Future High-Energy Collider Projects Il



FCC (Future Circular Collider):
Proposal for project at CERN
* CDR for EU strategy end 2018

FCC-hh

* pp collider with 100 TeV cms
* lon option

* Defines infrastructure

FCC-ee
e Potential e*e first stage

FCC-eh
e additional option

HE-LHC
 LHC with high field magnets

D. Schulte

John Osborne (CERN), Caroline Waaijer (CERN)

300&kmE@ast(®
from@Beijing?
3bhibytar?
1GhtyRrain?

Focus on proton colliders
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FCC and CEPC/SppC

CEPC / SppC (Circular Electron
Positron Collider, Super proton-
proton Collider)

Proposal for project in China

* CDRs exist but changes since

CEPC
 et*e collider 90-240 GeV
» focus on higgs

SppC

, » Hadron collider to later be

installed in the same tunne

B - 75t0 0(150) TeV



FCC-hh
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Future Hadron Collider Parameters

Cms energy [TeV] 14 27 100 100 75 150
Luminosity [103*cm2s] 1 (5) 25 5 <30 10 ?
Machine circumference 27 27 97.75 97.75 100 100
Arc dipole field [T] 8 16 16 16 12 24
Bunch distance [ns] 25 25 (5) 25 25 (5) 25 (10/5) ?
Background events/bx 27 (135) 800 (160) 170 <1020 490 ?
(<202) (196/98)
Bunch length [cm] 7.5 7.5 8 8 7.55 ?

For FCC-hh baseline currently consider 25ns bunch spacing, for ultimate
consider small bunch spacing to reduce background per crossing

Question:
Can the detector cope with the background?

D. Schulte CERN summer student lectures, 2019 4



FCC-hh Layout
A msm | DS

Two high-luminosity s |_sep

experiments (A and G) ¥ Exp il —

Inj. + Exp InJ + Exp.

L_arc

Two other experiments (B and
L), combined with injection

1 4 km
Two collimation insertions

One extraction insertion J I I 3-coll «— 28km — extractlonil D

Insertions are 1.4/2.8 km long
Total length is 97.75 km 1 4 km
83 km for arcs
o-coll
‘

G
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Site Studies

Alignment Location

First site studies of
* Geology
e Surface buildings

= 97.75 km ring fits well into the
Geneva area

P5

cc collider  CaN LHC be used as injector?
* Machine is OK
* The two tunnels would match nicely

Also consider SPS and FCC tunnel for
injector

D. Schulte CERN summer student lectures, 2019 6



Longer cell
= better dipole filling factor
Shorter cells

= more stable beam

12 dipoles with L=14.3m
L.oi=214.755m

Fill factor about 80% (as in LHC)

Bending radius in magnets
p=10.5km

T E
r:
0.3GeV B

= Field: (16-¢)T

D. Schulte

Arc Cell Layout
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Dipole Basic Concept (“Cosine Theta”)
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Limits for the Field

The cable can quench 2500

(superconductivity
breaks down)

\ %
- <D

(A/mm?)
N
o
o
o

 ifthe currentis too >1500 \

s
-,
~
high \
1000

e |f the magnetic
field is too high

N\

(7]
c
D
©
—
c
(«b]
-
-
>
(&
O
p)

o\

0 5 10 15 20
Field (T)
* This limits the achievable field
— Intheory

— Even lower limit in practice (shown)

e (Can use different materials
— Nb-Ti is used for LHC
— Nb;Sn is used for high luminosity upgrade
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Magnet Designs

Swiss contribution

via PS|

Canted

Cos-theta Common coils

Fur::CirCol

A ke 1o Mew Physcs

Cos-theta

* Tentative baseline design choice: Cos-theta
* Model production 2018 - 2022
* Prototype production 2023 — 2025

D. Schulte CERN summer student lectures, 2019 10



Cost Effective Magnet Design

16.38
15.52
14.67
13.81
12.95
12.1

11.24
10.38
9.527
8.670
7.813
6.956
6.099
5.242
4.384
3.527
2.670
1.813
0.956
o008 | 1 |

ROXIEw2 35 145 155 165 175 185 195 205 215 225
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N
S A—tn fill

