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- ACKNOWLEDGEMENTS AND REMARKS
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_J * Many thanks to B. Holzer for gave me the possibility to look at the current state of the art of many different concepts, in

preparing these lectures

This lecture is based on a collection of materials from many colleagues | would like to acknowledge:

* R. Bruce, D. Schulte, W. Bartmann, M. Benedict, M. Boscolo, H. Burkhardt, P. Burrows, R. Corsini, R. De Maria, O. Etisken, A.
Faus Golfe, F. Gianotti, M. Giovannozzi, B. Holzer, M. Hofer, J. Jowett, R. Kersevan, W. Kaabi, M. Lamont, T. Pieloni, S.
Redaelli, L. Rossi, M. Schaumann, J. Wenninger, F. Zimmermann, S. Stapnes, G. Sterbini, R. Assmann, J-P. Delahaye, L.

Linssen, S. Doebert, A. Grudiey, F. Tecker, W. Wuensch, R. Kersevan, and many others | might have forgotten

* For particle physics goals and experiments: Please see F. Simon and M. Klute lectures

Useful concepts introduced in other lectures:

* F Asvesta : particle accelerators and beam dynamics

* S.|. Bermudez: accelerator technology challenges (part 1: magnet superconductivity)

*  W. Venturini: accelerator technology challenges (part 2: RF Superconductivity)

* F Salvat: accelerator technology challenges (part 3: accelerator operation and design challenges)
* Focus on EU projects
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OUTLINE @)

“
* European Strategy Update

* General Colliders Design Considerations

* Linear Colliders Projects
s |LC
B CLIC
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PARTICLE ACCELERATORS

* Particle accellerators have been instrumental for scientific

discoveries in high energy physics for more than half a century

* Technological innovation made it possible to increase energy at

a much faster pace than the costs

* Key for establishing the standard model in particle physics

Centre-of-mass collision energy (GeV)

* LHC has the highest energy among colliders built so far
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“Livingstone plot” of collider energy vs time (

Circular collider, designed to collide
7 TeV protons and 5.5 TeV heavy ions (Pb-Pb)
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https://doi.org/10.1016/j.nima.2018.01.034

LHC PATH

=

LHC timeline

Plug-in module with

F. Gianotti ICHEP 2022
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WHERE DO WE STAND -

Higgs discovery (2012)

Open questions still remain:

Naturalness
Neutrino mass
Asymmetry mq’rter/qnﬁmc’r’rer

Gravity

Dark matter...

> !
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WHAT NEXT ¢

_ Common strategy worked out in Europe to guide future decision-making in field: “European strategy for particle physics”

(endorsed by the CERN council)
Based on bottom-up approach:

physics community is invited to submit proposals for near-term, mid-term and longer-term projects = community discussion in

open symposium,

Based on this input, the European Strategy Group™® formulates the strategy

*consists of scientific delegates from CERN Member States, Associate Member States, directors of major European laboratories,

representatives of various European organizations, some invitees from outside the European Community

2013

2020

To stay at the forefront of particle physics, Europe needs to be in a
position to propose an ambitious post-LHC accelerator project at
CERN by the time of the next Strategy update, when physics
results from the LHC running at 14 TeV will be available. CERN
should undertake design studies for accelerator projects in a global
context, with emphasis on proton-proton and electron- positron
high-energy frontier machines. These design studies should be
coupled to a vigorous accelerator R&D program, including high-
field magnets and high-gradient accelerating structures, in

worldwide.

collaboration with national institutes, laboratories and universiﬁj
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The successful completion of the high-luminosity upgrade ..

. should\

“An electron-positron Higgs factory is the highest-priority next collider”

remain the focal point of European particle physics.

“Europe, together with its international partners, should investigate the
technical and financial feasibility of a future hadron collider at CERN
with a centre-of-mass energy of at least 100 TeV and with an
electron-positron Higgs and electroweak factory as a possible first
stage. “

“The particle physics community should ramp up its R&D effort focused /
on advanced accelerator technologies, in particular that for high-field
superconducting magnets, including high-temperature superconductors”

-\ /
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http://cds.cern.ch/record/2691414

SNOWMASS 2021

e Compared to Snowmass 2013 the physics landscape has significantly changed T
0 The program of measuring the Higgs boson properties
is well underway at the LHC with growing precision
o A broad range of searches have explored multiple BSM scenarios
without convincing evidence of new physics ——— Bosons
0 The HL-LHC is an approved project

