ee (£, W, H, t): capital cost per damain

Construction cost phase1 (FCC-ee) is 11,6 BCHF
- 5,4 BCHF for civil engineering (47%)

- 2,2 BCHF for technical infrastructure (19%)

- 4,0 BCHF accelerator and injector (34%)

B Chll E i ing SO0 MCHF, 4T% u Tachnkal efraatnoclin 20 MCHF, 198

Construction cost phase 2 (FCC-hh) is 17,0 BCHF.

- 13,6 BCHF accelerator and injector (57%) FCC-hh - combined mode: capital cost per domain
- Major part for4d,700 Nb,;Sn 16 T main dipole magnets, e
totalling 9,4 BCHF, targeting 2 MCHF/magnet. e

- CE and Tl from FCC-ee re-used,
0,6 BCHF for adaptation

- 2,8 BCHF for additional TI, driven by cryogenics

(Cost FCC-hh stand alone would be 24,0 BCHF.) e oo

CERN Futwre Circular Collider Study
[T Michael Benedikt
FCCW 2019, 24 June 2019, Brussels




FCC-ee RF staging scenario

three sets of RF cavities:

“Ampere-class” machine

N « high intensity (Z, FCC-hh): 400 MHz
WP | V4[GV] #bun?ﬁh\ lpeam [MA] mono-cell cavities (4/cryom.), Nb/Cu, 4.5
z | o1 16640 | (1390 | K
- 0.44 5000 147 « higher energy (W, H, t): 400 MHz four-cell
' cavities (4/cryomodule), Nb/Cu, 4.5 K
e B = ' machi lement: 800 MHz fi
* tt machine complement: z five-
b . .
t ag\%w 8 > cell cavities (4/cryom.), bulk Nb, 2 K
\
] - ] * installation sequence omparable to LEP ( = 30
“hlgh-gt‘adlent” machine cM /shutdownq} ' (
W H nudoun  £E, tt,

s L Y B A

7 - A 9 u 3

b B - b X
A B % A 9 A Y
» 2 Y 4

y 4 Y ;

P Y 4 y & .

Tl y A y A 4

Machine 26 R {zsm |;42M Ln ey 19 T
Booster 3 T 10 R 21 [ 100 20

O. Brunner time (oper;tion years)




FCC integrated project technical schedule
B BB BB B s Bl 5] 15years J35m37m39m41m43[ - 25 years ]

LHCrun3 |[ Ls3 LHCrun4 J(Ls4){ LHCrun5 J(Ls5)[  LHCrun6 Slageliel operation

(" Project preparation &
administrative processes || Permis- Update

Funding & governance sions
. strategy

Permission,
Funding

Geological investigations,

FCC-ee dismantling,
infrastructure detailed design

Tunnel, site and technical CE & infrastructure

infrastructure construction

and tendering preparation adaptations FCC-hh
e N/ N FCC-hh N R
. . FCC-ee accelerator construction, accelerator R&D FCC'h.h acpelerato_r
FCC-ee accelerator R&D and technical design . : U . construction, installation,
installation, commissioning and technical commissionin
J\_ J U design J 9
e e N N N
detector FCC-ee detector FCC-hh detector FCC-hh detector
Detector R&D and . . . . 8 : . .
concept development technical construction, installation, R D, . construction, installation,
design, commissioning technical design commissioning
\_ . VAN J J
(" \( SCwireand16T
Superconducting wire and high-field magnet R&D IEEME! [0, Mot 1o lepole magnet
magnets, prototypes, series production
_ VAN preseries

FCC integrated project plan is fully integrated with HL-LHC exploitation and provides for seamless
further continuation of HEP in Europe.

M. Benedikt Overview Future Circular Colliders, EPPSU, Granada



FCC-ee Conceptual Design Report
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Next steps 2019 - 2020

« |teration of tunnel and surface structures layout and
Implementation with host states.

« Adaptation of CE, machine designs, etc. according to
Implementation optimisation.

« Following Integral Project proposal, presently focus on FCC-ee

as potential first step (awaliting strategy recommendation).
« Review and more detailed design for FCC-ee injector concept
- Detailed design of technical infrastructure for FCC-ee

Preparation of EU H2020 DS project (INFRADEV call
November 2019), focused on preparations for infrastructure
Implementation.

Future Circular Collider Study
\ Michael Benedikt
o FCCW 2019, 24 June 2019, Brussels



C(ECCY)  Next steps 2020 - 2026

2020/21 — 2025/26 project preparation phase
(if supported by EPPSU and CERN Council)

« Project preparatory activities with host states (landplot identification and
acquisition plan, sector plan, EIA, “debat publique”, and study management

« Civil engineering site investigations and construction tender planning

« Technical design towards CDR++/TDR (ATS) (Accelerators, technology,
technical infrastructure)

- Development of financing and governance models for project and operation
phases including international in-kind contributions (CERN Council and
Directorate).

All 4 activities aim at reaching a level by 2025/26 allowing a
definitive project decision.

Future Circular Collider Study
) Michael Benediki
o FCCW 2019, 24 June 2019, Brussels
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The Next Step for FCC-ee (4 IP, final quads)

K. Oide (CERN)

Many thanks to M. Benedikt, A. Blondel, P. Janot, K. Ohmi, D. Shatilov, Y. Suetsugu, M. Tobiyama, F.
Zimmermann, and all FCC-ee collaborators.

June 26, FCC Week 2019 @ Brussels



4 |P: layout with perfect period-4 G

< Equal spacing between IPs: FCCee_t_79 10.sad
1005_ I T Tt Iﬁ_‘
+ Otherwise more than 4 bunches couple together. £ af | mthy
é’_ 60;— .
< Complete period 4 periodicity, including the RF (at least at ttbar): S :Zép’ﬂ( ' L Y}&
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E 200}
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< Thus the tunnel geometry deviates from the CDR and the current FCC-hh.
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Tentative Summary (G2

At least two issues (4 IP’ and final quads) have been addressed to go to the next step
of FCC-ee beyond the CDR.