Luminosity L [1034cm2s]
Background events/bx
Bunch distance At [ns]
Bunch charge N [10'!]
Fract. of ring filled ng, [%]
Norm. emitt. [um]

Max € for 2 IPs

IP beta-function B [m]

IP beam size o [um]

RMS bunch length o, [cm]
Crossing angle [ol]

Turn-around time [h]

CERN summer student lectures, 2019

Parameters and Luminosity Target

170 (34) 680 (136)
25 (5)
1(0.2)

80
2.2(0.44)

0.01
(0.02)

1.1 0.3
6.8 (3) 3.5 (1.6)

0.03

12 Crab. Cav.
5 4
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Synchrotron Radiation

At 100 TeV even protons
radiate significantly

Total power of 5 MW
—> Needs to be cooled away

Equivalent to 30 W/m/beam
in the arcs

Protons loose energy
= They are damped

RT = Emittance improves with time

* Typical damping time 1 hour

energy loss re-acceleration

D. Schulte CERN summer student lectures, 2019 13



Luminosity During the Run

1.og102 | |
2.0 — Horizontal
0.8 —— \Vertical
€15l
20.6| :%1.0
o
0.2 < 0.5}
=2 3 1 5 6 = 0.0y— 5 35 41 5 ¢
Main loss mechanism is luminosity 1035
—> This is what we want | | : |
2.50 Ulti'mate'example, 25ns,
= Can reach >8fb! with ultimate for £=0.03 =90/ - ho .‘I‘mi”QSiW levelling
| . B : :
—> 5000fb! per 5 year run » 8fb | /day |
£ 1.5
—> Beam is burned quickly El 0 | | -
— Another reason to have enough charge E | Turn-around-time: -1
stored 050 o
O'OO 1 2 3 4 5 6 7
Time [h]
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Beam Physics Studies

'EEERERCRRRREN

? N ; 400. arc cell fec v8 L=14.3 m B=15.74 T Lcell=214.755 m 2 2000 =
3651 @ b L 1800~ 3
- . 330. 4\ [ 1600 ;— —;
Ap M
Zﬁ [ g moo;— —:
19. T g :22* 3
. . . . 155, L E
Beam-beam studies ongoing, promising e E
5 of 500 7000 7560 3000 7500 3

resu |tS N s e 130 200, 2300

s (m)

performed

s[m]

First lattice complete except for some details
First dynamic aperture studies have been

N
L = i
Atnf 1l

oo
=
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Injection
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-
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Beamscreen Design

Cooling tube
atachmentwelds

Longitudinal weld

Cooling tube
Beam screentube

*Saw teeth” Sliding ring
Copper layer

LHC beamscreen

'“°'°°“|lﬁﬁaary chamber

S.R. 50 TeV
photons p+ beam

D. Schulte CERN summer student lectures, 2019 16



Example: Beam Screen Design

5 MW synchrotron radiation

3,500 MW cooling power at 2K

— Need to shield the magnet with beamscreen at 50K
— Need 100 MW

Vacuum insulates

Heat transfer

Cryogenics:
- 50K
- Space for helium flow

D. Schulte CERN summer student lectures, 2019 17



Example Beam Screen Design

\

y\\?»\

I

Heat transfer /
>

Vacuum:
- Pumping holes
Localisation of synchrotron

radiation
D. Schulte CERN summer student lectures, 2019 18



Example: Beam Screen Design

At,

\\\\\\\\\\\\\\\\\\\\k\\\\\\\\‘\\\\\\\\\\

Beam physics and RF

Impedance:

- Aperture >26mm

- 0.3mm copper coating

- Pumping holes shielded by slit

D. Schulte CERN summer student lectures, 2019 19



Example: Beam Screen Design

Strong forces if magnet
qguenches

D. Schulte CERN summer student lectures, 2019
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Example: Beam Screen Design

y ANV LOST S AT N S APIVT )
;’J / / : f : /
e e ] SN f
/a e \,' s (\, ] ) s \({'0 /
- F g TR : ,

—

P~

Surface treatment against
electron cloud

How much does it add to
the impedance?
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Current FCC Detector Model

FCC-hh Reference Detector 50m long, 20m diameter

Cavern length 66m
L* of FCC 40m.
[ 0-7 qy =15
9 B
¥
8} 387( Muon System /
7

n=2.0
Outer Endcap
/ / Muon em
Main Solenoid I
' Radiation Shield n=25

(EMF)

EMCAL Barrel (EMB)

(EMEC)

EMCAL Endcap W

1!