W/Z couplings

Multibosons

Higgs mass Nature
of Higgs
e Without a robust support for the HL-LHC and a clearly defined path e
towards a Higgs factory we leave critically important physics Rare decays -
unchecked and crucial questions unanswered Physics
Top mass
® The EF community should be prepared to explore a broad range of BSM Top win

phenomena at the 10 TeV mass scale

The Energy Frontier community voices a strong support for

1. HL-LHC operations and 3 ab™ physics program, including auxiliary experiments
2. The fastest path towards an e*e Higgs factory (linear or circular) in a global partnership
3. A vigorous R&D program for a multi-TeV collider (hadron or muon collider)

Flavor physics pdf

Axion-like particles

Evolution of early Universe
Matter Antimatter Asymmetryl
Nature of Dark Matter
Origin of Neutrino Mass

Missing E/p

Origin of EW Scale
Origin of Flavor

Long lived particles

i Heavygauge bosons

’ Leptogquarks

FONC New scalars

Heavy neutrinos
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= LET'S GO BACK TO WORK e

'

We want high energy and high luminosity (events Rate) d_R =0g..-L n
dt £ 400 e
[ — SM all ffh
How do we get there? Several choices to be made: = —Zh ]
What to collide: lepton vs hadron =300 —;\;V\: fusion -
How to collide: _5 usion
fixed target or colliding beams *8200
linear vs circular collider $
Acceleration technology 2
DC, RF, wakefield... (see lecture of W. Venturini) 6100
Magnet technology
Superconducting (what conductor?), normal conducting 2= N P P U S T
(see lecture of S. |. Bermudez) 200 250 309_ 350 400 450 500
s (GeV) )

Acceptable cost of construction, power consumption, site
Example e+e- collision

Think about various limitations to energy and luminosity and how to overcome them 4
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ENERGY

* Fixed Target

REACH

e Collider

Proton-Proton
.C\ ceun ULATOR Protons/bunch
Beam energy

Luminosity
QIMG Bunch Ty o
..4}.;?' ;: 'jta £ Crossing rate
Proton
Collisions

L= \/(m% + m3)c* + 2E;m,c2

To achieve the highest possible centre-of-mass

(See also F. Asvesta’s Lecture)

Barbara Dalena CERN Summer Students Lectures

Particle

o

1
/ Higg o
e
E
jet

\_.

A

K ECM E E1 + Ez

2z
Ze

energy, need a collider
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\/ LUMINOSITY AND BEAMS

g
beam size Luminosity event rate
NN, N, f dR
SR b 1 2 “rep e
O_(S) S \/8rmslg(s) ‘ L= - ‘4‘-" ————— =~ ‘ BEeRE L O-CS o L ng = number of bunches
¢ i _73-0_2( ET_W ’ dt N;, N, = number of particles per bunch
\ T e fep = repetition frequency
Beam quality magnets C ) > C ) D O = cross section
L 0K Q?‘:}g_f N; > € N,
X -a 7
(Y
€, — beam emittance = phase space volume occupied by > |
the beam

B(s) = beta function = describes the focusing force along
the beam transport system

(See also F. Asvesta’s Lectures)
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= LEPTONS VS HADRONS "

—’
Hadrons (protons or ions) Leptons (electrons, positrons, muons)
* Mix of quarks, anti-quarks and gluons: * Elementary particles colliding - very well defined centre-of-mass energy
— variety of processes * Low background

— not all nucleon energy available in collision * Good for high-precision measurements
— Energy spread between partons — spread in collision energy

— huge QCD background

* Can typically achieve highest collision energy

* Energy loss due to synchrotron radiation

* Good for discoveries at the frontier of new physics

T CMS Experiment at the LHC, CERN #
B ==ttt | ) B8 LHC Pb-Pb
) collision, CMS

LEP Il e+e-
collision, DELPHI

Barbara Dalena CERN Summer Students Lectures

\ / 10/7/202‘3/ 12 /
21 A



=,

e/ SYNCHROTRON RADIATION “.

* Classical electrodynamics: an accelerating charge radiates

* Radiation carries off energy, which is taken away from the kinetic

energy

* Radiated energy needs to be replenished by accelerating RF cavities

=> could lead to very high power consumption

* Radiated photons impact on vacuum chamber

=> causes heating, maybe even damage for high power loads

materials activation (i.e. radiation safety)

* Photon emission gives very small random ANGLE change => blowup,

“quantum excitation” , which limits the minimum beam emittance (electrons)

-
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Centripetal
Acceleration

/ R
No — \ I — (:J
Radiated power
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w/ ¢ LINEAR AND CIRCULAR COLLIDERS -

source Beam Delivery \ main linac
System

* electrons-positrons

* hadrons

e others

Barbara Dalena CERN Summer Students Lectures



LINEAR COLLIDER O

source Beam Delivery main linac
System

Linear Collider
* single pass => need to be very efficient
» few magnets, many accelerating cavities

