ERI. Prospects for High Energy Colliders

Introduction: Luminosity limitations in ‘conventional’ Colliders

The Energy Recovery concept

LHeC; FCCeh, FCC-ee und ERLC (
applications of the ERL concept in -

LC) as show case
EP:

Push-Pull: Racetrack and Circular E

RL configurations

Key aspects that need to be validated and demonstrated
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Circular Collider: Peak I.uminosity

B Luminosity recipe (round beams):

Assumptions for a HEP collider:

Equal number of bunches and matched beam sizes
_ 1, AN XN, ‘gr f,

L 2 J JrexF(f, b ,6,S))
4prb xe
1) maximize bunch intensities =>» Limited by beam-beam interaction
2) minimize the beam emittance =>» Injector complex / Synchrotron radiation

3) minimize beam size @ IP (constant beam power);=» Optics & magnet aperture

4) maximize number of bunches; =>» Beam Power & Synchrotron Radiation
5) Optimize and potentially compensate for geometric form factor ‘F’; Hourglass, X-ing etc

6) Improve machine ‘Efficiency’
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Performance limitation of circular colliders

Bl Beam-Beam Interaction:
Imposes a limit to the maximum acceptable bunch intensity
=>» Limits the luminosity reach of a circular collider

% x =

Bl Circular machine =» Synchrotron Radiation in arcs:
Beam size increases in horizontal and shrinks in vertical plane
> flat beams! =» minimize c,”
ﬁ* *
y y

Sy X = = K1

BBy B
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Performance limitation of circular colliders

Bl Synchrotron Radiation In arcs:
Beam size increases in hor and shrinks in vert LHeC CDR; arXiv:1206.2913

Circular lepton collide performance is limited by:
Beam-beam =» bunch intensity
Synchrotron Radiation power =» total beam current

Luminosity/10%%cm?s™

= Reduced performance reach for higher beam energies  *}
@ fixed power footprint = limits total beam current!
If bunch intensity is limited by beam-beam, then
SR limits the number of bunches B e

Energy(e)/GeV
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Markus Roth TU Darmstadt; Accelerators for Medical Applications 2015; Vosendorf, Austria
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‘ Energy Recovery

Bl Recuperate the energy [and e*] from the spend beam after the interaction point
before the beam Is dumped

=>» non-linearity of the
beam-beam Interaction can
not lead to instabilities and
beam losses If the circulation
of the particles in the machine
IS short after the interaction
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The Best of both Worlds

B Energy Recovery Linac concept: First proposal 50 years ago
M. Tigner: “A Possible Apparatus for Electron Clashing-Beam Experiments”,
Il Nuovo Cimento Series 10, Vol. 37, issue 3, pp 1228-1231,1 Giugno 1965

V=an infeger power e I IE ST I Ty
source magnefs

B First Tests: Done at SCA @ Stanford in 1986
Interesting concept for FELs and Compton photon light sources,
and high current electron cooler concepts and colliders!!!
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Energy Recovery Linac Configurations

B Push-Pull Configuration:
2 SC linacs facing each other
=>» Allows only pulsed linac operation
=> But allows Energy Recovery

B Coupled Linac Configuration:
4 SC linacs facing each other
=> Allows CW linac operation
=> Allows Energy Recovery
=> Allows Positron recovery!
=>» Costly implementation as 2 x SRF and SRF is the main cost driver for the ERL
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4 Linac ERL Collider Concept:

Valery Telnov BINP

Twin LC with the energy recovery

~head-on coll. acceleration hnac dE) compressor

—— e ¢
| 1§ 1
- | S A N >< j - |
deceleration decampressor
i _& E~5GeV i o o
":E----

ot 2 ,-Wv_/ beam dump

—
\e+ e/ wiggler(-dE~0.05 GeV)

from DRs

* In his proposal the machine is still pulsed and the cycle duration [seconds] is determined by the refrigeration system
* Projects peak luminosity of ca 1036 cm2s!t @ 200MW wall plug power [wiggler 5SMW; HOMs 45MW; cryo 110MW]

» Luminosity independent of beam energy due to Energy Recovery! But Cryo sclaes with Linac length and HOM with !
« 250GeV machine with 0.16A @ 1/3rd duty cycle = > 10GW beam power!!!

