The Large Hadron-Electron Collider LHeC

Bernhard Holzer, CERN, for the LHeC and FCC-eh Study Group

ATLAS event display: Higgs => two electrons & two muons
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> We try to explain the structure of

i In the end and after all ...
i “hadronic matter” in the universe.

R In short words: “What is going on, up there 222”
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LHeC
Deep Inelastic Scattering of Electrons and LHC Protons

The Large Hadron-Electron Collider at the HL-LHC

combine a compact ERL of 50 GeV
with the 7 TeV protons LHeC Study Group

Published in J.Phys. G



The ultimate microscope in hadronic matter:
a high-energy electron-hadron collider

LHeC (>50 GeV electron beams) 5 Af J.Phys.G 48 (2021) 11, 110501 ;
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ERL: Energy Recovery Linac

The energy efficiency of present aqd future
accelerators [...] is and should remain an area
requiring constant attention.

A detailed plan for the [...] saving and re-use of

energy should be part of the approval process
for any major project.

European Strategy for Particle Physics 2020

Energy in MeV

LHeC: Where are we ?

f

Instead of recirculating the
electron beam (Storage Ring)
(loosing brightness & energy) ...

... recirculating the beam energy
for new acceleration

(high brightness, low radiation
losses, high efficiency)
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Main challenges,
... what is needed to provide e-p Collisions at LHC ??

Electron Acceleration:
compact, efficient, “green” — > ERL

IR-region:  Electron mini-beta

Beam separation Concurrent e-p
Proton mini beta > and

p-p operation
Individual optics for p-p collisions
and e-p collisions

—> colliding p-beam
—> non-colliding proton beam

Beam-Beam Effect & Luminosity: limits & impact for p & e beam



LHeC: The ERL

Design of an ERL based Linac to accelerate electrons
and collide with one LHC proton beam

* limited size of the electron “ring”
beam-beam limit pushed far up
synchrotron radiation limited to “one turn”

*
%
* beam energy recovered in the deceleration branch

PERLE Layout

court. A. Stochi
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Parameter Electrons
Energy (GeV) 50
Np /bunch (1011) 2.2
Ne /bunch (109) 3.1
bunch distance (ns) 25
Ic (mA) 20
Emittance (nm) 0.31
Beam size @ IP (um) 6/6
Length (m) 6665
Luminosity (cm2 s1) 1033...1034

wall plug power

100 MW



Energy Loss Compensation Energy Loss Compensation
N\

LHeC Main Components: sc RF System
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Transferring grid power to the particle beam



LHeC Main Components: sc RF System

I.=20mA ... atIP —> 3 turns for acceleration
—> 3 turns for deceleration

energy of decelerated bunches stored in RF field to accelerate the new bunches
careful balance of fields (and phases) — > high QO sc. RF system

Qo(2K) | Subtracting0.5 nQdueto NC :
te11 . | RFlossesinSSblankflanges : (. Five-Cell Cavity }

quality factor Q = wy
83338888504

Prototype design of 5 cell sc. cavity (J-lab)

1e10 1 quench limit

Required Acc Gradient: 20 MV/m

W; Frequency: 801.58MH?,

crucial test: PERLE
1695 5 10 15 20 25 30 35 9
Eacc (MV/m) court. J-lab



LHeC Main Components: Beam Spreader / Re-Combiner

Distribute / re-combine the beam before / after each linac to the
corresponding arc structure

Challenge: minimise emittance dilution ... in the vertical plane

* Non-dispersive (i.e. “achromatic”) vertical deflection syste

Energy Loss Compensation
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* Gently matched beam optics between Linacs and Arcs
o Optimised for smallest impact on &

spectrometer dipole
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Recombiner/Matching
Arc246

Return Arcs: ... a piece of Art cour 4 Bogac: LT =

Bypass

Linac 2

‘
M hing/Recombine Steractio Rogon

FMC cell to optimise for low / high energy arcs:
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BETA_X&Y[m]
DISP_X&Y[m]

Develop a focusing structure for constant revolution time, e s

independent of the particle energy M 362 %105 m
—> keep the bunch length short

8
Acc. pass at 89.04 MeV .
614 =« Acc. passat253.17 MeV s
Acc. pass at 499.35 MeV ‘d
441 .« Dec. pass at 253.18 MeV vl

Dec. pass at 89.06 MeV

Simulation for the PERLE-ERL

energy spread [%]
N

0+
long bunches “see” the non-linear rf field P!
and distort in phase space
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bunch length [mm]