* not limited by synchrotron radiation

Energy reach depends on:
— Accelerating gradient (RF technology)

— Plasma wakefield acceleration promises large advancement, but not yet mature to produce
required beam quality E . L G
— Length (cost, site) cm linac ~acc

To push energy limit: improve technology (RF gradient R&D) and/or build a larger machine /

e \/
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\/ CIRCULAR COLLIDER

Circular collider

*  Multi-pass => accelerate beam in many turns, let beam collide many times p B

* Many magnets, few accelerating cavities q — P

* Bending of beam trajectory => synchrotron radiation losses o

S B p = Beam rigidity
nergy reach depends on:

* Hadron beams: energy limited by ability of to keep particle on circular orbit

(see F. Asvesta’s Lectures )

* Maximum achievable dipole field (superconductor technology)

* Radius of ring (cost, site)

* Lepton beams: radiation losses
* RF power consumption
* Disposal of radiated power

* Radius of ring (cost, site)

To push energy limit: improve technology (B-fields, RF-efficiency R&D) and/or build o larger machine
et
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7 LUMINOSITY LIMITATIONS -

—
Sh ber of bunches k
S n.um i lfnc es: —> Limited by collective instabilities | = kN f 7/ .F
* Increase single bunch intensity N
A ff e
* Reduce beam sizes (B*, &, o) —> Limited by optics design and magnets
imperfections Round beams
1 (see F. Asvesta’s lectures )
* Maximize the geometric reduction Factor —> Compensation '
\/1 + (EQ)Q schemes
™ kN ? f
7/
-] L o F
dro, (7
I I Elliptic beams &

/

\ /, 10/7/2023/ \ 17 /
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—r/ BEAM-BEAM LIMIT

* Beamstrahlung and Disruption parameters in Linear lepton colliders

* Strong field process, during beam beam interaction, leads to:
* Strong focusing and consequent radiation losses (photon emission)

* Enhance of luminosity but also broadening of the luminosity spectrum

. —beam in circular colliders

* The Strong focusing field in beam-beam interaction is linear (like

quadrupoles) = it produces a shift in the tune
* But it generates a non-linear field component too (see F. Asvesta’s lecture)

* The beam-beam parameters for Gaussian (Hadrons) beams and for

elliptic (leptons) beams depends on key beam parameters

e \/
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BEAM INDUCED BACKGROUND

Neutrinos and secondary particles radiation in
- b
muon colliders -
L " R
\ D. Schulte et al.
e
Beamstrahlung photons and particles pairs in S
: : . E
electrons circular and linear colliders 2
l
Omrad] % A. Ciarma et al.
Q1-Q3 - Integrated dose | Ultimate Integrated Luminosity 30 ab’!
- Horizontal crossing —
50% Horizontal, 25%/25% \\//:::ccaall E;)?;Sol:/?\
70 .
Beam-beam debris in hadron colliders T e of o
* Energy deposition due to the debris produced in e </
p-p non-elastic collisions in the first quadrupoles .
of the accelerator T
10} §
v 40 60 80 100 120 140 160 180
U X ‘ Distance from IP in m
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-4 ASPECTS TO CONSIDER "

D. Schulte

Physics potential The collider energy
The collider luminosity
Particle type

Feasibility The technical maturity
The risk
The schedule

Affordability The collider cost
The collider power consumption
Availability of site

-
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— FUTURE HEP ACCELERATORS, CONCEPTS, IDEAS

-/

FCC-ee L - i PEDM
FCC-hh ILC . storage ring
uu collider
LHeC g-2
- CLIC storage ring
-e
Dielectric
CEPC HE-LHC laser acceleration yy collider
: c3
Factories RelLiC
. Plasma =
CPPC Neutrino acceleration ERLC

factories

W. Fischer ICHEP2022
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vy , Gamma Factory
M- colliders
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charm-t factory

plasma qcceleraﬁonu---.. |

—> not shown

N’/
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LINEAR COLLIDERS

TS e Se T e 4 ;\
e —

a Compact Linear Collider

4

ILCSince2004¢

Wand g i eades
- — ."':@"IJ
éoa il

10/7/203%
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ILC CONCEPT -

* first, create e- (photocathode dc gun)

* accelerate, send to circulate in 3.2 km damping ring

* shrinking emittance under radiation damping
* e- sent to main linac, accelerate

* to create e+: electrons pass undulator — magnets with many periodic bends

* radiated photons impact on a target, creating e+e- pairs. | . | e+ bunch

Damping Rings IR & detectors compressor

* capture e+, accelerate, send to damping ring

* send e+ to main linac, accelerate

e- bunch e+ source
* collide ete- inside detector compressor i . £
11 km

central region
5 km

electron
main linac
11 km

Barbara Dalena CERN Summer Students Lectures
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L