4 IP scheme looks acceptable so far: See D. Shatilov’s presentation on the expected
beam-beam performance and the luminosity.

4 IP will have a huge impact on the layout, FCC-hh design, many components such
as RF, injection, beam abort, polarimeter, etc.

Attention is necessary on the robustness of the final quads and solenoids against
beam losses.

Detailed design studies on various components must be done, after the above
issues are fixed. Some items which are not much affected by the number of IP’s can
be started now.
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CEPC Accelerator Chain and Systems

10 GeV

L=1.2km

Electron

Positron C=100km

Three rings in the same channel:
» CEPC & booster
> SppC

The key systems of
CEPC:

1) Linac Injector
2) Booster

3) Collider ring
4) MDI

5) Civil Eng.

SppC

5) Civil Eng.

TUNNEL CROSS SECTION OF THE ARC AREA

3) Main Ring

2) Booster

Energy Ramp
10 ->45/120GeV

11111

100 7/ \
2.00 4

00 6.00 800 1000 12.00

C=100km

2P

45/120

GeV
CEPC Booster
CEPC Collider

4) Detector Machine
Interface (MDI)



Collider Schemes vs Luminosity Potentials

Machine CEPC CEPC CEPC CEPC
Single  PDR APDR  FPDR
20" "*‘I*ii* ~
CDR Altefnative CDR Baseline
15 7 Key Iim:itations: I
' ! Sawtootih effects |
. Beam loading | CDR luminosity
. Dynamic apertures : bottom line
| | —
. N R e NN R -2 =1
1032 1033 1034 | 1033 Lem =s
Luminosity H 10732 (102GeV) <~2*10734 >2~5*10"34 (cmA-2s7-1)

Luminosity Z 10132 <~1*10734 >100"10"34 (cm”-2s”-1)



CEPC CDR Baseline Layout

Booster :

CEPC collider ring (100km)

, EBTL

Electron By-pass Transport Line

444444444444 44 R R LR LK EKERIRERERIREKRK

44 4944
10 GeVv
[ } e B
21 MV/m
4 GeV
e S i 21 (3) Klys. 84 Accel. Stru. 3Klys. 6 Accel. Stru. 19(3) Klys. 76 Accel. Stru. 29 (4) Klys. 116 Accel. Stru.
or electron -
1 nC for positron
ESBS FAS PSPAS SAS TAS

CEPC Linac injector (1.2km, 10GeV)



CEPC CDR Parameters

Higgs /4 Z (3T) Z (2T)
Number of IPs 2
Beam energy (GeV) 120 | 80 45.5
Circumference (km) 100
Synchrotron radiation loss/turn (GeV) 1.73 | 0.34 0.036
Crossing angle at IP (mrad) 16.5X2
Piwinski angle 2.58 7.0 23.8
Number of particles/bunch N, (1010) 15.0 12.0 8.0
Bunch number (bunch spacing) 242 (0.68us) 1524 (0.21ps) 12000 (25ns+10%gap)
Beam current (mA) 17.4 87.9 461.0
Synchrotron radiation power /beam (MW) 30 30 16.5
Bending radius (km) 10.7
Momentum compact (10-5) 1.11
B function at IP £.*/ £,* (m) 0.36/0.0015 0.36/0.0015 0.2/0.0015 0.2/0.001
Emittance &/¢, (nm) 1.21/0.0031 0.54/0.0016 0.18/0.004 0.18/0.0016
Beam size at IP o, /0, (Um) 20.9/0.068 13.9/0.049 6.0/0.078 6.0/0.04
Beam-beam parameters &/&, 0.031/0.109 0.013/0.106 0.0041/0.056 0.0041/0.072
RF voltage Vi (GV) 2.17 0.47 0.10
RF frequency f zr (MHz) (harmonic) 650 (216816)
Natural bunch length o, (mm) 2.72 2.98 242
Bunch length o, (mm) 3.26 59 8.5
HOM power/cavity (2 cell) (kw) 0.54 0.75 1.94
Natural energy spread (%) 0.1 0.066 0.038
Energy acceptance requirement (%) 1.35 0.4 0.23
Energy acceptance by RF (%) 2.06 1.47 1.7
Photon number due to beamstrahlung 0.1 0.05 0.023
Lifetime _simulation (min) 100
Lifetime (hour) 0.67 1.4 4.0 | 2.1
F (hour glass) 0.89 0.94 0.99
Luminosity/IP L (103%cm2s1) 2.93 10.1 16.6 | 32.1




