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What’s Next for the Energy Frontier?

-

Direct Searches

Future
multi-TeV

* Many options in consideration beyond HL-LHC

s colliders * Precision studies with Higgs Factories
f;' Higgs * Discovery physics on the >TeV scale
s Factory Energy
8 >
i
Mass Scale >

Higgs coupling measurements and direct searches
will complement each other in exploring the
1-10 TeV scale and beyond.

u
L ee L oo gamma
Reina, P5 Town Hall _ FCC-ee/CEPC

| i | | | >

2030 2040 2050 2060

C. Vemieri


https://indico.bnl.gov/event/18372/contributions/73072/attachments/46978/79652/ef-p5-bnl.pdf

Why e*e-?

Initial state well defined & polarization = High-precision measurements
Higgs bosons appear in 1 in 100 events = Clean environment and trigger-less readout




Higgs Production at e*e-

ZH is dominant at 250 GeV
Above 500 GeV
® Hvv dominates
® ttH opens up
® HH production accessible
with ZHH
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What determines the performance of an accelerator? How do accelerators work across -
different scales in size and energy?



CERN Accelerator Complex
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LHC - Large Hadron Collider // SPS - Super Proton Synchrotron // PS - Proton Synchrotron // AD - Antiproton Decelerator // CLEAR - CERN Linear
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Particle (Electron) Sources

SLAC
« Electrons emitted by DC Gun
ST Cathode
providing enough free T
energy to overcome —

binding energy

* Thermionic, field and/or
photo emission

* Need electric fields to

accelerate particles away
from the surface

thermionic
cathode rj
/

10



Particle (lon) Sources

* |lonize gas and

accelerate
- Set desired
. i i I1SO3b,c .
lonization by e
stripping or adding ... s
R, — 1l Generator
electrons P
- Select ionization '
G

with magnets
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Real Particle Sources

cooling hose
that you see

on most
accelerator
components

cathode

somewhere

. 5 V3

inside

Emitter
heated to
1000 °C
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Particle Source for LHC
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Linac4 45 keV 3 MeV 50 MeV 102 MeV 160 MeV

DISTRIBUTION OF PROTONS DELIVERED
BY THE ACCELERATOR CHAIN
TO THE DIFFERENT INSTALLATIONS

EA
ISOLDE @ AD @ LHC
| 61 1.5% <01
|
: (5] @ PS SPS NA
100 | 30 9 2
|
@ n_TOF @
9 15.3¥ <1.8%
@ 3
Neutron Time-of-Flight faciity
Large Hadron Colider

North Experimental Area e ‘Quantity of protons used in 2016 by each
Other uses, including accelerator studies (machine ‘ ) o dccelerator and experimental faciity, shown as 1 3
development) J  apercentage of the number of protons sent by

the PS Booster

PS Booster
Isotope Separator On Line Device
Proton Synchrotron

"

East Expenmental Area
Antiproton Decelerator
Super Proton Synchrotron

439383

P EER
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Phase of electromagnetic |  standing wave
wave needs to be

¢
controlled to match the E%OOOOOD
particles velocity

Standing Wave - fields in E,A Beam direction of propagation

cavity alternate polarity in EVAYA
cavities and oscillate P EV.TV.T
Traveling Wave — fields R U
propagate with a phase . P
velocity that matches i A
particle velocity \ EVAYE Z

Prein  Traveling Poc .
Wave

P RF TW
RF
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Axial Electric Field Increases Kinetic Energy

E field
Pipe Pipe
A 3

Acc. field (E,)

RF power in

RF power in
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RF Sources Power the Accelerator

RF Source (Klystron)

Output large 3 GHz signal
Collector

Output cavity

Anode
Cathode




Linac4 Radio Frequency
Quadrupole

4) II-mode
Structure
160 MeV
12 Modules
8 Klystrons
12 EMQ

12 steerers
23m

NNNNN

Corso le 16.10.2008

3) Cell-Coupled
Drift Tube Linac

100 MeV

7 Modules

7 Klystrons
7 EMQ

7 steerers
14 PMQ
25m

rx —

LINAC 4

1)_Preinjector
3 MeV
Source(s)

2 solenoids

RFQ

11 EMQ

3 Cavities

2 Chopper units
dump

2) Drift Tube
Linac

50 MeV

3 Tanks

3 Klystrons

1 EMQ

2 steerers
114 PMQ
19m

3MeV line

Source



LHC Synchrotron

« Synchrotron recirculates
a beam providing
additional energy with
each pass

« The magnetic field is

Increased with increasing
beam energy

A ElGeV]=0.3 B[T] R{m]

R is fixed [4.24km]

Deflecting electromagnet

Emelging beam




LHC Cryomodule

The LHC uses eight cavities per
beam, each delivering 2 MV (an
accelerating field of 5 MV/m) at 400
MHz. The cavities operate at 4.5 K
— the LHC magnets use superfluid
helium at 1.9 K.

o1 A>
L™ Y g \ 2
A voltage generator induces an electric field Protons always
inside the RF cavity. Its voltage oscillates feel a force in the
with a radio frecuency of 400 MHz. forward direction.
°o— 2 - £ — § T 8§ T
—_ —_— —_— —_— —

Protons in LHC
Protons never feel a force

in the backward direction.
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Magnets Guide and Transport the Beam .