TDR (201 3) exits for 500 GeV

Emphasis on Higgs precision Physics in the

electroweak sector

P

L

* Cost ~5B$

Barbara Dalena CERN Summer Students Lectures

e- Main Linac

ILC TODAY

8,000 1.3GHz
SRF cavities @ 2K

e+ Source

 Physics Detectors

4

e | parameters [

C.M. Energy 250 GeV
Length 20km
Luminosity 1.35x10¥* cm2s™
Repetition 5Hz

Beam Pulse Period 0.73ms

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)
Qq Qy = 1x10 10

Beam delivery system (BDS)
e- Source

e+ Main Linac

C

-/
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Compact Linear Collider @)

P TR TE 3 /3’ P
Compact Linear Collider (CLIC)
BN 380 GeV - 11.4 km (CLIC380)
B 1.5 TeV - 29.0 km (CLICIS00)
. I 3.0TeV-50.1km (CLIC3000) | 484

Compact: novel and unique two-beam accelerating technique

based on high-gradient room temperature RF cavities:
first stage: 380 GeV, ~11km long, 20,500 cavities

Expandable: staged collision energies from 380 GeV
(Higgs/top) up to 3 TeV

Conceptual design report published in 2012

'COMBINER RINGS

/

Project implementation plan released 2018 ; 'f

Cost: 5.9 BCHF for 380 GeV

DRIVE BEAM INJECTOR

Update on energy stage baseline in 2016

BYPASS TUNNEL

INTERACTION REGION
DRIVE BEAM LOOPS

N ~._MAIN BEAM INJECTOR

“._ DAMPING RINGS

“._DRIVE BEAM DUMPS

. _TURN AROUND

: ,
o u ) 4
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Q3



\ =

CLIC LAYOUT

Drive beam accelerated to ~2 GeV using conventional klystrons
Intensity increased using a series of delay loops and combiner rings

Drive beam decelerated and produces high-RF

o e

Feed high-RF to the less intense main beam using waveguides

Extend by extending main linacs, increase drive beam pulse-length and power, and a second drive

beam to get to 3 TeV

Klystrons
72 units, 20 MW, 48 us

MATY

2.0km
Drive Beam Accelerator
1.91 GeV, 1.0 GHz

DRIVE BEAM
COMPLEX

Delay Loop
73 m

@95 m

Deoelerators 4 sectors Decelerator, each 878 m

380 GeV

Time Delay Line

o G G S ) ) e e

NI 1T HT 22 kom

300m

e Main Linac, 190 GeV, 12 GHz, 72 MV/m, 3.5 km e*Main Linac, 190 GeV, 12 GHz, 72 MV/m, 3.5 km

€ o O —

~ 11.4km
Spin Rotator 5°°;‘ge§i"=\°_)
)) AW CAPTION
1///
1/
Deé 389m Pre-Injector Primary e” Linac CR : Combiner ring
MAIN BEAM A e’LiGnac for e* production TA : Turnaround
0.2 GeV 5 GeV . i i
359 m DR : Damping ring
COMPLEX / / ; i
i(‘f—.—\(«((“-——-a PDR : Predamping ring
Target Gun BC : Bunch compressor
{(‘ BDS : Beam delivery system
\ ‘ 7 IP : Interaction point
A\ «(((“_a @ : Dump
Spin Rotator Injector Linac Pre-Injector DC Gun
2.86 GeV e’ Linac
0.2 GeV
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300m

lystrons
588 units, 20 MW, 148 ps

AT -

DRIVE BEAM

COMPLEX Delay Loop
73m

)\ 4

Klystrons
588 units, 20 MW, 148

(ot

-/

Accelerating structure
prototype for CLIC:
12 GHz (L~25cm)

S

2.5 km .

Drive Beam Accelerator
2.4 GeV, 1.0 GHz

295 m @295 m

Decelerators, 25 sectors

2.5km

Drive Beam Accelerator
2.4 GeV, 1.0GHz

Decelefator each 878 m

e N e e T T O
B BRI MM — et — - BOS QLR
e~ Main Linac, 1.5 TeV, 12 GHz, 72/100 MV/m, 22 km /IP ) e“MaIn Linac, 1.5 TeV, 12 GHz, 72/100 MV/m, 22 km
300m 50.1 km
Spl ttor Boo;(geblna\c—)
)))\\\\\ CAPTION
/)
14 Pre-Inj Pri " L CR : Combiner ring
& et oo re-l:?:;:.t:or 'o::“go:um'::ﬁ TA : Turnaround
MAIN BEAM 359 m PDR 0.2 Gev DR : Damping ring
COMALEX {(‘{——.—««(“—a PDR : Predamping ring
Target Gun BC : Bunch compressor
- BDS : Beam delivery system
/7 ; :
7 IP : Interaction point
3 TeV S “w—=3 i
Spin Rotator Injector Linac Pre-Injector DC Gun
2.86 GeV 3-;5':\7
10 /7/2035’ 2
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TWO BEAMS ACCELERATION SCHEME

