[ ]
universite

g
/

Future High Energy
Accelerators

Barbara Dalena
CEA/DRF/Irfu/DACM, Université Paris-Saclay



Future HEP accelerators

PIP Il RHiC” eRHIC _ ool
—CEBAF EIC  pEbcy SuperkEKB

G .‘f.‘c ep;(’ i

charm-t factory
plasma acceleration ..... = not included

vy and p*u colliders
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Linear Colliders: ILC/CLIC

TDR (2012) exits
Aim at cost reduction

Crem 1 paraeers |

C.M. Energy 250 GeV
Length 20km
Luminosity 1.35 x10** cm3s1
Repetition 5Hz

Beam Pulse Period 0.73 ms

Beam Current 5.8 mA (in pulse)

Beam size (y) at FF 7.7 nm@250GeV

SRF Cavity G. 31.5 MV/m
(35 MV/m)
Q, Q, = 1x10 10

Key technology
* Nano-beam

* SRF acceleratingtechnology R
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CDR 2012 Update ‘16

ILC [ CLIC

446 klystrons
20 MW, 48 pis

drive beam accelerator

circumferences | | |
delay loop 73 m
CR1293m
CR2439m

2.5km
<| delay loop

@ decelerator, 4 sectors of 878 m

e-main linac, 12 GHz, 72 MV/m, 3.5 km

BC2
({\
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e* main linac

BC2
%

11 km
CR combiner ring
TA  turnaround
DR damping ring
PDR predamping ring
BC bunch compressor

BDS beam delivery system
IP  interaction point
E dump

e injector
2.86 GeV

booster linac
286109 GeV

et injector
2.86 GeV

N 1034 cm2s1
- G MV/m 72 72/100
Length km 11 50

Key technology
* Nano-beam

Decision by end 2018? S

B. Dalena, journée de physique

* X-band accelerating cavity

* High efficiency modulators and Klystron
* Permanent magnets

Decision by 20207
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Circular Colliders: FCC and CEPC/SppC

International FCC collaboration
(CERN as host lab) to study:

*  pp-collider (FCC-hh)
- main emphasis, defining
infrastructure requirements
~16 T= 100 TeV pp in 100 km

e ~100 km tunnel
infrastructure in Geneva
area, site specific

* e*e collider (FCC-ee),
as potential first step

e HE-LHC with FCC-hh
technology

*  p-e (FCC-he) option, IP
integration, e from ERL

CDR for EU strategy end 2018

earliest possible physics
* FCC-hh: 2043

* FCC-ee: 2039

* HE-LHC: 2040
11/22/2018

Proposal for project in China

* from pre-CDR to CDR 2017-2018

CEPC

* Main emphasis on e+e- collider
90-240 GeV

» focus on Higgs

: Schematic of an
§ 80-100km

g long tunnel

%

Hadron collider (SppC)
 tolater be installed in the same

tunnel 75 to O(150) TeV
CEPC Site Selections EEEEE-

5

“’\"’n
1) Qinhuangdao, Hebel rrovince (Compietea in 2u14)

’ ,/ earliest possible physics
y *© CepC: 2028
| ¢ SppC:2045

2) Huangling, Shanxi Province (Completed in 2017) N
3) Shenshan, Guangdong Province(Completed in 2016)

4) Baoding (Xiong an), Hebei Province (Started in August
2017) 3

5) Huzhou, Zhejiang Province (Started in March 2018)
6) Chuangchun, Jilin Province (Started in May 2018)
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Circular colliders: parameters and challenges

Leptons

Beam energy [GeV] 45.6 / 45 80/ 80 120/ 120 182.5

Peak luminosity per IP [1034 cm™ s1] 230/16.6-32.1 28 /10.1 8.5/2.93 1.55

Beam current [mA] 1390/ 461 147 / 87.9 29/17.4 5.4

SR energy loss / turn [GeV] 0.036/0.036 0.34/0.34 1.72 /1.73 9.21

Total RF voltage [GV] 0.1/0.1 0.44 /0.47 2.0/2.17 10.9

H,V geometric emittance [nm/pm)] 0.27,1.0/0.18,1.6-4 0.28,1.7/0.54, 1.6 0.63,1.3/1.21,3.1 1.46, 2.9