Return Arcs: ... a piece of Art

High Energy Arcs: Arc4 ... 6

v = const, keep radiation effects small

well known problem in synchrotron light sources
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Main Systems: Interaction Region w1 vonwiieven

Double Mini-Beta
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The Interaction Region
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Separation scheme optimization results with BE; =10.0 cm and B, =10.9 cm
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emitted synchrotron radiation power
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the complete magnet structure is used to
provide soft bending of the electron beam
for minimum emitted synchrotron light.



The Interaction Region: .

Synchrotron Light & Emittances : |
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1ne Interaction Kegion:
Synchrotron Light & Emittances

Detector beam pipe
optimised for vertex reconstruction & photons
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Electron Emittance & Beam Beam Effect cou: x anar

Optimise optics: Rematch including the beam-beam focusing

1841 x geometric emittance f"% [3 “—9.5 cm | F
% effective emittance e IR . f 7" gl
16/ ® beam size w/ BB 3:‘)(( ’5;; o =0.23 OPthS or minimum
i X X . .
— DemuseempRE 10 = Optics mismatch
X
144 X
§ X ’j; Electron .
s X €
E 1.2 4 % 3_
) P e
X - N
§ 1.04 ‘(‘X 8 E
g Ix"xx g
E 0.8 L , @
0.6
64, 4
0.4
LE% % x 2

-0 7100 —0,‘075 —0.;350 —0‘025 O.C;DO 0.625 0,650 0{;75 0.{00
Longitudinal position [m]

Performance Limit: Beam disruption

development of tails due to
non-linear beam beam force
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ERL Performance:

200 {  -peadkse s

0_ < 7'-

ection PX [prad]

front-to-end tracking, including n
.. emittance blow up (radiation in arcs, spreader, byplz
beam separation scheme R ORI NN
energy gain in linacs
energy loss in arcs
beam-beam effects

D

particle distribution after IP
as starting conditions for the deceleration & energy recovery

ERL performance: = 98 %

13 unit Injection Until IP Post IP Dump Eneray
€X, €Y umrad | 254,294 @ 30.0,30.0 @ 47.7,452 = 89.6,2026 | 'c°OVeNY
dpp % 0.02 0.0210 0.0210 4174

97.9 %

Transmission @ % - 100 100 99.93
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Proton Beam Performance
_ BRI =s SRl s
p-Optics & e-Quadrupoles / L
court. T. vonWitzleben @ @ o @ | i 0 o e @ oo 0

Betabeat Beam 1 with B* = 0.35m

2.0 T"ATLAS ALICE CMS LHCb
1.5
local orbit bump 1.01
local opftics distortion - 0
—> on colliding proton beam -
o L] <
—> non-colliding proton beam e
. —1.0 A
corrected locally via LHC ST o——S
. —15 7 .
matching quadrupoles —— Correction

T T T T T T
0 5000 10000 15000 20000 25000
Position s [m]

beam-beam effect: —> negligible @
B 0o P%y

in linear approximation —> tune shift AQx,y =
27y oy, (0y + 0y)

for Ne= 3.1*109 —> negligible _ for N,=3.1-10°




Proton Beam Performance: two fold operation mode

Create a three beam optics, with e-p collisions and one - relaxed - proton beam passing by

h-h operation:

standard LHC collision optics p-beam 1

LHC Error Analysis MAD-X 3.00.03 03/12/08 10.32.07

B B

5000.
4500. A
4000. -
3500.
3000. A
2500.
2000.
1500. H
1000. H
500. 4

0.0
0.0 8.01 16.02 24.03
Momentum offset = 0.00 %
s(m) [*10%%( 3)]

e-p operation: p-beam 1

—> high luminosity optics

Betafuncmth B* = 0.35m

7000 A

6000 A

w B w
o o o
o o o
o o o

Betafunction x [m]

2000 A

1000 -

ATLAS ALICV CMS LHCb

—— Correction

court. T. vonWitzleben
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p-beam 2
—> relaxed optics

max aperture margin
Betafunction Beam 2 with g* = 16m
5000
ATLAS| ALICE CMS LHCb

4000 A
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—— Correction with B*= 16m

2000 A ¢

1000 A
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Proton Beam Performance
Design Orbits & Aperture Need

Aperture at IP for 10 o
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Proton Emittance & Beam Beam Effect