CEPC New Parame}e\rs for Higgs

tt [Higgs \ % Z GT) |z Q1)
Number of IPs / \ 2
Beam energy (GeV) 175 [ 120 \ | 80 45.5
Circumference (km) I \ 100
Synchrotron radiation loss/turn (GeV) 7.61 [ 1.68 \l 0.33 0.035
Crossing angle at [P (mrad) 16.5X2
Piwinski angle 0.91 3.78 8.5 27.7
Number of particles/bunch N, (1010) 24.15 17.0 12.0 8.0
Bunch number (bunch spacing) 34 (4.9us) 218 (0.76us) 1568 (0.20us) 12000 (25ns+10%gap)
Beam current (mA) 3.95 17.8 90.4 461.0
Synchrotron radiation power /beam (MW) 30 30 30 16.5
Bending radius (km) 10.7
Momentum compact (10-5) 0.91
B function at IP £.*/ B,* (m) 1.2/0.0037 0.33/0.001 0.33/0.001 0.2/0.001
Emittance /g, (nm) 2.24/0.0068 0.89/0.0018 0.395/0.0012 0.13/0.003 0.13/0.00115
Beam size at IP o, /o, (um) 51.8/0.16 17.1/0.042 11.4/0.035 5.1/0.054 5.1/0.034
Beam-beam parameters /&, 0.077/0.105 0.024/0.113 0.012/0.1 0.004/0.053 0.004/0.085
RF voltage V- (GV) 8.93 2.4 0.43 0.082
RF frequency f rr (MHz) (harmonic) 659 (216816)
Natural bunch length o, (mm) 2.54 2.2 2.98 242
Bunch length &, (mm) 2.87 3.93 5.9 8.5
HOM power/cavity (kw) 0.53 (5cell) 0.58 (2 cell) 0.77 (2 cell) 1.94 (2 cell)
Energy spread (%) 0.14 0.19 0.098 0.080
Energy acceptance requirement (%) 1.57 1.7 0.90 0.49
Energy acceptance by RF (%) 2.67 3.0 1.27 1.55
Photon number due to beamstrahlung 0.19 \  0.104 | 0.050 0.023
Beamstruhlung lifetime /quantum lifetime* (min) ~ 60 \ 30/50 I >400
Lifetime (hour) 0.7 \ 0.22 / 1.2 3.2 2.0
F (hour glass) 0.89 \ 085 / 0.92 0.98
Luminosity/IP L (103cms-) 0.38 \s5s2 / 14.5 23.6 | 377

*include beam-beam simulation and real lattice




Lattice design with luminosity of 5 X 10°*/cm?/s  Higgs |

Fit parameter list with luminosity of 5 X 10°* /cm? /s
— Smaller emittance and By at IP lead to larger chromaticity

— Stronger optimization and stricter hardware requirement should be made to
get enough dynamic aperture

Optimization of the quadrupole radiation effect

— Interactionregion: longer QD0O/QF1

— ARCregion: longer quadrupoles
Reduction of dynamic aperture requirement from injection

— Straight section region: larger Bx at injection point
Maximization of bend filling factor to increase single bunch charge

— ARCregion: sextupoles in two rings changed from staggered to parallel; The
left drifts are used for longer bend.

— RF region: shorter phase tuning sections



= Lattice design with luminosity of 5 X 1034/cm? /s  Higgs && ?e

* An preliminary optics fulfilling requirements of the new parameters list, geometry, photon
background and key hardware was got.

* For the tt mode
* Space in the RF region left for extra cavities
* Magnet strength are in the limit except the SC magnets

* Lower the FD strength and increase beta functions at IP to make pole-tip field and
beam-stay-clear region of the FD not larger than the ones of Higgs mode

O W S —— . —
Circumference=100,001 | '
Qx/Qy=3_91 .11/393.22

= Magnets parameters for Higgs mode

Strength Length

N QF1 63 T/m 2.0m
- BOS 362 Gauss 5%5.179m

BOL 362 Gauss 5%5.499m




CEPC vs FCC-ee: Z (2T)
/\

CEPC-CDR CEPC-30MW CE/C—.? QV w FCC-ee

Number of IPs 2 2 / 2 \ 2
Energy (GeV) 45.5 45.5 [ 455 45.6
Circumference (km) 100 100 | 100 100
SR loss/turn (GeV) 0.036 0.036 | 0036 0.036
Half crossing angle (mrad) 16.5 16.5 | 16.5 15
Piwinski angle 23.8 27.9 33.0 28.5
N,/bunch (1019) 8.0 12.0 15.0 17
Bunch number 12000 14564 (20.6ns+10%gap) 15000 16640
Beam current (mA) 461 839.9 1081.4 1390
SR power /beam (MW) 16.5 30 38.6 50
Bending radius (km) 10.7 10.7 10.7 10.76
Momentum compaction (10-5) 1.11 1.11 1.11 1.48
Lip Xy (m) 0.2/0.001 0.2/0.001 0.2/0.001 0.15/0.0008
Emittance x/y (nm) 0.18/0.0016 0.18/0.0016 0.18/0.0016 0.27/0.001
Transverse o (um) 6.0/0.04 6.0/0.04 6.0/0.04 6.4/0.028
EJEJTIP 0.004/0.079 0.004/0.093 0.004/0.098 0.004/0.133
Vep(GV) 0.1 0.10 0.10 0.1

f zr (MHz) (harmonic) 650 650 650 400
Nature bunch length o, (mm) 2.42 2.42 2.42 3.5
Bunch length o, (mm) 8.5 10.0 11.8 12.1
HOM power/cavity (kw) 1.94 (2cell) 2.29 (1cell) 3.15 (1cell) ?
Energy spread (%) 0.08 0.1 0.115 0.132
Energy acceptance (DA) (%) 1.5 0.6 0.7 1.3
Energy acceptance by RF (%) 1.7 1.7 \ 1.7 1.9
Lifetime by rad. Bhabha scattering (hour) 2.9 \ | 1.13
Lifetime (hour) 2.5 2.0 \ 18 1.0

| L,,/TP (1034cm2s1) 32.1 74.5 \ 1016 / 230
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CEPC Collider Ring SRF Parameters

New machine parameters CDR (2-cell) HL-Z (new2) (1-cell) HL-Z (2-cell)

20190226 Performance Limits & Risks

SRF parameters 20190301 H W zZ H W Z (a) Z (b) z

Luminosity / IP [10%* cm2s™] 2.93 10.1 32.1 2.93 10.1 74.5 74.5 74.5

SR power / beam [MW] 30 30 16.5 30 30 30 30 30 — : H Mode : —
RF voltage [GV] 217 0.47 0.1 217 0.47 0.1 0.1 0.1 -

Beam current / beam [mA] 17.4 87.7 460 17.4 87.7 838 838 838 Inner Ring Tnner Ring
Bunch charge [nC] 24 19.2 12.8 24 19.2 19.2 19.2 19.2 outer Ring W & Z Mode Outer Ring
Bunch number / beam 242 1524 | 12000 242 1524 | 14564 | 14564 14564 =:J':><_|::

Bunch length [mm] 3.26 5.9 8.5 3.26 5.9 10 10 10 == e
Cavity number (650 MHz) 240 | 2x108 | 2x60 240 |2x120(2x120| 2x 60 2x120 Smart by-pass could be a better approach than 1-cell.