"l
HCAL Forward (HF)

1 Central-Tracker

EMCAL Forward

-
N
w
S
o

12 13 14

-
~

6z[m]

Hall half length: 25m
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MDI Layout

Uses forward solenoid

Detector hall
(transverse not to scale)

FCC-hh Reference Detector 50m long, 20m diameter
Cavern length 66m

L* of FCC 40m.
a

=05 =10

9
8 BﬂZ( Muon System
7

|

Tunnel

| it e transverse not to scale
| =1l | ’
2 4 i
I . :
1 nain Add. protection TAS  Triplet
% 20 21 22 23 24 25 264M I e ]
€ >
Hall half length: 33m Tunnel before triplet: 7m
<€ = >
L' =40 m

<€ > € >

Detector half length 23.5m Space to open 9.5m

D. Schulte CERN summer student lectures, 2019

Alternative option with
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Interaction Region and Final Focus Design

L= i
t77fz

|
 on I
! z

Beam size is limited by aperture
in the magnets

I 1 I F
80 ‘ =
| ? B o
70 |- e . A i S ; -
B, B
60 ) M - £
@
50 | . g
= e 10} Beamsize at IP: 3.5 microns -
2 A0 oo e\ . S , -
30 £
g 5% y . .
20 |- o N NG N i o Beamsize at IP: 7 microns
3 3 o
i e B 0
o \\ 20 40 60 80 100 120 140 160

—600—400—200 O

200 400 600

distance from IP [m]
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Radiation from Beam-beam (FCC)
N e L

— A N rill Shield (TAS)
3
)
D2
»<
/? —
Total collision debris is up to
500 kW per experiment /0 , | | | | | ,
4000 5000 6000 7000 8000 9000 10000
o Distance from IP [cm]
Issue for magnet lifetime and 1g [T A e A
heat load - L= 32 m: 32 m Shiciding - =
15 | .
i Resolution: Az =10 cm, Ad = 2 deg,

Require thick shielding radial average is considered along the

innermost coil (Q: 28 mm, C: g mm) &

55 mm 31 41 51 61 71 81 91 101 111 121 131 141 151 161 171 181 191 201
distance from IP [m]

Magnet will just survive full
project duration

Heat load limit
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Ay’ (urad)

40

Beam-beam Effects

i e -ﬂ-:,":'u Head-on ,,-._-"_"._ :.'__._I:’_," o

o, o’
. e
W : ———
-7 -
B

——

20 -

-20

40

D. Schulte
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g N
C=¢) “Sny
At nflll

3
;
3

N DQM=B.8s58
A=

Plate 3b

= About £€=0.03 is acceptable
= More study needed



Beam-beam Effects
N X. Buffat

— — N Turn : 004

Momentum [o,/]
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Beam-beam Effects

N X. Buffat
L=l¢] g
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Beam-beam Effects
N X. Buffat
— Turn : 003
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— . d 4y
.
.
.
.
.
B
B
B

10t

L =5 0 5 10 15

Position [o,]
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Beam-beam Effects

N X. Buffat
L=l¢] g
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Beam-beam Effect Mitigation

Effect is about OK

o
o
‘Q
"
o

But would like to have margin and to
push further

.
8
.
(@)

—_
Ut
*
-
*
-

Some mitigation techniques are
possible:

—_t
-

(NN

Normalised emittance [prad]
W
Dynamic aperture [¢]

=
5
S

0.6 0708 091011121314

Full angle [urad] %102
\ / Head-on:
Electron lens

— g |
e . - Long-range: .
= Headon - Larger crossing angle (and crab
Long-range - == o crossing)
T B Compensating wire (to be tested
/-4_/,'.‘_‘,'_"_'?’_-'? ,_‘ . T .-::_:-:_\_h.':“‘:-_.\_: - for H L-LH C)
Wire
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Example: Beam Energy ano}DumD