... @ non-problem

... the ultimate limit of any collider .
space charge of the colliding bunch has a ' a5ms |
detrimental effect on the opposing bunch

Beam Beam Force (round beams)

0316 w l
limit bb-Q shift to
| avoid resonances

Beam-beam force

0.314
Qy

0312

031 ¢
in linear approximation:

tune shift (LHC) 0 @ |
- i) 0.306 -

A =
Oy 2y o, (0y + 0))

0.304 |

court. W. Herr

0.302

0272 0274 0276 0278 028 0282 0284 0286
x

N,~3-10° «—> N,~22-10"

LHeC adds to the tune shift in the percent level
22



Finally the Luminosity:

s Ne'Np'nb°frev

2 D ? b2 2
271'\/61x + 05, \/aly + 03,

matched beam sizes

=\ [T o )

Opx e

L=Ne°Np'nb°frev
4r €

» @)

py =35 cm...10 cm

p-Bunch

e-Bunch

Correctien factors

X.H ~ I

Electrons

Energy (GeV) 50
N /bunch 3.1 10°
bunch distance (ns) 25
| (MA) 20
Emittance (nm) 0.31
Beam size @ IP (um) 6/6
Luminosity (cm-=2 s1) 9*10 33
wall plug power: 100 MW

Protons
7000
2.2 1011

1100
0.33



The Next Generation Ring Collider
FCC-ee/ FCC-hh/FCC-eh




FCC-eh

Condition for an ideal circular orbit:

Lorentz force

centrifugal force

momentum

168 5 Supraleiter im Magnetfeld
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-
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=
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£ 5
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Temperatur in K ——>

F,=evB

2
_ymov

centr ~

critical field in
NbTi and Nb,Sn

s Feld ciniger

Nb;Sn, Drahtdurchmes-
ser 0,5 mm [127)
V,Ga, Sinterprobe
[127]

Nbyg, Tis, [128]

PbMog 355 [130]

PbGd, ;MogS; [130]

(siche auch @. Fischer: Proceedings LT 14,
Otaniemi 1975, Band 5. North-Holland
20 Publ. Comp. 1975).
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FCC-hh Parameter List ‘ o

F \ VD f 2 \
1R .
Pushing the limit (Dipole Fill Factor): o ; |
12 dipoles per cell, 1,,,,=14.2m LHC example
34 cells per arc
12 arcs
dipole field = 16T <— > 50TeV } 5016 dipoles
LHC HL-LHC FCC-hh
Initial | Nominal
Main parameters and geometrical aspects
c.m. Energy (TeV) 14 100
Circumference C (km) 26.7 -
Dipole field (T) 8.33 <16
Physics performance and beam parameters T ——
Peak luminosity® (10°* cm™?%s™1) 1.0 5.0 5.0 <30.0
Beam parameters T —
Number of bunches n 2808 Q;;)P/
Bunch spacing (ns) 25 25
Bunch population N (10'1) 1.15 2.2 1.0
RMS bunch length? (cm) 7.55 8
IP beta function (m) 0.55 0.15 (min) 1.1 0.3
RMS IP spot size (pum) 16.7 7.1 (min) 6.8 3.5
Full crossing angle (urad) 285 590 104 2003
Other beam and machine parameters | pe——
Stored energy per beam (GJ) 0.392 0.694 w
SR power per ring (MW) 0.0036 0.0073 :

B. J.11urzer, CULUINOV reerrigrrocrnour reacriers




FCC-eh

e-p IR-Design modular

—> FERL & IR can be imbedded at
any straight section
e.g. point “L”

FCC-CDR: Eur.Phys.J.ST 228

Electrons Protons (2019, 4.755) FCC-hh/eh
Energy 60 GeV 50 TeV
N /bunch 3.1 10° 2.2 10"
bunch distance (ns) 25 60 GeV x 50 TeV |
o 2
Emittance (nm) 0.31 0.05
Beam size @ IP (um) 25/2.5
Luminosity (cm-=2 s1) 1.5*10 34

27



Challenges & Next Steps:

Design of ERL, Proton Optics

* beam separation scheme ‘/

Design for prototypes of special magnets Q0/Q1:

* half-quadrupole in IR
e sc. “field free” quadrupole

Synchrotron Radiation & Shielding
 MDI - inner detector

* sc. Quadrupoles down-stream [P

Optimise e-p Performance ]

« HL-LHC optics
—> ATS for extreme p-optics

Long Term stability

* tracking calculations, bb effect

10000

28
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... the timing

- assuming =10 years of construction time for the ERL

- ideal scenario —> LS4 for IR modification & connection to the LHC
- commisioning & physics run: Run 5

2021 2022 2023 2024 2025 2026 2027 2028 2029
J[FMAaM 3]3]Als[oIND] 3 [FIMAM 3] 3 A]s[oIN[Df 3 ]F M[aM 3 [3]Als[oIN[D] 3 [FIMAM] 33 TAs[oIN[D] 3 [FIM[aM 3 [3 [A[STO]N AM[3[3AlS FMAM 1[3]as/oND 3 [FIMAM]3[3]Als FMAM[3]A[S|OND
I
LHC \ Run 3 - LS3
WTTTTT] b
INJECTORS ‘ ’ ‘ ‘
North Area consolidation
2030 2031 2032 2033 2034 2035 2036 2037 2038
J|FMAM 1]3]A[s|oNID]3 FM’A!M’J’J'AHONDJFMAMJJASdNDJFMAMJJASON[DJFMAMJJASON AM3[JAls FIMAM J[3]a[s|O[N[D{3[FIMAM]3[3]Als FMAM 3[3]als|oN[D
P SR NID
LHC Run 4 154 | l Run5
[TTTTTT I TTTTT T |
INJECTORS ‘
North Area consolidation phase 2 (tbc)
2039 2040 2041
J[FIMAM 3]3]AlS|ON[D 3 [FIMAIM]3[3]A]s|oIND{ 3[FIMAM 3 [3]A]S[OIN[D)
| I | Shutdown/Technical stop
LHC ‘ LS5 Run 6 Proton physics - LHC
,‘ Proton physics - Injectors
m l | | | l Ions (tbc after LS4)
Commissioning with beam
Hardware commissioning/magnet training
INJECTORS




Proton Beam Performance Liouville

under the influence of conservative forces, the particle
kinematics will always follow an ellipse in phase space;
X, X’phase space area = constant Je/ B

—> strong focusing to smallest beam size
leads to large beam divergence and aperture limitations in the focusing quadrupoles

beam size

B. J. Holzer, CERN Int. High School Teachers

32



p-Function in a Drift:

A direct consequence of “Liouville”,

i.e. phase space conservation, is that ... if we make the beam size smaller, the divergence
increases.

in our B-language: [ * L*
2 < > >

B =fo+=— 111 P e T
Ao
V), B, V

At the end ofa lOl’lg symmetric dl’l:ft 5000 LHC 'Error IAna[_ylsis .MAD._X 3.Q0.03 lO3/lZ/|08 10.'32.07
space the beta function reaches its 4500. - B B :
maximum value in the complete lattice. 4000.1 | | ‘
3500. -
-> here we get the largest beam .
. . 3000. -
dimension. -
2500. -
> keep L* i bl o
-> keep L* as small as possible —
1000.
500. -
00 - e e e e e
0.0 8.01 16.02 24.03

Momentum offset = 0.00 %

s (m) [FI0%% 3)]
B. J. Holzer, CERN Int. High Scnoor 1eacnery 22



Proton Beam Performance

two different beam optics in IP2

for LHC beam 1 and beam 2

—> relax aperture need for beam 2
—> [eave space for Liouville in beam 1

Proton Beam Optics

ATLAS LHeC/ALICE CMS LHCb
20000 A
15000 A
£
Q.
10000 -
5000 -
e
10000 15000 20000 25000
osition [m]
Proton Beam Optics at IP2
8000
150 m —— Bx* Bl
7000 - - B,* Bl
e Bx* B2
6000 B,* B2
5000 -
E 4000 -
«Q
3000 -
2000 -

1000 +

D1 IP D1
Position [m]




LHeC ERL: Where are we ?