Cell number / cavity 2 2 2 1 1 1 1 2 Common 1-cell for Z & H/W necessary or different cavity?
Idle cavities on line / ring 0 12 60 0 0 0 60 0 Z 2x60 symmetry detune parked half cavities for FM CBI
Cavity gradient [MV/m] 20 9.5 3.6 40 17 3.6 7.2 1.8 Current status: ~ 10 MV/m in storage ring. Field emission
Qo for long term operation 1.5E10 | 1.5E10 | 1.5E10 | 3E10 3E10 3E10 3E10 1.5E10 ~ 1E9 in storage ring. Field emission. Magnetic shield
Input power / cavity [kW] 250 278 275 250 250 250 500 250 ~ 300 kW in storage ring. Window events and damages
Klystron max power [kW] 800 800 800 800 800 800 1400 800 Klystron max power limit: 1200 kW? KLY # & $

Number of cavities / klystron 2 2 2 2 2 2 2 2 Avoid RF power source reconfiguration

HOM power / cavity [kW] 0.57 0.75 1.94 0.29 0.37 2.28 2.28 4.57 HOM coupler capacity (not HOM power per cavity) : 1 kW
Optimal QL 1.5E6 | 3.2E5 | 4.7E4 | 3.1E6 | 5.8E5 | 2.6E4 | 5.2E4 1.3E4 Coupler variation range, coupler kick to beam

Optimal detuning [kHz] 0.2 1.0 17.8 0.1 0.5 32.3 16.1 64.6 Fundamental mode coupled bunch instability

Wall loss / cavity @ 2 K [W] 25.6 5.9 0.9 25.6 4.8 0.2 0.9 0.2 Field emission will drastically increase the cryogenic load.
Total cavity wall loss [kW] 6.1 1.3 0.1 6.1 1.2 0.05 0.05 0.05 (cryogenic wall loss in two rings)
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CEPC SRF Technology R&D Status

CEPC 650 MHz 2-cell cavity by HERT

CEPC 650 MHz 2-cell cavity by OTIC
+ Qof 1# » Qof 2#
Q = Radiation of 1# » Radiation of 2# Radiation (uSv/h)
: : 10000
E e ICEPC spec—
AA AR L Adda |y o ?"’x. ] 1000
TAla A '0 '
: - @;A ey
Multipacting * l“'b ™
x CEPC long-term 1
operation =
] - 10
-
I 1
| |
= e mrtow o1
X
1 1! I 1 1 T | S S S SN SN S S _— ! ! L L 0_01
0 5 10 15 20 25 30

CEPC 650 MHz 5-cell cavity with
waveguide HOM coupler by HERT

650 MHz 2-cell cavity (BCP without
Nitrogen-doping) reached 3.2E10 @ 22
MV/m (nearly reached CEPC collider
cavity vertical test spec 4E10 @ 22
MV/m)

Nitrogen-doping and EP on 650 MHz
cavity under investigation.

EP facility under commissioning.



650 MHz 1-Cell Cavity (Large Grain)

* 650 MHz 1-cell cavity (large grain) is favorable for HL-Z, which have higher Q and gradient
than fine grain.

 Target of Vertical test: 5E10 @ 42MV/m at 2.0 K.

* Four cavities are under fabrication now, which will be tested in the middle 2019.

Large grain Nb sheets made by OTIC
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High Q and High Gradient R&D (650 MHz FG)

Accelerating gradient (Eacc) reach 36.0 MV/m, Q =5.1E10 @ Eacc =26 MV/m.
Next, increase the Q and Eacc through N-doping, EP, etc. Target: SE10@42MV/m for vertical test.

11

10" ¢

10

10 |

Record highest Q-factor in China

5 10 15 20 25 30 35 40
Eacc (MV/m)

10 20 30 40 50 60 70 80
Epeak (MV/m)
L 1 n 1

L " L 1 1 1 1 L 1 n
22 44 66 88 110 132 154 176

Bpeak (mT)

] ' | ' | — : /I/
...nn""““ .,.n.. ‘_iCEPC spec
/ % ] (1-cell)
CEPC spec @ )
Multipacting (2 cell) o.
____________________________________________________ . —
. :
only BCP, no EP
o or N-doping

650 MHz 1-cell cavity

N-doping + EP will increase the 650 MHz
cavity performance in near future
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IHEP High Q and High Gradient R&D (1.3 GHz LG)

IHEPFG #3 (1st_meas.)

ChinaLLG#1 (3rd&4th meas.) (Ref. for IHEP LG)  2008/03/08 Sat.