2.5 km dump line

*M

i 4

A

1.4 km dump insertion 2.8 km collimation insertion

Kicker Septum i 10 mrad bend Dilution i Absorber

1 | |

v
A

CATTTTC

N A

8GJ kinetic energy per beam
e Airbus A380 at 720km/h
 2000kg TNT
* 400kg of chocolate

— Run 25,000km to spent calories
* 0(20) times LHC
* Candrill 300m long hole in copper
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LHC pattern
(same scale)
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Collimation System

Three main goals:

* Protect from injection failure
* Protect from asynchronous beam dump
* Removes particles that enter the tails

Much more challenging in FCC than in LHC due to

much higher beam power

Should withstand up to 11 MW losses

Tert/ary beam halo

i Primary
Cold aperture | collimator
Protection §
dewces
—_ — == Aﬁ-
Secondary beam halo

Circulating beamE

l""I 1

D. Schulte

Cleaning insertion —Arc(s)—
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mmm |_DS
mmm L_sep

l’ _N.
Exp.

Inj. + Exp Inj + Exp.

mmm | arc

14km

J Il Bcol  — 28km — extractlonil D

1 4 km
Botile RF 0- coII
Ny
neck

.. ‘I

- ST,

P —
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HE-LHC
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HE-LHC

Basic idea is to reuse LHC tunnel with stronger magnets
e Cangofrom 14 TeV to 27 TeV
e Can increase luminosity by about factor 3-4

But many challenges

* Only limited improvement for physics

* Project cost O(7 GCHF)

* Existing tunnel geometry requires compromises

— Probably not a good option
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FCC-ee
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FCC-ee Baseline Parameters
—“-_-

Cms E [GeV] 91.2

| [mA] 1390 147 29 6.4 4

L [1034 cm2s?] 230 28 8.5 1.8 0.012
Years op. 4 2 3 5

Int L/ IP [ab™] 75 5 2.5 1.5

Using flat beams

Significant luminosity increase compared to LEP: E 1
Smaller emittances, beta-functions, larger power AE oc | — S
consumption

m/ R
Current limit 100MW of synchrotron radiation (both
beams)
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Need a crossing angle at IP

Cannot bend beams close to IP

FCCee_t_202_nosol_16.sad
Layout_v2017-2b_170405.svy
T | T T T T T T T T | T T T T |
-e—FCC-hh
——FCC-e-
-o—FCC-e+

Requires additional tunnel

10

Central detector
beam pipe +/-
12.5eminZ
radius=15 mm

i

\s
O IR N

Central detector
SA inside +/-150

-0l I 1

y
N

[
-
o
-
N

Very short beam lifetime
requires top-up injection, i.e.
booster ring
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Top-up Injection

Beam lifetime is short (18-200 minutes)
* Bremsstrahlung
* Beamstrahlung e

|
T. .. oC

ee
Lo,

Have to refill beam permantently

—> top-up injection with booster ring Boost .
ooster ring

Collider ring
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FCC-he/LHeC



Recirculating linac allows to
recover beam energy

800 MW beam power for 100
MW power consumption

LHeC HE- FCC
CDR LHeC LHeC

E, [TeV]
E. [GeV] 60 60
L 1 8

[1033 cm2s1]

12.5
60 60
12 15

LHeC / FCC-he

Loss compensation 2 (90m)

Loss compensation 1 (140m)

Matching/splitter (31m)

Arc 1,3,5 (3142m)

Linac 2 (1008m)

Linac 1 (1008m)/ g—

Matching/combiner (31m)

Injector

Arc 2,4,6 (3142m)

Bypass (230m)

\

Matching/combiner (31m)

—_—

/N

Detector

IP line

Matching/splitter (30m)

LHeC CDR: http://arxiv.org/abs/1206.2913

D. Schulte
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Energy Recovery Principle

D. Schulte
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LHeC Linac-ring Option

Principle has been tested at CEBAF (JLAB), but with small current/little beam-loading



Note: Muon Collider



1000 — - |
: FCC-ee —+—
CEPC
ILC
" ILC-up.
l(I) 100 e CLIC o |
(\IJE - CL|C-up ..... O ]
(@]
>3
o
= 10} |
| : ’-’”-
- gt \
/ 100 1005\
-35 Ecm [GeV]
L l"l})synmd E cm L IJ, PRFEcm

Proposed Lepton Colliders

Luminosity per facility

CLIC can reach 3 TeV

* Cost estimate 18 GCHF
e Largely main linac, i.e. energy

* Power 580 MW
e Partinluminosity, a partin
energy

e Similar to FCC-hh (24 GCHF, 580 MW)

Technically possible to go higher in energy
but is it affordable?