* The high-current drive beam is decelerated in special

power extraction structures (PETS)

* Generated EM field can be transferred in RF
waveguides to the other beam => power is used to

accelerate the main beam

Barbara Dalena CERN Summer Students Lectures

compressed
wakefield

transfer

waveguide

wakefield

VRVERTRVATRIEVAIATRIEIRTEE

drive beam

AAANN]
-

%

accelerated
bunches

S

JUUUUVUVUYU
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CLIC PARAMETERS

S’

Main beam dynamics challenges: generation and

Table 1.1: Key parameters of the CLIC energy stages.

preservation of very small emittances along the

Parameter Unit Stage 1 Stage 2  Stage 3
accelerator Centre-of-mass energy GeV 380 1500 3000
Repetition frequency Hz 50 50 50
Nb. of bunches per train 352 312 312
Bunch separation ns 0.5 0.5 0.5
Pulse length ns 244 244 244
Accelerating gradient MV /m 72 72/100  72/100
Total luminosity 1x10%*cm 2571 2.3 3.7 5.9
Lum. above 99 % of /s 1x10%cm—2s71 1.3 1.4 2
Total int. lum. per year fb—1 276 444 708
=3 Main linac tunnel length  km 11.4 29.0 50.1
Nb. of particles per bunch 1x10° 5.2 3.7 37
Bunch length pm 70 44 44
ey [P beam size nm 149/2.0 ~60/1.5 ~40/1
Final RMS energy spread % 0.35 0.35 0.35
Crossing angle (at IP) mrad 16.5 20 20
e\ )
Barbara Dalena CERN Summer Students Lectures \ ) 29

10/7/2053/

@



-
" PERFORMANCE OF FUTURE LINEAR COLLIDERS

* LINACS & BDS
Tuning: process to bring a system or several subsystems to the desired performance

Sources of performance degradation

* Static imperfections:
* magnets displacements, roll, strength errors, etc...
* Dynamic imperfections:

* ground motion, vibrations, beam jitter, etc...

Definition of static corrections and feedbacks (dynamics variations) to recover known imperfections
* Choice of the algorithm, iteration, tolerances and of the figure of merit

Unknown

e \/
Barbara Dalena CERN Summer Students Lectures \ /. 10/7/2023/

A



'

B. Dalena et al.,

Phys. Rev. ST-AB, 15, 051006 (2012)

'

./
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EXAMPLE OF TUNING TECHNIQUES

High resolution bpms (sub- pum) coupled with sophisticated beam-based trajectory techniques

* Tight pre-alignment tolerances (~10 um)

% machines with L/L; > x

Beam Delivery System (BDS)

source

* Stabilization to suppress dynamic imperfections (sub-nm level)

damping ring

main linac

* Tuning against static imperfections using sextupoles knobs, Al and a fast luminosity signal as figure of merit

lumi total optimization
e lumi total opt. + H&V knobs 2" iter
= lumitotal BBA + H&V knobs
--------- lumi peak optimization
———————— lumi peak opt. + H&V knobs 2™ iter
= lumi peak BBA + H&V knobs
UE
100f
2
80
=18
7O
GOE
S0
40
30E
20E
10E
Ev v o b by by g by v by wy L
)

02 04 06 08 1 1.2 14 16
X[ L/L, |
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Sextupole knobs
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ILC/CLIC TEST FACILITY FOR NANO BEAMS

Tech. design completed
Spec. almost achieved

60
g
u’; 40+
o
2 201
'S
0
60| (b)
g
g 40
=
2 20F
w
500 ! . . . . 0
450 | : ) .
o ATF: achieved 41nm (2016) 80
£ 2 40l
S a0l (37nm=ILC (7.7nm)) g 40
& :\\\ - Orbi izt %00 80
% 250 - '\\ 1 Skew Sextupole Installed © Orbit Stabilization
@ 540 N ' i 5FF Sextupoles -
850l .. 4skewSextupoles installed SkewSextupole Modificat
E 4 FF Sextupoles
50 g c43nm
L Oog g
44 nm ; 41 nm
i i i
2010 2012 '?ma 2014 2015 ' 2016
‘1 FONT FB ON

m—— (11 ll“’;
Analog Front-end FPGA based
BPM processor digital processor

Kicker drive Amplifier
i P ——

& muiti-bun

Beam Position detection

Barbara Dalena CERN Summer Students Lectures

Strip-line kicker —”r
j

High-speed beam
position control
technology was
also demonstrated.