1E11 —_— 1E11 o T T
4 3rd—] o X_my‘ — e IHEPFG#3
Ky A’;ﬂmmﬂ +  4th— W‘% — IHEPLG#2_Sth ]
AL® {mk' : '. * -
1E10 i 1‘:4&""’% 1E10 %
=4 4th: Eace=47.90MV/m) —| o "\
Q0=1.0E10@2.00 K ] Eacc=35.70 MV/m L]
1E9 Limited by PLL _ 1E9 Q,=2.34e+9@2K
1 i I i Liminted by Quench
—HPR(UPW@Nomura, 1/15)after replacement i i i i
| (b2 flterfl/13) 1 Rashing Shos, CBP@IHEP+C]‘3P(175‘ um)JlCP(I;O)+Anealing
i TO,CZ‘%mfppb’lBacte,“a:ST“ 1CP(10)+HPR+Baking+V. T@KEK
g i - i e o B0 T 20 30 40 50
® 1,02 Heavy N-doping 20190110 L01 Heavy N-doping 20181222 Eacc [MV/m] E [MV/m]
# L03 Light N-doping 20181227 104 No N2 20181222
LE+11 SE » Alternative cavity material for SHINE project. N-doping on LG
Dt 8 st § Soem shows promising results. Three LG single cell cavities in fabrication.
2AVHNNGECC 600000000 00000040
HH » All previous IHEP 1.3 GHz single cell cavities were CBP treated and
< 1E+10 Baseline cav. SHINE specifications got very high gradient. We have many experience. 9-cell large grain
QO: 2-3E+10 . - .
Gy it 1T Pi mode ~ 20 MV/m with several cells exceeds 35 MV/m.
el btk . Try_hlg_h gradient W|’Fhout CBP first. And recover CBP machine and
LE+09 recipe in the same time.
0 5 10 15 20 25

Eacc (MV/m) 46
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IHEP High Q and High Gradient R&D (1.3 GHz FG)

IHEP 1.3GHz single cell cavities vertical test at 2.0K
2222 & DR G

41E10@19.3/m

e2%%

MER1.3CGHZES

4 HNF-51_20180629
HNF-52_20180720
HNF-52_20181126 EP30um

HNF-52_20190128_N-infusion

% HTF-S3_20190425_N-doping
HTF-S5_ 20190517

M HTF-S6_20190418

= HTF-S6_20190528_EP60um

i HNF-57_20190425

= HNF-S7_20190527 EP30um

& HNF-S8 20190425

0

A
=] H & . aaon © 86
g e g B -.g.”‘ & ‘f'gdé Lo =]
@ gﬁﬁ ERP BBia B OB T F

2 10

15 20 25
Gradient[MV/m]

ERNQERSRY

=]

30

35

40

1.E+05

1.E+04

1.E+03

1.E+02

1.E+01

1.E+00

1.E-01

Radiation [uSv/hr]

All IHEP-made 1.3 GHz 1-cell cavities.
All vertical tests at IHEP.

Highest Q (4E10 at 16 MV/m) achieved
by EP and N-doping at KEK.

Highest gradient (38 MV//m) achieved by
improving (but not optimized) OTIC’s
simple EP and post-EP cleaning and
improving clean assembly at IHEP.

Aiming for gradient frontier (1-cell > 45
MV/m and 9-cell > 40 MV/m) by optimizing
cavity EBW and IHEP’s new EP tool, and
using Kyoto camera and TMAP.

Aiming for Q frontier (with high gradient)
by N-doping with IHEP’s new furnaces
and new recipe, and fundamental
mechanism research.
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Courtesy: Anna Grassellino
- TTC Meeting, TRIUMF, Feb., 2019

State of the Art in High-Q and High-G (1.3 GHz, 2K)

o — & . N-doping (@ 800C for ~a few min.)
T N-doping ¢ — Q>3E10, G = 35 MV/m
1 M‘ B B00CHT . B k / N
i 7o aking w/o
- .-:'-‘:'.’-‘.n,,::;mn’.':::':'.-n Baking — Q>1E10, G =49 MV/m (Bpk-210 mT)
7] A . .
o 1o ""':‘*--:?"53.'1‘5&1400 « N-infusion (@ 120C for 48h)
i " _ Q>1E10, G = 45 MV/m
N- .
Baking infusion * Bakingw/o N
120C _ Q>7E9, G = 42 MV/m
“EP - EP (only)
9 ~ Q>1.3E10, G = 25 MV/m
10 0 lIO 210 3I0 4|0 50

Eacc(MV/m)

* High-Q by N-Doping well established, and
* High-G by N-infusion and Low-T baking still to be understood and reproduced, worldwide.

A. Yamamoto, 190513a 48



IHEP SHINE 1.3 GHz 9-cell cavities (BCP)

IHEP 1.3GHz-9cell cavity (BCP) VT at 2K 1.E+05

- ﬂﬂ
s 1.E+04
. .f. . :Z;Lj_l 4 & & 4 A 2
A m i 1 & i .1L A J.'LT."E é ik 1“
A A A A A . P
““ﬁﬁﬁaaa;fim 1.E+03
1.E+10
¢+ Target &

HTF-N1_20181228
A HTE-N2 20181228 i _ r 1.E+02
A HTF-N1_20190103 :
A HTF-N2_20190105

HTFN1_20190121 at PKU 1.E+01
4 HTE-N1_HV_20190529

Radiation [uSv/h]

1.E+00

1E409 L 428ad Bk L & of Sa R s T4 % Ta & Bas fan 1.E-01
0 5 10 15 20 25
Eacc [MV/m]
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High Efficiency 650Mhz Klystron Development

Single beam klystron@110kV/9.1A

Gain:4927d8  '”

Pout: 856.324 kW -
H
é

C.Eff: 9942%

K Eff: 86.05% "
Total 8555%
Error:  0.53%

Cavity Voltages
1 12339kvV
2 206410kV

3 178614k
4 140035kv 3
5 153248V §
6 267462kV

7 1346680 kV

w
g 1o
V120

| ¥ 100

s 00

200
180
> 160 -
0

3 80
60

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Z (mm)

Multi-beam klystron@8 beams

AJDISK code/Efficiency 85.6%MSYS-2.5D/Efficiency 81.47%. #-

CST-3D/Efficiency>78%

Cavity detailed design



1st Klystron Prototype Manufacture

@® Components

Modulator
anode

Input coupler

Pumping out pipe

’i._- iy - [ = r- ,

Gun support

Output window
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Beam Polarization Considerations at CEPC-Z

Off-axis injection

Off-axis injection

Positron\Ring

RF station

Spin rotators

_EBTL

Electron By-pass Transport

Al 1144 44444444444 4

= 111 [
| o z2wwm / yicew NN
4GeV - . 2

1 MV/m

LLL AL 10 Gev
i I il I M o At a0 oo

4GeV

19(3) Klys. 76 Accel. Stru. 29 (4) Klys. 116 Accel. Stru.