Hadrons = High efficient RF system, small emittance and small lifetime beam
baseline/ultimate 75 /150 TeV

Beam energy [GeV] 50/ 50 37.5/75

Peak luminosity per IP [103* cm™2 s1] 5 25 5<30 10 /

Beam current [A] 1.1 1.1 0.5 0.7 /

SR power / length [W/m/ap.] 0.33 4.6 28.4 13 /

Events/bunch crossing 132 800 170/1000 490 /

Stored energy/ beam [GJ] 0.7 1.3 8.4 9.1/

Arc dipole [T] 8 16 16 12 /24

= SR comparable to light sources, beam losses, high field magnets
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Electron hadrons colliders

New Document (early 2019):
* higher luminosity goal for Higgs

* new ep/eA physics prospects Ep [TeV] 12.5
. updates on IR Ee [TeV] 60 60 60 60
* ehinFCCstudy Vs [Tev] 1.3 1.3 1.7 35
" ehinHE-LHC . Luminosity [10%3 cm™2s] 1 8 12 15
* Low energy test facility PERLE
* Implementation of ERL at CERN ]

US options
Submissions of eh Papers to EU Strategy: *  eRHIC(BNL)
* FCCeh as part of FCC hh o * EIC(LAB)
*  LHeC with HL @ PERLE

*  PERLE technology development at Orsay

= 2 Linacs (Four 5-Cell 801.58 MHz SC cavities)
= 3 turns (160 MeV/turn)
= Max. beam energy 500 MeV at 20mA = 10 MW

[ Ve

injector 7 Mev ¥
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The U.S. Nuclear
Science
Advisory
Committee
recommends
building an
Electron-lon
Collider as the
highest priority
new facility for
the field

Electron Collider Ring

Electron Source

% 12 GeV CEBAF
Halls A, B, C
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High power protons drivers for neutrino beams

2% Fermilab

International Collaboration
2 Stage: CDO; CD1 anticipated 2018
4 Project Completion: ~2026

PIPIl @

b
PIP-1I ‘

Beam Energy[GeV] 120 120 ‘

Cycle Time[s] 1.33 1.2
Protons per pulse[le12] 49 75
Power[MW] 0.7 1.2

~la
‘,ﬂ-mas MR

Materials an‘d~ LII. Science
Experimental Facility (MLF)

=
Facility (TEF)

.- . ) -
-c
=] 181 MeV —» 400 MeV
30 mA = 50 mA
Upgraded in 2013/14

Neutrino Beamline
420+ kW(—> 750+ kW)
Main Ring (MR) -
30 GeV synchrotron

2.5s (—»1.3 s) rep. rate
(Upgrade planned 2018)
}

Rapid Cycling
Synchrotron (RCS)
3 GeV, 25 Hz

750kW 1MW 1.3MW
(proposed) (demonstrated) (proposed)
[original]
2.0x1014 4| »
[3.3x10M] 0o 2.6x1014 — 3.21(10

1.3s
[2.1s]

47
Beam Power (achieved)

# of protons/
R 2.4 x 101

Operation
cycle

248 s 1shot 1.16 s

T2K-Il Protons-On-Target Request

Method ENS
Increase repetition rate for 750kW : =~
Increase beam intensity for ; AP Sz &
>1.3MW " of -

600—

T\ T 1
¥ OB 8 5 &

Integrated Delivered Protons [102'POT)

>2022

c i I I s
25 D6 217 DIE 219 DX 20 W2 N D 25 Db AT

*  Study groups explore the possibility to use ESS and CERN-SPS as proton drivers for neutrino beams

11/22/2018
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Key R&D and challenges

Many common and some project-specific developments required

* High gradient and high efficient RF FCC-ee. CepC. ILC. CLIC
systems R

* High intensity beams (collective

effects, beam losses, etc..) FCC-hh, HE-LHC, SppC, PIP Il, JPARC MR...
* Beam Quality (Generation and ILC, CLIC, LHeC, eRHIC, EIC, FCC-ee,

preservation of low emittance

beams) FCC—he, HE-eLHC...