R&D required towards higher energies (or improvement of 3 TeV)
* Reduction of cost per GeV (improved NC acceleration, novel acceleration technologies)
* Improved power consumption (higher RF to beam efficiency, higher beam quality)



Muon Collider Concept

Muon are heavy so they emit little
synchrotron radiation

m_»106MeV Ic* » 207m,

But they do not live very long

L »22m5" g

Produce them, cool them quickly and
let them collide in a small ring

Proton Driver Front Cooling Acceleration Collider Ring
I '
—_— -—

. Target
H m
=
(w

=] <) | @ g 5
8 GeVlinac? = 2 @wo|l € 5 & 8o 8o
= = ool 2 = b= = =
E = Sl o a = =] = =4
E ) =] 0 =]
i = it o = fa . i
<T = a0 5 o £ ® @@= o Acc?leratcjr T'n,rpes. Linac,
=l e Recirculating Linacs (RLAs),
3 FFAG




Final Transverse Cooling System

L ieqaiel Hydragen 3/0-4OT Solenoids

Re-acceleration \
& Matching Transport solenoid

) A =

energy loss re-acceleration
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Cooling and MICE

Time-of-flight Variable thickness 7th February 2015
hodoscope 1 high-Z diffuser Absorber/focus-coil
(TOF 0) module
Upstream Downstream

spectrometer module spectrometer module

&"L‘i'i [ lectra
Beam
(MMB)
? Liquid-hydrogen

Cherenkov ToF 1 absorber

counters Pre-shower

(CKOV) Scintillating-fibre (KL)
MlCE trackers ToF 2

1 [14MeV\” By
(v/c)3 E Lr

de | 1 dEe€;

1
s (ol ds E 2

MICE allowed to address 4D cooling
with low muon flux rate
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MICE Results

No absorber LH2 LiH
The absorber reduces the number of : e e
particle with large amplitude “q
6-140
They appear with smaller amplitude g
10-140
. . . 1_L-_____.-———-——- g R S,
Noticeable reduction of 9% emittance ;
S 20 40 20 a0 20 40
§ g == Truth MICE preliminary Reconstructed amplitude [mm]
~3 2= @ Simulation :l:i::t;:;f”m
%1_95; & Data MAUS v3.2.0
“:c;_-; :
X 19
$ b
1.85— .
W But still some way to go
- * 6D cooling
1.75—
- * Stages
1.7 a
- < * Small emittances
1.65—
16:TI | 1 | 1 1 | 1 1 1 1 | 1 1 | 1 | 1 1 1 1 | 1 1 | 1 | 1 1 1 1
14 15 16 17 18 19 20
Z[m]
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Luminosity Comparison

1.2
The luminosity per beam E 1.1
power is about constant in Hg 1
linear colliders (\'IU, 0.9
' 0.8
5 0.7
It can increase in muon go :
colliders o 06
= 05
E 04
CLB 0.3
S 0.2
0.1
Strategy CLIC:

Keep all parameters at IP constant

CLIC —+— 3
. MuColl -
: X
B *7\’_
0 1 2 3 4 5
Ecm [TEV]

(charge, norm. emittances, betafunctions, bunch length)
= Linear increase of luminosity with energy (beam size reduction)

Strategy muon collider:
Keep all parameters at IP constant
With exception of bunch length and betafunction

= Quadratic increase of luminosity with energy (beam size reduction)