SAS TAS

21(3)Klys. 84 Accel. Stru. 3Klys. 6 Accel. Stru.

" ESBS FAS PSPAS

* Minimal inclusion of beam poifarization @ Z-pole

« Comprehensive inclusjon of beam polarization @ Z-pole
« Resonant Depolarization for energy calibration + polarized e+e- colliding beams
» Dedicated polaypization wigglers (not necessary), rf depglarizer, polarimeter in the storage ring
» Polarized e- gn, low energy e+ damping/polarizing ring (optional)
» Siberian snake in the booster
« Spin rotators in the storage ring and the injector chain



CEPC Self Polarization at Z-pole with Asymmetric Wigglers

® Special wigglers to speed up self-polarization:

AE, Py
N, B, L, B. L. :g u AL 71
P
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- Collider ring :
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5% is enough for energy calibration.



Experimental Verification Planfor CEPC Plasma Injector Scheme

RF Gun
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A dedicated budget of 8Million has been alocated by IHEP

= lincl = 24

RFGun 300 MeV

240 MeV

5.15x101¢
6.47
10
285
10

emittance
10

1.25
10
35

emittance
100

455

emittance
98.9
3.55
0.7
68.6%

Damping
Ring

10 GeV 45 GeV

v

45 GeV

Plasma linac |

—

Plasma linac Il

Linac?

700 MeV

40GeV 120GeV

ef

_’eT
+

Plasma linac

et

120GeV

G S-band BC
Lﬂ = -band C-band
|
Drive laser Linac

® Electron plasma acceleration will be tested in Shanghai's Soft XFEL

Facility

® Positron plasma acceleration scheme will be tested at FACET-II at

SLAC

FEL@8.8nm
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CEPC Main Tunnel and Auxiliary Tunnel-1
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CEPC Main Tunnel and

Auxiliary Tunnel-2
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CEPC Power for Higgs and Z

Location and electrical demand(MW)

System for Higgs Total
(30MW) Ring |Booster| LINAC| BTL | 1R |22 | (Mw)
building
1 RF Power Source 103.8 0.15 5.8 109.75
2 Cryogenic System 11.62 0.68 1.72 14.02
3 Vacuum System 9.784 3.792 0.646 14.222
4 Magnet Power Supplies 47.21 11.62 1.75 1.06 0.26 61.9
] Instrumentation 0.9 0.6 0.2 1.7
6 Radiation Protection 0.25 0.1 0.35
7 Control System 1 0.6 0.2 0.005 0.005 1.81
8 Experimental devices 4 4
9 Utilities 31.79 3.53 1.38 0.63 1.2 38.53
10 General services 7.2 0.2 0.15 0.2 12 19.75
Total 213,554 | 20.972 | 10.276 | 1.845 7.385 12 ( 266.032
266MW
Location and electrical demand(MW)
System for Z Surface Total
Ring |Booster|LINAC| BTL IR . (MW)
building
1 RF Power Source 57.1 0.15 5.8 63.05
2 Cryogenic System 291 0.31 1.72 4,94
3 Vacuum System 9.784 3.792 0.646 14.222
4 Magnet Power Supplies 9.52 2.14 1.75 0.19 0.05 13.65
5 Instrumentation 0.9 0.6 0.2 1.7
5] Radiation Protection 0.25 0.1 0.35
7 Control System 1 0.6 0.2 0.005 0.005 1.81
8 Experimental devices 4 4
9 Utilities 15.95 2.22 1.38 0.55 1.2 25.3
10  |General services 7.2 0.2 0.15 0.2 12 19.75
Total 108.614 9.812 10.276 | 0.895 7.175

12 ~1148.772

149MW
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Total cost of CEPC: 5Billion

USD



CEPC Timeline
CEPC Project Timeline
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Construction SPPC
(2022-2030) Alternatives: ep/eA

* 2015.3 Release of Pre-CDR

* 2018.2 15t 10 T SC dipole magnet built * 20 T dipole magnet R&D with Nb;Sn+HTS or HTS

* 15T SC dipole magnet & HTS cable R&D

|

|

|

1

Government Approval i 1_-- :

§" * 2019-2021 Big Science cultivation : i
c . . _ Operation "
o * Site selection, geological surveys I
8 and civil engineering design :
T * Key technology demonstration & :
w system verification + 2022 MoU, international collaboration |
|

E * 2021 Release of Acc. TDR * 2023-2027 Tunnel & infrastructure construction |
g * 2016.6 R&D funded by MOST * 2022-2027 Acc. components mass production; :
ﬂ. « 2018.5 15t Workshop outside of China 2028-2030 installa‘.cio.n, a_ulignment & calibration, |
S . 2018.11 Release of CDR followed by commissioning :
« 2013.9 Project kick-off meeting i io? tDec%C;{” Ozrégjtez‘ét;gsda’;d ;e'ease Ct‘f ; :

etector 7 - etector construction,

AHCLS.1 REDH ENECH By (bR installation and commissioning :
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HTS Magnet R&D Program --



CEPC Accelerator from Pre-CDR to CDR

CEPC accelerator CDR completed in June 2018 (to be printed in July 2018)

Executive Summary i
Introduction
Machine Layout and Performance
Operation Scenarios T o
CEPC Collider
CEPC Booster