* High field magnets FCC-hh, HE-LHC, HL-LHC, SppC...

Not exhaustive list. In the following some selected examples, only.

The R&D are addressed in world wide collaborations, country (EU, US...) or national level
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Vertical Beam Size [nm]

Nano beams: ATF Collaboration
R N

beam parameters at IPS . C ’ THE UNIVERSITY OF TOKYO ILC’ CLIC
7.7 nm ILC 250 GeV E) -

2.9 nm CLIC 380 GeV

Institute of High Energy Physics

Chinese Academy of Scicnces

Goal 1: Establish the ILC final focus Goal 2: Develop a few nm position Gued UNIVERSITY OF
method with same optics and comparable  stabilization for the ILC collision OXFORD
beamline tolerances ® FB latency 133 nsec achieved
® ATF2Goal:37 nm = 6nm @ILC500GeV (target: < 300 nsec) .

' 7.7nm@ILC250GeV @ positon jitter at IP: 410 = 67 nm foi0 "oltvay

® Achieved 41 nm (2016) (2015) (limited by the BPM resolution)
1P Final Focus Matching Extraction Line
‘ | ‘ ‘ | Intra-train Feedback
Pulsed Laserwire OTRs (FONT)

Dimp

Final Doublet
—14iH444—F
/ R * Nano-meter

We continue efforts to achieve goal 1 and goal 2.  Stabilization at IP

Laboratwire ¢'Annacy-ls-Vieus
de Physique des Particules

£
Jnadrpole Sex e ipale Skew : e “orrector
4 . (Juadrupol . Sextupole . Dipale Skew Cuadripole . Corrector 25 - Off: 041 um
400 . I On: 0.067 um
s History of ATF2 small beam 20
300 b [ y; J
250 1 Skew Sextupole instolled Orbit Stabilization 15
200l G 5 FF sextupole i
o L 4 Skew Sextupole Instailed Skew Sextupole Modification 10 Vo | A h. ESEL?_E::TOR
4 FF Sext, I “am p—

100 \'g i B ¢ 5 P B FN\# [ £BORATORY
50 e 9 G 43nm

) %% o ® inm |

] 0

ICHEP 2018, July 7

‘ - ‘ - " 0 Je :
2010 2011 2012 & 2013 2014 215 2016 d 5 F I b
Sextupole Swapped w Position (um) v erml a
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High gradient RF: NC

X-boxes (klystron based test stand) to test cavities

4 i ! -
S G . c
Target BreakDown Rate (BDR) 3 x 10”7 pulse! m™ ;ISR
B T247singhun-KEK =,
TD24-KEK-KEK ° E, scaled to 180 ns
TD24r05#4-KEK-KEK
TD26ccN1-CERN-CERN % E0 scaled to 180 ns & BDR = 3x107/
@ T240pen-SLAC-CERN
@ TD24r05K1-KEK-KEK
B TD24r05K2-KEK-KEK E
B TD26ccN3-CERN-CERN ~—
® TD26ccN2-CERN-CERN ™ >
— B TD24R05SIiC-CERN-CERN E
E T24-PSI-CERN ]
‘0‘5 S
= 5e-05| ~ .
o [ ]
ary
0: 1e—05 F —:
= -
. =---9
1e-06 | o-e
3e.07 LCLIC BDR Criteria N LRV VAR 1
Further optimization ongoing of structure ~ ¢%7: ‘ ‘ : -
u P going uctu 40 60 80 100 120

production for industrialization Unloaded Accelerating Gradient [MV/m]
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Yield

100% | e
S~ - 1120
“\‘6;,_ =
80%  [] Max Y 1100
JBL
[ ] usable [] i
AR 1 80
60% | \
N ] 60
40% |
1 40
20% | -
1 20
0% + 0
0 10 20 30 50

Gradient (MV/m)

PRAB 20, 042004 (2017)

Performance in vertical test of

~800 cavities for the European XFEL:

Average maximum 31.4 MV/m
Average usable 27.7 MV/m
XFEL Goal 24 MV/m

ILC goal 31.5 MV/m

11/22/2018

Cavities

ILC

= US-Japan Collaboration on SRF technology

N2-doping: few minutes 800°C N2 injected

Coupler design
Cavity material

High gradient and high efficient cavities

N-infusion: longer time at 120°C N2 injected

10"
[ ' I M I N 1 T I ' I ' 1 ' I ! 1 ¥ T
[ ® |LC processing
m  Modified 120C baking (N2 included)
_----‘-‘
P‘... s —— -
0...- \
x2
o 10 | -
o P \
[
Eacc
109 1 I 1 " 1 L 1 " 1 L | 1 1 L
o] 5 10 15 20 25 30 35 40 45 50
E_ .. (MV/m)
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High efficient RF system

Recovery energy loss by SR in high FCC-ee(eh), CepC, ERL based machines, CLIC
current beam

5-cell 800 MHz, JLAB

—> develop techniques to improve Q of orototype for both
SRF cavity (max gradient modest ) FCC-ee (t-tbar) and
FCC-eh ERL
B Qo 4+ 10'° @ 22 MV/m CepC

1010 - i
Q3-107" @ 20 MV:m FCC-ee Seamless 400 MHz

% single-cell cavity

formed by spinning at

Le10 | Regime of INFN-LNL
Ec’:lCC
requirements
in LHeC, CERN half-cells
PERLE, formed using Electro-
FCC-ee g

1e9 (o] 5 10 15 20 25 30 35 HydrO_Formlng (EHF)

Eacc (MV/m) at BmaX.

.-F. Croteau, EASITrain PhD Student

2-cells 650MHz CepC
Vertical test Q,=4-101°
@19.2 MV/m

High efficiency RF generation (Klystrons)

* Inside CepC study * In EUCARD? now ARIES

11/22/2018 B. Dalena, journée de physique 12



High Field Magnets: dipoles FCC-hh, HE-LHC

Need 16 T to reach 50(14) TeV /beam Magnet is key cost driver
= Move from NbTi (LHC technology) ¢ Improve cable performance

“‘_—&; -- to Nb,Sn * Reduce cable cost
\ J' * Improve fabrication of magnet
. 14.3 m long dipoles * Minimize amount of cables
Ciemat * Push lattice filling factor

_ Contro de nvestigciones R O Field Quahty

Short models in 2018 — 2023
Prototypes 2026 — 2032

PAUL SCHERRER INSTITUT

U.S. MAGNET
HL-LHC | 11T First Nb,Sn magnet, FRESCA2 dipole A Ee!,'[m!lab &)} DEVELOPMENT

b 15 T dipole demonstrator
s P I I | 60-mm aperture
B soto T Y 4-| ded coil
3 12 | Nomina I e * O 4.5? :::;m A - ayer gra ed col

’ o

s * S M : ~

’ Ru55|an 16 T magnet program launched by BINP recently
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Beam losses: beam screen

FCC-hh

~30 W/m synchrotron radiation (LHC: 1 W/m)

Small to make magnet cheap (aperture 50 mm)

Extract photons for good vacuum

Strong to withstand quench

Hide pumping holes from beam for low impedance

Laser treatment / carbon coating against e-cloud

RA/KIT

* Measurements (pressure
evolution) confirm MC
vacuum simulations

* Confident to use
simulations for all vacuum | =

design
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Beam Losses

~8 GJ kinetic energy per beam in FCC-hh

Qy

0.36

035

0.34

033

0.3

031

03

0.29

0.28

0.27

0O(20) times LHC
Boing 747 at cruising speed
400 kg of chocolate

— Run 25,000 km to spent calories

Dynamic Aperture

027028029 03 0.310320330340350.36

DA[c]

FCC-hh

Mitigation of losses and heat load must be taken into
account in the optics design and integration

Designed shielding to cope with the 500 kW collision
debris per experiment

& TAN-D2

Q2/Q3

0 5 10 15 20 25 30 35 40
[em]

Triplet design allows for thick shielding

Collimation system design

* Designed system that can cope with the losses

* Detailed studies and optimization of performance
e Also reduction of impedance

Beam dump design

Machine protection

LHC experience to benchmark simulation tools

11/22/2018
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Advanced accelerators concepts

ALEGRO (Advanced LinEar collider study GROup, for a multi-TeV Advanced Linear Collider)

The aim of the first ALEGRO workshop was to prepare and deliver, by the end of 2018, a document
detailing the international roadmap and strategy of Advanced Novel Accelerators (ANAs) with clear
input for the European Particle Physics Strategy Update.