Summary

« CLIC
— Given high priority by European strategy
— Conceptual design and project implementation plan exist
* FCC (FCC-ee then FCC-hh, maybe FCC-he)
— Given high priority by European strategy
— Conceptual design exists
 |LC
— Japan might offer to be the host (decision process is ongoing since several years)
 CEPC/SppC
— China will decide

e Other work
— Muon collider
* For the next-to-next project
— LHeC
* As upgrade of HL-LHC
— Plasma acceleration
* Novel technology, e.g. for linear collider upgrades

D. Schulte CERN summer student lectures, 2019
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FCC Schedule

-
2 : 0 0 n 0 2 " 0 ° ] 15 years operation | - > i 2 ~ [~25yearsoperation}

| themwn3 ) 1S3 ][ tHowns  J(s4) tHewns J(iss)  tHorme )

Project preparation & Permmis- Update
administrative processes sions Permission,
Funding & governance strategy Funding

Geological investigations,

FCC-ee dismantling, CE
infrastructure detailed designand

Tunnel, site and technical infrastructure :
& infrastructure

tendering preparation ST adaptations FCC-hh
( \/ N\ ( FCCh erat N\ )
. -hh accelerator .
FCC-ee accelerator R&D and technical design FCQ-ee acgeleratorgong trgctlon, R&D and technical FC.C'hh ace S cons trqctlon,
installation, commissioning design installation, commissioning
( FCC-ee d ) \( FCC-hh detect \( FCC-hh detect
Detector R&D and -ee detector FCC-ee detector i cetecior N geecior
technical design, . . L R&D, construction, installation,
concept development . construction, installation, commissioning . . T
collaborations technical design commissioning
N\ J\_ AN J L J
-
Superconducting wire and high-field magnet R&D SC wire and HFM magnet R&D,lmodel magnets, HFM dipole magnet
prototypes, preseries series production
\
* FCCintegrated project plan is fully integrated with HL-LHC exploitation
[}

provides for seamless further continuation of HEP in Europe.
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Thanks

* Thanks for your patience

* Thanks to all the people who helped or from whom | stole figures

— S. Stapnes, L. Rossi, Ralph Assmann, Jean-Pierre Delahaye, Lucie Linssen, Steffen Doebert,
Alexej Grudiev, Frank Tecker, Walter Wuensch, Stephane Poss, Jan Strube, Joerg Wenninger, M.
Benedikt, Frank Zimmermann, Bernhard Holzer, Roberto Kersevan, Ph. Lebrun, ...

If you can look into the seeds of time, And say whict
(Shakespeare)
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Muon Collider



Muon Collider Parameters

MuonXollider®Parameters M. Palmer
Higgs Multi-TeV

AccountsiForP?]

Productionl3 SitefRadiationll
Parameter Units Operation Mitigation

CoMEnergy TeV 0.126 1.5 3.0 6.0
Avg.Auminosity 10**cms™ 0.008 1.25 4.4 12
BeamEnergyBpread % 0.004 0.1 0.1 0.1
Higgs®roduction/10’sec 13,500 37,5001 200,000 820,000
Circumference km 0.3 2.5 4.5 6
No.fAPs 1 2 2 2
RepetitionRate Hz 15 15 12 6
b* cm 1.7 |1{0.5-2) [0.50.3-3) 0.25
No.@Enuons/bunch F10™ 4 2 2 2
Norm.Trans.@EEmittance,@ p mm-rad 0.2 0.025 0.025 0.025
Norm.dong.Emittance,® p mm-rad 1.5 70 70 70
Bunchiength,, cm 6.3 1 0.5 0.2
Proton@river@ower MW 4 4 4 1.6
WallPlug@Power MW 200 216 230 270




Muon Production: MERIT Experiment

Protons ==—=) Target === PiONs ==—=p Muons

Proton beam

MERIT experiment at CERN Liquid mercury target to

avoid destruction
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The jet explodes after the beam is
generated
-> success
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Longitudinal Cooling/Emittance Exchange

Dipole (bend)
Used together with B
transverse cooling at —
the beginning 1i—beam 0
== "
Several options Sp
under study >
: dp
p ipole X—2X%+1 P Wedge Absorber
'"_'md u9es reduces energy spread
dispersion (1)
Incident Muon Beam Incident Muon Beam
g
Evacuated = H; Gas Absorber
Dipole Magnet S~ in Dipole Magnet
Apip
Figure 1. Use of a Wedge Absorber Figure 2. Use of Continuous Gaseous
for Emittance Exchange Absorber for Emittance Exchange
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Tracking
Spectrometer