CEPC Linac

Systems Common to the CEPC Linac, Booster

and Collider

8. Super Proton Proton Collider

9. Conventional Facilities March 2015 April 2017 Mlizt?lzalittgr[r:aRtii)or:al
10. Environment, Health and Safety ) )

11. R&D Program Review in Nov. 2017
12. Project Plan, Cost and Schedule

— Appendix 1: CEPC Parameter List

— Appendix 2: CEPC Technical Component List
— Appendix 3: CEPC Electric Power Requirement _
— Appendix 4: Advanced Partial Double Ring

— Appendix 5: CEPC Injector Based on Plasma Wakefield Accelerator

— Appendix 6: Operation as a High Intensity y-ray Source

— Appendix 7: Operation for e-p, e-A and Heavy Ion Collision

— Appendix 8: Opportunities for Polarization in the CEPC

— Appendix 9: International Review Report CDR Version for International Review June 2018
Formally relased on Sept. 2, 2018:arXiv: 1809.00285
http://cepc.ihep.ac.cn/CDR_v6_201808.pdf

CEPC-SPPC CDR
(draft_v2)

Accelerator v

NN W=

CEPC
Conceptual Design Report

Volume | - Accelerator




FCCee vs CEPC

60



EPPSU
2019,
Granada
Spain

5/13/2019

Higgs Factories ' Requirement: high
e e+e- linear luminosity O(1034) at

—ILC lnput #77 the nggs energy scale

—CLIC mnput #146¢ Jsually, compared

IS, as a machine :
—-FCC-ee laput #1532 , 97 km long

—CepC  mput#s2 « SC magnets (8T)

: ,, « 150 MW power total
e U+u- circular
HTH  ~ 10 years to build

—p-HF  wmput #1220 , gt <9 LHC Unit” *

2¢ Fermilab
Shiltsev | EPPSU 2019 Future Colliders * as a project, i.e. w/o existing tunnel and injectors



Circular e+e- Higgs Factories Input #1352
FCC-ee CDR (2019)

IP (A)
30 mrad

M. Benedikt, et al., Future Circular Collider, Vol. 2:

Key facts:

100 km tunnel, three rings (e-, e+, booster)

SRF power to beams: FCCee100 MW,

CEPC 60 MW

Total site power ~300MW

Cost est. FCCee 10.5 BCHF (+1.1BCHF for tt)
CEPC 5Billion USD

5/13/2019 Shiltsev | EPPSU 2019 Future Colliders lnput #s1 arXiv:1809.00285

CepC CDR (2018)

t Fermilab



FCC-ee and CEPC - lepton energy frontier

double ring e*e” colliders as Z, W, H and t factory at E__ ,, of 90 - 365 GeV; As Higgs factory:
design luminosities 17 (6) x 1034 cm2s (2 IPs) ; B,"= 1.0 (1.5) mm; crab waist collision scheme;
beam lifetime >12 minutes; top-up injection, e* rate ~ 1x10'! /s ; CDRs complete

- FCC-ee and CEPC are part of integrated proposals
and each followed by a hadron collider with common

footprint.

« Circumference ~100 km

« Presently 2 IPs, alternatives with 3 / 4 IPs under study

- Synchrotron radiation power 50 (30) MW/beam
at all beam energies, cf. LEP2 with 11 MW/beam;
SR power/length ~factor 10 below light sources

 Top-up injection scheme requires booster synchrotron
in collider tunnel

Inside of the ring

OO [[[ L

jtm'é
&

CEPC
SppC

values in brackets
refer to CEPC

M. Benedikt Overview Future Circular Colliders, EPPSU, Granada



Key parameters of future circular e*e- colliders

Collider Beam | Peak luminosity |3 * beam Collision Beam et top-
(all double |energy |(per IP) [Mm] |current |scheme lifetime |up rate
rings) [GeV] [1034 cm-2s-1] [mA] [min] [1011/s]
SuperKEKB 4 (e*), 7 80 0.3 3600 (e*), Nano-beam <5 10
(") 2600 (e’)

BINP c-t 1-3 5-20 0.5 2200 Crab waist <10 1
HIEPA c-t 1.5-3.5 ~10 0.6 2000 Crab waist <10 1
FCC-ee (Z) 45.6 230 0.8 1500 Crab waist 68 7
FCC-ee (H) 120 8.5 1.0 29 Crab waist 12 1
FCC-ee (t) 182.5 1.6 1.6 5 Crab waist 12 0.2
CEPC (2) 45.5 32 1.0 460 Crab waist 150 1.1
CEPC (H) 120 3 1.5 17 Crab waist 26 0.2

Many similar parameters and strong synergies for design

M. Benedikt Overview Future Circular Colliders, EPPSU, Granada



llllllillOSity [1 034 CIII_ZS_I] s FCC-e CDR (2 IPs)

== |LC Baseline

¢ FCC_ee 4 IPS —@— ILC Upgrade 2019
FCC_ee 2 IPS «fe== CEPC CDR (2 IPs)
—#— CEPC Upgrade 2019 (2IPs)
; \ 160 Gev™ FCC-ee ERL *
100 F -

1000 ¢

=== CLIC Baseline 2016

ZH ’.. ZHH =li= CLIC Upgrade 2019
240GeV .. 500 GeV —@— FCC-ce monochr. H (2 IPs)
. --@ - FCC-ee (4 IPs)
)
tth
CEF C 2 I 350-36:rGev --@ - FCC-ee ERL (1 IP)
10 | :
1 .
50 500 5000

c.m. energy [GeV]

Benno List, Daniel Schulte, Dmitry Shatilov, Cheng Hui Yu, Vladimir Litvinenko, Thomas Roser



RF systems for circular e*e- colliders

#cell/cawt Viewot [MV] | acc. gradient | technology
[lVIV/m]

SuperKEKB 30 (ARES) 1 warm Cu
8 (SCC) 1 12 6 bulk Nb

charm-tau 500 1/ ring 1 2x1 6 bulk Nb

FCC-ee-H 400 136 / ring 4 2000 10 Nb/Cu

FCC-ee-t 800 372 5 6930 19.8 bulk Nb

(addt’l)

CEPC 650 120 or 240 1or2 2200 40 or19.7 bulk Nb

 all systems between 400 and 800 MHz, various technologies,

« preference for SC cavities,

 FCC-ee RF system optimized for each working point, CEPC features single
system

M. Benedikt Overview Future Circular Colliders, EPPSU, Granada



Design of low-power magnets for FCC-ee and CEPC

Twin F/D arc quad with
FCC-ee 2 X power saving

25 MW at 175 GeV

The First and the last segments — sextupole combined.