Beam-pipe
in center of
symmetry
of magnet
aperture

_ 04 x I[A—turmn] 1 B,[T]

B, T= 20" ~ Glam ol 2> BE(GeV]



LHC Superconducting Magnets
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LHC DIPOLE
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Path Forward for Superconducting Magnets

(¥

« Magnet performance will determine energy reach of future colliders
* FCC-hhbaselineat16 T
« HL-LHC will also benefit from higher fields

Superconducting Wire Performance HL-LHC Nb3Sn IT Quad

10,000

Existing quads
70 mm aperture
« 200 T/m gradient

w e YBCO: Parallel to tape
plane, 4.2 K

== «YBCO: Perpendicular to
tape plane, 4.2K

o 2212: Round wire, 4.2 K

s Nb3Sn: High Energy
Physics, 4.2K
w=gr==Nb-Ti (LHC) 1.9K

1,000

Proposed for upgrade

+ Atleast 120 mm
aperture (now 150 mm)

« 200 T/m gradient

* Field 70% higher at

pole face 22

100

Je (A/mm?)

10 TASC'05)
0 5 10 15 20 25 30 35 40 45

Applied Field (T) f@gm
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Linear vs. Circular

Linear e*e- colliders: ILC, C3, CLIC

* Reach higher energies (~TeV), ai
can use polarized beams

* Relatively low radiation

* Collisions in bunch trains

Circular e*e colliders: FCC-ee, CEPC
* Highest luminosity collider at
ZIWW/ZH
* limited by synchrotron radiation
above 350 — 400 GeV (~ y4 /p?)
* Beam continues to circulate after
collision

Collider ring

24



Higgs Factory Proposals

CLIC 380/1000/ 3000 GeV

FVSE 2T RIGTHP T o T T Ao
c_’mlhauﬁlhr(m’ 473
W 392 GeV - 114 km (CLIC0 /
B 13 TV - 290k CUC1500)

THETOHOKU REGION OF JAPAN

AOMORI

CEPC
240 GeV

FCC-ee
240/365 GeV

e . “
.'r,—,'r,—,T,'F,TH'.T, Y :' %
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Future Muon, Wakefield and hh Colliders

New magnet technology Nb,Sn —16 T (vs 8 T in the LHC with NbTi) Wa kefl e I d

current record 14T (CERN), Fermilab 2> 15T
Uy A

CIJMPACT/‘ Q

SOURCE

Muon Collider

5
8 ’ XD
France 5%

S ————

Muon collider Accelerator ring
>10 TeV centre-of-mass enargy
o injector — ~10 km circumference

P2

source channel
|
L -
)1



Landscape of High Energy Colliders

Snowmass Implementation Task Force comparisons of machine concepts

Future studies focusing on physics potential for operation AND construction

110°

—+~FCC ee —+-CCC
——-CEPC —+MC
~+-CERC —*—FCC hh
ERLC —+SPPC
—+—ReLiC PWFA
—ILC SWFA
—CLIC —LWFA |10

Luminosity/Power [1 0¥ cem?s™ MW"]
Integrate Luminosity per Energy [ab™' TWh™]

107 10° 10’ 102
CM Energy [TeV]

https://arxiv.org/pdf/2208.06030.pdf 27



https://arxiv.org/pdf/2208.06030.pdf

Pushing the Limits of the Energy Frontier

Sustainability Plays an Increasingly Critical Role as CoM Approaches and Exceeds 10 TeV

Can ask what collider energy yield same

° Heavy SpeCieS needed tO eXtend the total o when using “Parton Luminosity”
efficiency of circular colliders to high e.g. this case 2 — 2 process w/ f = 5,/6,  Meade, P5 Town Hall
energy 1600 — gg
® Muons provide an alternative to hadrons ] S
. . — B=1
and perform significantly better than i o
. . .: 800 |- “‘
electrons for synchrotron radiation ' ol - A=100
® ~106 MeV muon mass | .
° L E* =4 o
Synchrotron Radiation o« —— s .
pem - : i v
® Exce pti onal effici ency at ~10 TeV \% ‘ — g https://arxiv.org/pdf/2209.01318.pdf
B . e et e
® Compelling physics reach P AR il
. . N » 3 ¥ " L il 5 Te
® Clean(ish) environment '”‘ ==y b o

'y — HHvv — bbbbw

Nature Physics | VOL 17 | March 2021 | 289292
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https://indico.bnl.gov/event/18372/contributions/75211/attachments/47021/79728/P5HighEnergy.pdf
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ILC and the Accelerator Technology

Damping Ring

e+ Source

e- Main Linac

Interaction point

Detectors
CEEEEEEEEEEEEEEEEE——  C-
~20 km

e+ Main Liinac

e+

pre-accelerator

few Gev | SRE Technology

-_— — va

collimation

final focus

_}I{;

main linac
compressor

TDR was published in 2013.