=>» https://indico.cern.ch/event/995633/contributions/4275159/attachments/2208757/3755756/telnov-lcws21.pdf
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4 Iinac ERIL Collider Concept:

Valery Telnov BINP

Bl SRF taken from LCLS-II:
Q, =310 @ 1.8K with E = 20MeV/m =>» heat of about 1kW/GeV
=» 1/3" duty factor with 3m bunch spacing = L = 0.5 10%¢ cm=2st @ 160MW
and N=101°, d =3m, | = 0.16A and 250GeV CME
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Energy Recovery Linac Configurations

Bl Recirculating Linac Configuration:

SC linac(s) that are connected throuah return arcs

=> Still implie

=> Allows true
=» Still avoids
=» Implies so
=> Multiple pa

high beam ¢

n ca. %2 of ring)
e than once
ents during ramp-up]

lattice design!
e SC linac implies
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CRI. Collider configuration: ~ LH:O

‘ I.LHeC / FCC-eh Racetrack |

* LHeC CDR, arXiv:2007.14491

B Example LHeC: 3-turn Recirculating SRF Linac and ERL operation

tune-up dump

Operation in parallel with LHC/HE-LHC/FCC-hh

10-GeV linac comp. RF

20, 40, 60 GeV

» TeV scale collisions = 50-60 GeV e-beam energy
« power consumption < 100 MW

‘ 10,30, 50Gev ylem] Spreader 1,3and 5
ol Arc1
| Arc 3
=» 2 1km long SRF linacs Arc5
=» 3 separate return arcs at each end of the linac, |
matChed for the beam energ ies 0 0 1000 2000 3000 4000 5000 6000 7000 8000
. z[cm]
=» Each beam passes 6 times through the SRF:
3 passes with acceleration and 3 with passes deceleration =» 6 times I, in SRF!
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‘LH@C / FCC-eh ERL Configuration: Layout Options & Scaling

Confiqurations:
- g FCC-he considers Point ‘I’
LHeC since FCC Week in Berlin arxX1Vv:2007.14491

Civil Engineering
Different Options
Fraction 1/3-1/4-1/5
Pt2 and Pt8

Symposium on Energy Recovery Linacs; June 4t 2021 Oliver Briining, CERN



[LHeC: Recirculating linac with ERI Operation as Baseline
B Performance with 100MW Wall Plug Power limit:

arX1Vv:2007.14491

1034 cm2s! Luminosity reach PROTONS ELECTRONS
Beta Function 3%, , [m]
: :

= 1034cm2s! Luminosity can be reached in ep at HL-LHC [and FCC-pp]
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Circular ERL COHid@f COﬁCGDtI Vladimir Litvinenko; BNL and Stony Brook University

Mode of operation VA 4 HZ tt HHZ Htt
Beam energy, GeV 45.6 80.0 120.0 182.5 250.0 300

«;3\:} Normalized emittance &/z,, umrad  4/0.008  4/0.008 6/0.008 8/0.008 0008 80008 PRF lINnacs in 4 pass

= RMS bunch length, mm 0.8 1.0 1.0 2.0 2.0 2.0
Bunch charge, nC 12.5 12.5 25.0 225 19.0 19.0 SumptIOn as
Bunch frequency, kHz 297 270 99 45 18 9 .
rFBeanrearrent s =4 =35 2elt? =64 835 8=1+6 Ar COIIIder
Luminosity, 103 cm?2 s'! 67.4 86.6 77.8 31.4 13.8 86 |pf 500GeV in 100km
IP beta tunction /By, cm T37008 200,10 10001 T00/0.2  T00/02 TO00.2 el
Disruption parameter, Dx/Dy 0.6/183  0.6/177 0.1/129  0.2/143 0.2/121  0.2/121
Energy loss during collision, GeV 0.05 0.16 0.28 0.30 0.55 0.95
Damping ring energy, GeV 2 2 2 2 2 2 909 : 04437
Damping time, ms 2.0 2.0 2.0 2.0 2.0 2.0
Damping ring current, mA 1603 1457 1069 437 152 70
Partizle inergy loss, GeV 4.0 4.4 6.0 14.8 42.7 92.7 f 300 MW per beam
Total radiated power, MW 30.0 29.8 29.8 30.0 30.0 30.0 47 mA
Total ERL linacs voltage, GV 10.9 19.6 29.8 46.5 67.4 89.1
Efficiency of energy recovery, % 91.1 94.5 95.0 91.9 82.9 69.1
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https://arxiv.org/abs/1909.04437

Circular ERI] COﬂidCI‘ COHCCDt‘ Vladimir Litvinenko; BNL and Stony Brook University
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_ERL: SRF Challenge Ideal performance

Bl Q, versus accelerating voltage: = i~ 1 Mhaaus) e ion
é L Pass i \\\\
A=A, *e?; Q,=wt/2 3 [y ., v
Il : ‘ield emission Ultimate
2min/6min doping recipe Q \'. Quench
10“'l'l'l'l'l'l'l'l'l'l'l'l'l' o : Field
AN 0 | h'" .l i.zl ®one 5
2.7x10" " RS PN paep \.'\-.\.
' 3 6 10 25 45

Eacc MV/m

. I => impressive progress over the last 10 years!!!

e | =P Q, directly linked to required cryogenics power!!