(Singin mmer 5 s wr———

-60 -40 -20 0 20 40 60 80 100
Position (pm)

FIG. 19. Distributions of positions with feedback off (blue) and feedback on (red) for bunch 2 at P3 with incoming, uncorrected
position jitters of (a) ~2 um, (b) ~22 ym, and (c) ~45 pm.

ATF International Review (Committee)*
-The committee highly evaluated the
achievements of ATF so far.

-The committee pointed out the
importance of continuing research to
contribute to the detailed design of the
ILC final convergence.

A. Faus Golfe and P. Burrows ICHEP 2022 |

e

4

Detailed design
Stable operation
demonstration

[
@
=]

June 2019
IPBSM switch from 30" mode to 174" mode
Interruption (~24 hours)

o
=]

o0
=]

Vertical beam size [nm]

ChOR target ATF2 - beam

Present setup at ATF2

aaaaa

Modify the beam
monitor system, etc. at
ATF to demonstrate

stable operation.
10/7/2053/
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* OUTLINE 20 PART Q
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* Futures Circular Colliders Projects
* HL-LHC
* FCC-ee/FCC-hh
* CepC/SppC
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PLASMA WAKE ACCELERATORS PRINCIPLE

Wakefield due to space
charge oscillation inside

plasma = 10 - 100 GV/m

Electron beam

-~ ' ===
$
-~

Laser or beam driver

v

From Maxwell’s equations, the electric field
in a (positively) charged sphere with uniform
density n; at location r is

ql l
3 60

E (r)=

The field is increasing inside the sphere

Let’s put some numbers

n=10% cm*
I Ex 10 =
R=0.5 1,150 uim

Barbara Dalena CERN Summer Students Lectures
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PLASMA WAKEFIELD R&D

* Specific topics to be addressed:
*  Positron acceleration

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

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

PRA (I First SASE-FEL Lasing at SPARC_LAB INEN

Experimental layout:

Gaating FEL specr

. 4 |
b BT TR

Digole PuQ
Undulators I

Enesy specren

Single Spike SASE spectrum FEL Energy gain along the undulators:

5
@
45 ¥ o 3
2 10 i
€ s ; Q, St et
N
35 g f 2
0
3
780 800 820 840 860 88 W0 o
\'-‘avs\uﬂsth (nm] L]
v 2 3 4 s 8 8 9 10 1 12 13

"b Hybrid pmtom Challenges & Opportunities leading up to 2030

Accelerator Beam diagnostic Over the next 10 years simulation toots for plasma based accelerators will need to address
additional challenges and opportunities:
= Extended acceleration distances

Ultra-high field intensities

Remove
Aeceieator e buschlength Do messurement (FUASH theragy! - Provide detailed quantitative predictions that include additional medels relevant for HER
Phoesngecieut + booser ddocrie dagrome Imadiation (sectronc component

2 A

— -y o '
' ‘ ‘ . Full scale madelling ot the AWAXE" e periment
\ » »
- - Comverson Energy spread Strategies being followed in the framework of the OSIRIS kinetic plasma simulation code
THz cavity THz source E — ) aaan Levesage the power of present and future Tier.0 HPC systems for addeessing these

challenges
- Impeovement of core algorithms in terms of accuracy, stability, and additional physics

e Lo puine 1o cope with longer accelerating dstances and jon motion/ tydrodynamic scales, and
J wm ST incroased laser intonsities and address HEP refevant parametars
~ Laserix Facility - Improvements on parameter input and cutgut. for both quantitative simalations with
ane-to-one comparison with experimental setups and use in integrated modeling
- > - e - m—py YO ———— vt

udents Lectures

+ Multi-Gev stages for collider applications will need -

- 107 ma =

* Lange = 1710 == i lacserr prilse mrust be guidied ™ ™
> 1 k2 ,

+ Cpseration far an Indefinite pericd Zn="0

Current solution: the capillary discharge waveguide

Fiosr phiases:

- seeding the 55M with an electron bunch

- plasma cell with density step ta freeze the modulation structure

- inject electrons & acceberate without emittance blvaup
implement scalable plasaa cell technologies

The challenge
)

- Spataity comtine 100's Sbors 10 £t Joues, 100's bW
e On PR phane Control
 Specteal combing theoe spectral bands 10 it <30 8 for drreng

Open-source simulation ecosystem
for laptop to Exascale modeling
of high-gradient accelerators