Specific topics to be addressed

* Positron acceleration

* Technological issue
(efficiency, cooling,
polarization,...)

The R&D focus on beam quality,
beam stability, staging and
continuous operation

Support from Particle Physics
community is required, to make
sure that specific research topics
for collider are addressed

11/22/2018

100 TeV

Maximum Beam Energy

10 keV

from R.Assman @ ALEGRO workshop

\ Fu{ure goals

1TeV

1GeV ¢

1 MeV ¢

beam-drivene -

plasma acc. -’
N

p storage rings -__

e*and/or e
accelerators

(storage rings,
linacs, FEL’s)

Tajima &
Dawson

Ising &
! Widerde

Discovery

Higgs/Precision 3

—

Mourou &
Strickland (CPA)

I
I
I
I
I
I
I
I
I -
[}

| Free-Electron Lasers

: ]
I

I

laser-driven e
plasma acceleration

1940 1960 1980
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https://indico.cern.ch/event/686555/contributions/2962503/attachments/1680976/2700616/
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https://indico.phys.vt.edu/event/34/contributions/609/

https://indico.cern.ch/event/677640/contributions/2866274/attachments/1622621/2582653/
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Documents

https://arxiv.org/abs/1711.00568 ILC

https://arxiv.org/abs/1608.07537 CLIC
https://arxiv.org/ftp/arxiv/papers/1810/1810.13022.pdf future colliders at CERN
https://arxiv.org/abs/1809.00285 CepC CDR

FCC CDR:
* concise summary volumes 1(PH), 2 (hh), 4(ee), 6(HE) =» December 2018
* Long technical volumes 3, 5, 7 =» Spring 2019

Friend J. Phys. A Conf. Ser. 888 012042, 2017 JPARC MR
http://pxie.fnal.gov/PIP-1l_ CDR/PIP-Il_ CDR v.0.0.pdf PIP II

https://www.worldscientific.com/toc/rast/09 Application of Advanced Accelerator
Concepts for Colliders
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High Field Magnets: Conductors

HL-LHC,HE-LHC,FCC-hh,SppC

New activity with many collaborators Wire diameter mm ~1
started in 2017 with ambitious targets Non-CulJc (16T, 4.2 K)*  A/mm? > 1500
FCC Conductor Development Workshop at CERN, 5-6 March 2018 .
Participants Unit length km >5
’m Russia
) R L **
&) © KEK 9) istuniim M TVEL Cost €/kAm <5
[Korea] foria = 4000 Yellow: FCC 1
Yn JASTEC VIt oemgere m e
e >UATEC 3500 ™o Green: FCC_2

S s Blue: FCC_3
Italy - \‘“ -
e L

L 4 Columb LUNATA T&% 3000 L 3 Dashed red: FCC_4
woae b % umbus SPECIAL PRODUCTS Z/ _— o~ . L
5 € 2500 < ~ 4 Dashed blue: HL-LHC
E e "‘\..\\ —
’7 companies, two universities and two national research institutes ‘ E 2000 Tt - "‘_‘_‘_-u,ﬁ__ =~ -
. e -
5 - __‘_.--- . -:';:""1-\-..‘*__ -
. ) 1500 -.-h""“-,.__ T—
Workshop series
Workshop series announcement
it 1000
Nb,Sn

technology
for accelerator magnets

500 - Measurements @ CERN (4.2 K)
11 12 13 14

TaYa
To push the Nb;Sn technology safely towards the 16 T frontier, Field |:T:|
the community is invited to settle on a set of common A goa I
characterization practices based on a shared vision of the E

underlying phenomenon and their consequences, the results of
which will be applied to magnet design and fabrication phases.

First wires almost reached HL-LHC requirements
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