Energy in MeV

109 ¢ : - - T
® Completed  J...... - EXMP 1000
@ Ongoing (cold) f — TtTteen,, K -
10° . |@® Ongoing (warm) CE'R'C"-..,.‘ Vcg-en ERLO 3
@® In progress e 2
: H %
® Proposed T
10" & -
10% F
S-DALINAC
102 = (2-pass) =
® CBETA
® ALICE (L-pase) (¢-pass) bERLINPRO ’04,,‘,
. Recu
10" | cERL (1-past) @ a
‘2
%, Iooh, 24y, ‘0, 'Oohp y.
10 . : — 1 ‘ :
102 1072 1071 10° 10* 102 1(

Average current in mA

Parameter Electrons
Energy (GeV) 50

N, /bunch (1011) 2.2

Ne /bunch (109) 3.1
bunch distance (ns) 25

Ic (mA) 20
Emittance (nm) 0.31
Beam size @ IP 6/6
Length (m) 6665
Luminosity (cm-2 1033...1033

wall plug power




3.) The HL-LHC

*increasing the luminosity of LHC
* higher bunch intensities

* smaller f*

B. J. Holzer, CERN

I
- 7 TeV 7 TeV
- 1.2%]011 2.2*%]011
- 2808 2748
/—\

- 55 cm 15 cm
- 5.0*10M0 10m rad
- 16 0 b
- 1.0*103% cm-2s-1  7.0%1034 cm-2 51

Int. High School Teachers

36



'

' - fi———l . B Al
=ATLAS detector in LH
B RS




Scaling for FCCpp: Dipole Fill Factor for present Version V3:

Pushing the limit (Dipole Fill Factor):

12 dipoles per cell, 1;,,,=14.2m LHC example

34 cells per arc )

12 arcs - o o b o |

dipole field = 15T <--> 50TeV y Hisaillic o=t Wi i i il
or 16T o B,

FCC: 5016 dipoles Baselne  Ultimate
d’fiﬁs . lfl LHC: dipole-quad=3.6m Luminosity L [1034cm-2s-1] 5 20-30
dipole-dipole=1.3m
Double cell length — 200m Background events/bx 170 (34) ,

Bunch distance At [ns] 25 (5)
Bunch charge & 1(0.2)
Fract. of ring filled ng, [%] 80
Norm. emitt. [um] 2.2(0.44)
Max ¢ for 2 IPs 0.01 0.03
(0.02)
IP beta-function 8 [m] 1.1 0.3
IP beam size ¢ [um] 6.8 (3)
RMS bunch length o, [cm] 8
Crossing angle [07] 12 Crab. Cav.

Turn-around time [h] 5 4



0.314 ¢ ; Combined head-on and long-range interactions

, one horizontal and one vertical crossing (right).

0.308 |

0.306 -

0.304 |

0.302 :

0272 0274 0276 0278 028 0282 0284 0.286
Qx

1 1
S: ~ .
Ji+(Ztang)?  \/1+(29)

Crossing angle loss factor n of this result is to consider it a correction to th

Ocff = O - \/l—l-(&?)z.

G 2
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Figure 6.2: Representative cross section of the LHC tunnel. The location of the electron
ring is indicated in red.
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LHeC Ring Ring Version

HA HL
electron beam 60 GeV
IP 8 function 3} , [m] 0.4, 0.2 | 0.18, 0.1
syn rad power (interaction region) [kW]| 51 33
critical energy [keV] 163 126
proton beam 7 TeV
IP 3 function 3; , [m] 4.0, 1.0 | 1.8, 0.5
collider
Lum e~ p (e*p) [1032cm 257 }] 9 (9) 18 (18)
rms beam spot size 05, [pm] 45, 22 30, 16
crossing angle 6 [mrad]
Le,(0) [1032cm™2571] 7.3 (7.3) | 13 (13)
Loy = A Loy [10%2ecm™2571] 0.45

Table 6.3: Parameters of the RR interaction region.
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Beam Disruption

... more adequate in linear colliders

2NV00Z

Dx,y ==
HERA
Energy (GeV) 27.5
Beam size @ IP (um) 112/ 30
Ne /bunch (109) 40
Bx, By (cm) 63 /26
bb-parameter 0.03/0.04

Disruption parameter, x/y 0.13/ 0.49

Y Oyy (0y+ 0y)

LEP LHeC EIC
100 50 10
180/7 58/5.8 91/7
400 @ 150
125/5 10/10 42 /5

0.07 1.64/1.64 0.06/0.10

14.28/14.28 ) 0.10/1.24

Keep disruption limited / beam quality sufficiently high
to ensure energy recovery performance.