J.-L. Vay - Accelerator Modeling Program — Berkeley Lab

Expert Panel on High-Gradient Accalerator (PlasmalLaser) Townhall - May 31, 2021

BERKELEY LAB ATAP

" ENERGY

Scalable, high power, high energy, ultrafast fiber laser technology

@ ENERGY

=

LENL-U Michigan-LINL
partnerstup sappored by

DOE Office of Scsence

poralty stack 100 prstses in 1 Hber 10 S5t >10M), SUb AW

COBM IICI, A 1Ot b NS T crivingl CORGAT AR

_/

SXFEL Facility in Shanghai
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€3 (COOL COPPER COLLIDER)

-

S’

250 GeV et /e- initially

and upgrade to 550 GeV with ~8 km in length

Normal-Conducting Radio-Frequency (NCRF) C-band cavities
cooled by liquid nitrogen reach ~120 MeV/m acc. gradient

L. Rossi ICHEP2022

Barbara Dalena CERN Summer Students Lectures

Courtesy of F: Bordry, SLAC, CERN

Department of Physice and Astronomy, University of California, Los Angeles, CA 9008!

C* : A “Cool” Route to the Higgs Boson and Beyond

MEI Bal, Tiv BargLow, RAaINEr BarToLpus, MAaRTIN BREIDENBACH,
PHILIFPE GREXNIER, ZHIRONG HuaxG, MICHAEL KAGAN, ZENGHAI L1,

T ; - W . N
I'HoMas W. MarkKiEwrcz, EsMiLio A, Nannt |, Mampous Nasr, CHo-KUEN Nag,

Marco OriuxNo, MicHaEL E. Peskin®, THosas G. Rizzo, AmEeL G.

SCHWARTZMAN, Dong Su, Sani TanTawi, CATERINA VERNIERD , GLEN WHITE,

CHARLES C. YoUNG

SLAC National Accelerator Laboratory, Stanford University, Menle Park, CA 24025

JOHN LEWELLEN, EVGENYA SIMAKOV

Los Alamas Nafional Laboratory, Los Alamos, NM 87545

JAMES ROSENZWEIG

BRUNGO SPATARO
INFN-LNF, Froscat:, Rome 00044, Taly
VLADIMIR SHILTSEV

Fermi National Accelerator Laboratory, Baetavia IL 60510-5011

ABSTRACT

We present a proposal for a cold copper distributed coupling accelerator
that can provide a rapid route to precision Higgs physics with a compact 8 km
footprint. This proposal 8 based on recent advances that increase the efficiency
and operating gradient of a normal conducting accelerator. This technology also
provides an ¢ e~ collider path to physics at multi-TeV energies. In this article,
we deacribe our vision for this technology and the near-term H&D program
needed to pursue it.
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https://arxiv.org/abs/2110.15800

ILC UPGRADES OPTIONS

Quantity Symbol Unit Initial £ Upgrade Z pole Upgrades

Centre of mass energy V'S GeV 250 250 91.2 500 250 1000
Luminosity £ 10%em™%~! 1.35 2.7 0.21/0.41 1.8/3.6 5.4 5.1
Polarization for e~ /e P_(Py) % 80(30) 80(30) 80(30) 80(30) 80(30) 80(20)
Repetition frequency Joep Hz 5 5 3.7 5 10 4
Bunches per pulse Nbunch 1 1312 2625 1312/2625 1312/2625 2625 2450
Bunch population N, 1010 2 2 2 2 2 1.74
Linac bunch interval Aty ns 554 366 554/366 554/366 366 366
Beam current in pulse Toulse mA 5.8 8.8 5.8/8.8 5.8/8.8 8.8 7.6
Beam pulse duration toulse s 727 961 727/961 727/961 961 897
Average beam power Fave MW 5.3 10.5 1.42;’2.84*} 10.5/21 21 27.2
RMS bunch length oy mm 0.3 0.3 0.41 0.3 0.3 0.225
Norm. hor. emitt. at IP Yex pm 5 5 5 5 5] 5]
Norm. vert. emitt. at IP Yey nm 35 35 35 35 35 30
RMS hor. beam size at IP o nm 016 516 1120 474 516 335
RMS vert. beam size at 1P oy nm 7.7 7.7 14.6 5.9 7.7 2.7
Luminosity in top 1% Loor/L 73 % 73% 99 % 58.3% 3% 44.5%
Beamstrahlung energy loss dps 2.6 % 2.6% 0.16 % 4.5% 26% 10.5%
Site AC power FPite MW 111 138 94/115 173/215 198 300
Site length Lsite km 20.5 20.5 20.5 31 31 40

Table 4.1: Summary table of the ILC accelerator parameters in the initial 250 GeV staged configuration and possible upgrades.
A 500 GeV machine could also be operated at 250 GeV with 10 Hz repetition rate, bringing the maximum luminosity to
5.4 -10* ecm~2s~! [26]. *): For operation at the Z-pole additional beam power of 1.94/3.88 MW is necessary for positron

production.
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e Cavity

* Huge global interest in ILC-like SC
RF systems: European XFEL, LCLS-II,
Shanghai XFEL ...