T = 2K, 1.3 GHz, 9-cells

9 L i L L L L L L L L L L L L
10 1 1 1 1 1 1 1 1 1 | 1 1

G 2 & B © 1) % 14 16 15 H0 52 33 6 2B Hasan Padamse: ‘50 years of success for SRF accelerators
E,.. (MV/m) Superconducting Sci. Technol. 30 (2017) 053003

)

See talk by Bob Rimmer at this Symposium for more details!
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Performance Optimization for ERI. Configurations

Bl Synchrotron Radiation Power:
=» Can not be avoided for the racetrack configuration =» requires scaling of the
return arcs with beam energy! But can reduce SRP by about 50% wrt ring

Bl B

ptics design of return arcs:
=>» Novel lattice design requirements for return-arcs!!! Optics and FFAGs.
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Symposium on Er

Synchrotron Radiation
Evolution of the Longitudinal Phase Space

D. Pellegrini (EPFL/CERN) @ ERL'15

200 | | .
dump (500 MeV)
150 injector (500 MeV) i
-+ . i
100 - T s TR .

Internal energy difference [MeV]

Z [mm]

head <---> talil
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Synchrotron Radiation and Beam-Beam

Transverse Plane at Dump D. Pellegrini (EPFL/CERN) @ ERL'15
60 : : !
0 e
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Aperture radius of the SPL cavity is 40 mm.
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n=an integer RF
N=an integer power

e NL 2Nl — v

power divider

source

wavelength=A4

M. Tigner 1965

N1 [2e 9Uﬂ

m___beam TTTTTTTT %
beam?2

magner
accelerator
section 2

A

1960

1970

First demonstration:

Stanford SCA/FEL, 07/1987 (sc-FEL driver)

SLAC SCA/FEL 1987

FEL Demo [1999] & Upgrade [2000]

straight-ahead

beam dump

electron gun  highvoltage
injector | (600 keV)
SRF linac cryomodules . : ;‘\-’ﬁ\

i D i e i e
e e i

. userlabs

IR optical cavity ,“" IR user labs

and provide the remaining demonstrations
[multi-turn ERL efficiency at high beam powerf]

>

HEP is ready for implementing a truly green accelerator concept!

T. 1. Smith, et al., NIM A259, 1(1987)

5“9V\ 2 9 6
gm{\? " u A e k. S

EGL ATOR

viaiu=war vpel auyull

BINP FEL 2004 [NC]

Multi-turn SRF
C-Beta 2019-2020

bERLIN-Pro 2020

QUIrsay

= 2 Linacs (Four 5-Cell 801.58 MHz SC cavities)
= 3 turns (160 MeV/turn)
= Max. beam energy 500 MeV
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Variations in the ERI. Configuration: LH.C
B Super Conducting 3-turn Recirculating Linac with Energy Recovery operation

Loss compensation 2 (90m)
60 GeV ERL

Linac 1 (1008m) 1
Injector

/ Linac 1 —
) . Injector
Matching/splitter

Matching/combiner

Arc 1,35 Arc 2.4.6
50 GeV ERL Arc2.4.6

Bypass (3142m)

N

Linac 2

Linac 2 (1008m)

/N

IP line  Detector
Matching/splitter (30m)

Matching/combiner (31m)

O. Bruning, M. Klein and LHeC and PERLE Collaboration
Topical Review Exploring the energy frontier with deep inelastic scattering at the LHC
Journal of Physics G: Nuclear and Particle Physics, Volume 46 #2; November 2019

Loss compensation 1 (140m)

Operation in parallel with
LHC/HE-LHC/FCC-hh
» TeV scale collision energy

- 50-60 GeV electron beam energy
* power consumption < 100 MW

=>» CDR option with
9.3km [1/3" of LHC];
60 GeV

=» Smaller version with
5km [1/5% of LHC];
50 GeV
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d Experience
1MW virtual beam power:

eam Power [MW]
acilities ERL Collider Projects
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\ 4 pd p
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100
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2035
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Arc Optics: Emittance preserving FMC cells LH:C

Bogacz (JLab) @ ERL2015, Stony Brook University, June 9, 2015 and
LHeC at HL-LHC", to be published

[Flexible Momentum Compaction]

L
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Scaling with beam energy and De" =
radius of curvature! 48[ mc”
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Imaginary y, Optics 1% DBA-like Optics  TME-like Optics

[Double Bend Achromat] i [Theoretical Minimum Emittance] |

Il
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total emittance increase in Arc 1-5: AgN=4.9 um rad factor of 20 smaller than FODO
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ERI, ERL Landscape
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