. Hydrogen
Fiber Tracker R A

Under construction
Linda Coney, UCR

Will test 10% 4D emittance reduction (0.1% accuracy)

. : , http://www.mice.iit.edu/
Single particle experiment
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D. Schulte

LHeC
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road map to 1033 cm2s

luminosity of LR collider:

(round beams)

highest proton
beam brightness “permitted”
(ultimate LHC values)

v€=3.75 um

N, =1.7x10

bunch spacing
25 or 50 ns

D. Schulte

daverage e maximize geometric
current ! overlap factor

. - head-on collision
smallest conceivable .
% . - small e- emittance
proton B* function:

- reduced /* (23 m - 10 m) 9C=O
- squeeze only one p beam
- new magnet technology Nb,Sn th20.9

f*=0.1 m
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ERL electrical site power

cryo power for two 10-GeV SC linacs: 28.9 MW
MV/m cavity gradient, 37 W/m heat at 1.8 K
700 “W per W” cryo efficiency

RF power to control microphonics: 22.2 MW
10 kW/m (eRHIC), 50% RF efficiency

RF for SR energy loss compensation: 24.1 MW
energy loss from SR 13.2 MW, 50% RF efficiency

cryo power for compensating RF: 2.1 MW
1.44 GeV linacs

microphonics control for compensating RF: 1.6 MW
Injector RF: 6.4 MW

500 MeV, 6.4 mA, 50% RF efficiency
magnets: 3 MW  _.........grand total = 88.3 MW/,




X [m]

Interaction Region

0.2
0.15 :
0.1
0.05

-0.05
-0.1
-0.15
-0.2

40 -30 20 -10 0 10 20 30 40
Z[m]
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Example Magnet Design

P

Ul
LT 1
I"'TTW'”‘ | |
-

L RN

20 40 60 80 100 120 140|160 180 200 220 240 260 |280| 300

J
80 [
NbsSn || Nb;Sn Nb,Sn
: 60 lowj || highj highj
L. Rossi and E. Todesco T =
. E 40 HTs || Moo et || o
Material N. turns | Coil fraction | Peak field | Joveran (A/mm°) :
Nb-Ti 41 27% 8 380 20 p Nb,Sn |[Nb,sn .
- ) I HTS 11 lowj || highj Nb-Ti
Nb3Sn (high Jc) | 55 37% 13 380 [
Nb3Sn (Low Jc) | 30 20% 15 190 "y o w0 e s 10 12
HTS 24 16% 20.5 380 X (mm)

Magnet design: 40 mm bore (depends on injection energy: > 1 Tev)
Very challenging but feasable: 300 mm inter-beam; anticoils to reduce flux

Approximately 2.5 times more SC than LHC: 3000 tonnes!
Multiple powering in the same magnet for FQ (and more sectioning for energy)
Certainly only a first attempt: cos9 and other shapes will be also investigated




Cost Effective Magnet Design

Nb,;Sn is much more costly than Nb-Ti
—Use both materials

\_L/’%LJL

160 200 240

Coil sketch of a 15 T magnet with grading, E. Todesco
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Cost Effective Magnet Design |

HTS is even more expensive than Nb;Sn

—> Even more complex design
|
¥ i T

J/ 1111 L

L

| VAV

1S

| ‘ |
160 200

| I
240

D. Schulte CERN summer student lectures, 2019
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Beam Intensity During Run

Non-linear fields

e Particles can go on unstable
points in phase space

e Drift to large amplitudes

—> Reduce the probability

Beam-gas scattering

* Showers into magnets are a
problem

= Very good vacuum

Luminosity

e Particles are destroyed in
collision

= Proportional to luminosity

Collimation should remove
these particles

Collimation removes some of
these particles
Magnets have to take the rest

Main effect of intensity loss
100-500kW per experiment
Important shielding problem



The cable can quench
(superconductivity
breaks down)

e if the currentis too
high

e |f the magnetic
field is too high

Limits for the Field

(<j-\
=
=

<

2
(7]
c
D

©

—
c
(«b]
-
-
>
(&

O

)