* Nb cavity performance
advancements made at many labs.

New surface treatments and improved
fabrication techniques = major

improvements in gradient, Q, yield, cost

N-infusion:
45 MV/m @ Q ~ 2 x 10¥*10

ILC spec:
31.5 MV/m @ Q ~ 1x 10%*10

(for Q see W. Venturini lecture)

Yield evaluation
of cavities
based on TDR

The mass production of
European XFEL has reached
2 83% of the ILC specification
yield (90%).

Yield (%)

Number of Cavities
88 88 3

European XFEL: 29 £5.1 MV/m

Cryomoduleq Eng. design _

A. Faus Golfe and P. Burrows ICHEP 2022

Barbara Dalena CERN Summer Students Lectures

| Euro-XFEL Operétion
(Europe)
~800 cavities/

LCLS-Il Construction

(USA)

q

~280 cavities/
~35 Modules

\_

Realized through

international cooperation
and procurement

~

“ILC KEY TECHNOLOGIES: SRE CAVITIES

High performance and
cost reduction

US-Japan: high performance with

nqg‘u§urface treatment, etc.
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Germany-Japan: Improving
Efficiency in Cavity
Manufacturing.

Radiation Lavel (uSv/h)

Module assembly

4

N’
/ Cavity \

manufacturing,
performance
demonstration
(Yield
demonstration in
three areas)

Demonstration of
cryomodule
assembly,
transfer, and
performance

TB.D.

Asia Americas

France-Japan: Automation of cavity cleaﬁing

N’
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CLIC ON GOING ACCELERATOR STUDIES -

X-bGnd Technology: : Eiﬁﬁ:-‘ﬁ-xgx s E,
* Design and manufacturing of X-band structures and T I I
components S £
* Study structures breakdown limits and optimization, - & TonmmosSCCRRCERN " |2
operation and conditioning . 3
* Baseline verification and explore new ideas z -
* Assembly and industry qualification & 1e-05
o I’.
Technical and experimental studies, design and parameters: 16-06 - FER RS Rl
e  Module studies 36.07 .CLIC BDR Criteria o NP O il
* Beamdynamics and parameters: Nanobeams (focus on beam-delivery), 1e-07 - = — 1!)0 =
pushing multi TeV region (parameters and beam structure vs energy Unloaded Accelerating Gradient [MV/m]
efficiency) Application of X-band technology (examples):
* Tests in CLEAR (wakefields, instrumentation) and other facilities (e.g. ATF2) e A compact FEL (CompactLight: EU Design Study 2018-21)
* High efficiency klystrons * Compact Medical linacs (proton and electrons)
* Injector studies suitable for X-band linacs (coll. with Frascati) * Inverse Compton Scattering Source (SmartLight)
* Linearizers and deflectors in FELs (PSI, DESY, more)

* eSPS for light dark matter searches (within PBC)

More information:
o \/
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https://indico.cern.ch/event/952778/timetable/?layout=room#20201001

lllustration from EuPRAXIA, A. Ferran Pousa et al

\/ 4

Sostituire con slides di Phi

PLASMA WAKE ACCELERATORS PRINCIPLE -,

'

Damage limits for metallic walls in RF cavities limit accelerating fields—> replace metal with plasmas or
dielectric materials = advance into the many GV /m regime = shorter acc. lengths = reduced cost?

Lasers or THz pulses or e- beams drive
dielectric structures (e.g. Silicium)

Wakefield due to space
charge oscillation inside
plasma = 10 = 100 GV/m Laser or beam driver

“Accelerator on a Chip” grant Moore
foundation: Stanford, SLAC, University

EPFL, University Darmstadt, CST, UCLA
Electron beam

Options for driving plasma and dielectric structures (no klystrons at those frequencies):

* Lasers: Industrially available, steep progress, path to low cost
Limited energy per drive pulse (up to 50 J)
< > * e- bunch: Short bunches (need mm) available, need long RF accelerator
~100 pm More energy per drive pulse (up to 500 J)

- p+ bunch: Only long (inefficient) bunches, need very long RF accelerator

Maximum energy per drive pulse (up to 100,000 J)

R. Assmann EPS-HEP 2021 ~ 9
Barbara Dalena CERN Summer Students Lectures ' 10/7/202 40
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Erlangen, DESY, University Hamburg, PSI,

AXSIS ERC Synergy Grant: DESY, Arizona SU
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