Twin-dipole design with
2x power saving
16 MW at 175 GeV

The three middle segments — dipole only.

I[]E EDI Twin F/D arc quad

with 2X power saving

\ y
< l ‘ -
= X =
N e
E{ )
= J
P
o - -
t - stainless stael

Suppo!
gnetic shielding - pure iron

Il Core -steel B Main coil-AL
Radiation shielding lead B Trim coil-AL y J ‘

Twin arc magnet
combined function
dipole with
sextupole component

power reduction by factor 2 w.r.t. single-aperture magnets

Overview Future Circular Colliders, EPPSU, Granada

M. Benedikt



FCC-eh & CEPC-SppC

Future hadron colliders will provide possibility for lepton-hadron collisions.
FCC-eh: ~60 GeV e- from Energy Recovery Linac (PERLE test facility proposal Orsay)

SppC: e-beam from co-existing CEPC in same tunnel

Loss compensation 2 (90m) Loss compensation 1 (140m)
60 GeV ERL

Linac 1 (1008m)  F—

Injector

(3142m)

Linac 2

ep Higgs factory
based on
FCC-hh & ERL

Linac 2 (1008m)

7 ™~

IP line  Detector
Matching/splitter (30m)

Matching/combiner (31m)

= 2 Linacs (Four 5-Cell 801.58 MHz SC cavities)
» 3 turns (160 MeV/turn)
= Max. beam energy 500 MeV

luminosity

~10 34 ¢cm 2§ - =7 +*BERLE TF

at Orsay

M. Benedikt Footprint: 24 x 5.5 x 0.8 m?

CEPC-SppC
* machines coexisting

* proton experiment bypasses

LSS1
(Collimtion/IP ee)

LSS8 / \ LSS2
(IP-ep) 3 e-p / A \ (RF)
detector

/SPPC
luminosity e-p
LSS7 ~5 X1 0 33 cm -2 S -1 LSS3
R (P-pp)

Injector Chain

LSSe6e N & LSS4
_ (IP-AA)

LS'SS e-p/A
(Extraction/IP ee)
detector

Y. Zhang



Technical Challenges in Energy-Frontier Colliders proposed

Lumino | AC- Value B ' Major Challenges in Technology
sity Power [Billion] [T]
[1E34] [MW]
FCC- CDR ~ 100 <30 580 24 or ~16 High-field SC magnet (SCM)
C hh +17 (aft. ee) - Nb3Sn: Jc and Mechanical stress
[BCHF] Energy management
C SPPC  (tobe 75 — 12 - High-field SCM
hh filled) 120 24 - IBS: Jcc and mech. stress
Energy management
/ FCC- CDR 0.18 - 460 — 260 - 10.5 +1.1 10~20 High-Q SRF cavity at < GHz, Nb Thin-film \.
ee 0.37 31 350 (0.4/0.8) |Coating
C [BCHF] Synchrotron Radiation constraint
Energy efficiency (RF efficiency)
C CEPC CDR 0.046 - 32~ 150 — 5 20 (~ 40) |High-Q SRF cavity at < GHz, LG Nb-bulk/Thin-
ee 0.24 5 270 (0.65) film
(0.37) [B$] Synchrotron Radiation constraint l
K High-precision Low-field magnet 4
ILC TDR 0.25 1.35 129 <53> 31.5 — (45) | High-G and high-Q SRF cavity at GHz, Nb-bulk
L update (-1) (— 4.9) (- 300) (for 0.25 TeV) (1.3) Higher-G for future upgrade
[BILCU] Nano-beam stability, e+ source, beam dump
C CLIC CDR 0.38 1.5 160 5.9 72 -100 |Large-scale production of Acc. Structure
ee (- 3) (- 6) (-580) (for 0.38 TeV) (12) Two-beam acceleration in a prototype scale
[BCHF] Precise alignment and stabilization. timing

A. Yamamoto, 190513a 69




7-10 YEARS FROM NOW
WITH PROPOSED ACTIONS / R&D DONE / TECHNICALLY LIMITED

 ILC:
« Some change in cost (~6-10%)
« All agreements by 2024, then
« Construction (2024-2033)

 CLIC:
« TDR & preconstr. ~2020-26
« Construction (2026-2032)
« 2 yrs of commissioning

N

. CepC:

« Some change in cost & power
« TDR and R&D (2018-2022)
« Construction (2022-2030)

Shiltsev | EPPSU 2019 Future Colliders

\ FCC-ee: A

« Some change in cost & power
 Preparations 2020-2029

_ Construction 2029-2039 Y,
« HE-LHC:
« R&D and prepar’ns 2020-2035
« Construction 2036-2042

« FCC-hh (w/o FCC-ee stage):

16T magnet prototype 2027
« Construction 2029-2043

o ut-ur Collider :
« CDR completed 2027, cost known
« Test facility constructed 2024-27
« Tests and TDR 2028-2035

2= Fermilab
5/13/2019



Thanks go to CEPC team,
international partners and colleageus:
M. Bendikt, F. Zimmermann,

V. Shiltsev, A. Yamomoto
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