\ %
- <D

\

K
2
\

\ N

\

O [ [ [ [
0 5 10 15 20
Field (T)
 This limits the achievable field
— In theory

— Even lower limit in practice

* Can use different materials
— Nb-Tiis used for LHC
— Nb;Sn is used for high luminosity upgrade
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Collimation System Issues
Standard colllmatl %v ?::,T,; \s,\(,)::;;or:: are being investigated

e crystals
* renewable collimators
Primary Secondaries Absorbe% !L

Crystal-based collimation

Beam

e L ]

Absorber -
- ! 10
t ' um Pumg Iper Jucling scler "l,. “:: > 1.0
pro ons % _..,ﬁz}_- e ‘ ‘_ “n m&;’,{ ..(::1
/ = ela el o,
Setup at the / o

Tevatron, court.
of G. Stancari

X (mm)

Y (mm)

/. JuLliuiLc “LINN OULTITTIITT SLUuUCTHItICcLLuICo, L\JJ.9 | (& u.) O



Injection/Extraction Challenge

Lambertson QF MKI QD
septum

TDI

540 mm
Horizontal I I

T - —_

Vertical
125 m

* Total energy in beam batch injected needs to be limited

* With LHC limit can inject O(100) bunches

= Very fast kicker (O(300ns)) for short gaps and beam filling factor of 80%
= Design improvements? Massless septum?

* Miss-firing of extraction kicker can lead to losses
= Which strategy?
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Collimation

0w
4= LW
oce CMS =8z
22F °gs
hm? == /

Removes particles that enter the tails

First integrated aperture model based on  B1 e\ \ doer

TCLA.DELT FEPCELT

TCLA.C6L7
1 TCLA.TR3 TCLA.BS TCPRBEL7
* E|€I | |ent Sizes “TCLA GRS a8 TCSG.AGLT
TCLABSR3 TescoLT TCSG.B5LT
TCLA.ASR3 TCSG.ESLY TCSG.ASLT
L T I ) TCSG.BSRS g TCSG.DALT
olerances S TCSG.ASR3 TCSG.EEL? TCSG.BALT
o Tlc”:s‘g"“ Momentum Betatron TCSIG.P.ML? TCSGAdL7
.
* Beam i i 7
ea Sizes TCSG.4AL3 TCSGELY cleaning cleaning 108G AdRT S
TCSG.ASL3 TCP6L3 TCSG.BART TCSG.BSRT
TCSGBSL3 TCSG.D4RT Toan Do
° TCLAASL3 TCSG.ASRT TCSG.ESR7
e TCLABSL3 TCSG.B5RT TCaG eRy

TCLAGL3 TCSG.ABRT
TCLAABRT
TCLATL3 TCP.BERL TCLA.BERT

 Some parts to be added (e.g. ) rorog /[ G
3 ?‘Q, TCLADERT
extraction)

TCLAATRT

6.0c 7.0c 10.00 8.5¢ 10.0c

Beam halo m

Primary Secondary  Absorber Tertiary Physics absorbers
(robust) (robust) (W metal) (W metal) (Cu metal)

+8.5 0

& Triplefs
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Example Collimation Issue

Collimation must protect machine if ‘ ‘H u H H ‘ ” = o
beam lifetime is short (12 minutes) 3~ "
Otherwise would have to dump beam  TE | = T
- cold losses =
I e -
primary collimators L =
= 4
:‘é I R e e __,g
@ - 3
m 1D-4 e e _E
Losses in the next arc can quench 3 - = =
superconducting dipole = ) =
1D-'Ei .............. / .................................. ?z
Proton can lose energy in primary and 107 Lo I | T O T A5
will then be lost in arc 24 245 25 2557 26 265 27 275 28 285 29
c q s(m
Goal: <3x107 m in arc per collimated m)
proton
Absorbers will generate showers
— Have to study them
No DIS collimation 2x10™ m-! / —> Design the system to safely protect magnets

—> Loss rate about O(70) times too large
—> Have to place absorbers in DIS magnets, ...

= Optics, absorber hardware, special