CLIC
250
0.2 /0.0023
6.8
0.8 /0.01

0.1/12
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The Agora Questionnaire

CoM Energy and upgrades
Peak Luminosity (1034 cm2s1)
IP Challenges

Length of facility, km

Length of new accelerators, km
Beam parameters challenges
Special technologies

R&D/validation (yrs. needed); constr.
start year

Construction time, yrs.
Cost (wrt ILC) (+/-, %), level of maturity

Environment issues: AC power
consumption of facility, resources
(Nb, LHe...) needed

E,=50GeV, E,=7TTeV — E, ~ 13TeV
~ 10%*cm =251

MDI, Synchr. rad. background

9km (ERL) +27 km (LHC)

9km ... for the 1/3 LHC version

20 mA in 3 pass ERL —> PERLE as prototype
ERL technology —> PERLE as prototype

special sc. magnet with field-free aperture for the e- beam
~ 4 years R&D, NbTi / Nbs3 Sn

10 + 2 years (estimate)

1.3-10° CHF — 1/10 ILC

AC power < 100 MW, delib. limited



Upcoming facilities for Energy Recovery R&D
complementary in addressing the R&D objectives for Energy Recovery

PERLE @ IJCLab e T
international collaboration bringing all
aspects together to demonstrate readiness of
Energy Recovery for HEP collider applications

first multi-turn ERL, based on SRF
technology, designed to operate
at 10MW power regime

Target Parameter Unit Value
Injection energy MeV 7
Electron beam energy MeV 500
Normalised Emittance mm 6
VEyy mrad
Average beam current mA 20
Bunch charge pC 500
Bunch length mm 3
Bunch spacing ns 25
RF frequency MHz 801.58
PERLE — Powerful Energy Recovery Linac for Experiments [CDR: J.Phys.G 45 (2018) 6, 065003] Duty factor cw
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22/06/2023

[ .
®  PERLE Timeline for TDR phase and be

Technical Design phase
DR

Prepare to Bw d phase
InstaIIatlon phases

“Phase 1: Installation of the injection ns daliation O e Injection

Phase 2: PERLE 250 MeV version }

ase 3: e

PERLE Collaboration Meeting

court. Achille Stocchi



and ... the Luminosity Limits:
Ne . Np "y, 'frev

L= AR
2 2 ¥ 2 2 e-Bunch
21y [ of, + 05, of, t 03,

p-Bunch

Liouwville & Aperture
s P
PL)=py+— ., o0 =+/ep
Po
. . NTOIB;,y
Beam Beam Tuneshift Epy = rsprwrrnllll - G p—
..... \/@T
Chromaticity & sextupole strength ~
A v CJgk(S)ﬂ(S)dS
47 I .
o= 2)2 ~ 1+ ( 9)2'
1+ (2= tan + (&
Crossing Angle Vit @) 72

LHC (1-RING) = 88.924 y=

Bunch Fill Factor H3 = 0.8

sin? % 29

Hourglass Factor, H] = 0.9 A=m+Eat T

B*=35cm/10m -



ERL projects world wide

Ongoing & Upcoming facilities with ERL systems

worldwide several facilities are operational or are emerging

ongoing

ongoing

in progress

in progress

s-DALINAC v parmstadt, Germany
two pass operation in progress

cERL KEK, Japan
highest gun voltage (500 keV)

: !l_
4 n
- 1 2 = &
|

ongoing

CBETA

highest number of passes achieved in SRF ERL

I
Cornell University, USA

(M ESA

complete ERL facility for particle and nuclear physics

darkMESA

U Mainz, Germany

e B o
EIC Cooler BNL, USA

electron cooling with ERL

N

rRecu erator b r
BINP, Russia
s tp e CEBAF 5-pass JLab, USA
g ke e bl » highest energy & highest number of passes
"4
’ 3 {  Recirculation 1
operates FELs 4 "ﬁ’f, 35-GeV Linec. el
T v SeeY s 2 /,,z:-x;u:zz.,
vE / E’j /;{\
> - 1 Extraction
“# » -ﬂ! T4 Elements
v 4 st )
L J L Stations LI."' J
ongoing in progress
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