DE T

) Town Hall at SLAC (May 3

e
1o

Infemafional develspment feam

Beam Energy
Luminosity

Beam rep. rate
Pulse duration

# bunch / pulse
Beam Current
Beam size (y) at FF

SRF Field gradient
#SRF 9-cell cavities (CM)

AC-plug Power

125 + 125 GeV
1:35/[ 27X 1010 cmz/s
5Hz
0.73/0.961 ms
1312/ 2625
5.8/ 8.8 mA
7.7 nm

< 31.5 > MV/m (+/-20%)
Q, = 1x10°

~ 8,000 (~ 900)
111/ 138 MW



SRF technology for ILC-250 beyond present limits
* Advanced shape standing wave SRF i
cavities — Low Loss (LL), ICHIRO,
* Reentrant (RE) — increase peak quench \
magnetic field by 10-20%, potentially
bringing accelerating gradient limit to <
* Traveling wave (TW) SRF offers better
cryogenic efficiency and higher

accelerating gradient up to ~ 70 MV/m —
possible application: ILC energy upgrade,
HELEN collider, ACE at Fermilab

* Advanced SRF materials — Nb3Sn
cavities can potentially reach ~ 90 MV/m

100
80
60
40
20

WY

Maximum Eacc [MV/m]

Now Potential




The Compact Linear Collider (CLIC)

* Timeline: Electron-positron linear collider at CERN for the era beyond
HL-LHC
* Compact: Novel and unique two-beam accelerating technique with high-
gradient room temperature RF cavities (~20'500 structures at 380 GeV),
~11km in its initial phase
e o * Expandable: Staged programme with collision energies from 380 GeV
e (Higgs/top) up to 3 TeV (Energy Frontier)

DRIVE BEAM INJECM‘

PN
BYPASS TUNNEL

DRIVE BEAM LOOPS

DRIVE BEAM DUMPS

* CDR in 2012 with focus on 3 TeV. Updated project overview documents
in 2018 (Project Implementation Plan) with focus 380 GeV for Higgs and
top.

TURN ARCUNO

Accelerating structure
prototype for CLIC: 12 GHz

Recent talks (with more references): eeFACT1 and eeFACT2
(L~25 cm)

The CLIC accelerator studies are mature:

* Optimised design for cost and power

* Many tests in CTF3, FELs, light-sources and test-stands
* Technical developments of “all” key elements

32



https://agenda.infn.it/event/21199/contributions/168889/attachments/96222/132512/CLIC_eefact22.pptx
https://agenda.infn.it/event/21199/contributions/178819/attachments/96605/133253/CLIC_eefact22_lumpow.pptx

On-going CLIC studies towards next ESPP update

Project Readiness Report as a step toward a TDR
Assuming ESPP in ~ 2026, Project Approval ~ 2028, Project (tunnel) construction can start in ~ 2030.

Optimizing the luminosity at 380 GeV — already implemented for
] Snowmass paper, further work to provide margins will continue.

The X-band technology readiness for the 380 GeV
CLIC initial phase - more and more driven by use

{ Luminosity margins and increases:
in small compact accelerators

* Initial estimates of static and dynamic degradations from
damping ring to IP gave: 1.5 x 10** cm? s

. Bending magnet ; : * Simulations taking into accord static and dynamic effects with
S SR eppiicatone h:;:dre corregtlve algorithms give 2.8 on average, and 90% of the
‘ smaller linacs TAEIFICveE machines above 2.3 x 1034 cm2 s (this is the value currently
CERN and Lausanne University Hospital N (> Bending magnets memufor
collaborate on a ploneering new cancer '.4 L4 14 nano beams used)
~

radiotherapy facility

RF efficiency and
sustainability studies

Improving the power efficiency for both the initial phase and at high energies, including more
general sustainability studies

Power estimate bottom up (concentrating on 380 GeV systems)

* Very large reductions since the CDR, better estimates of nominal settings, much more
optimised drive-beam complex and more efficient klystrons, injectors more optimized, main
target damping ring RF significantly reduced, recent L-band klystron studies

Efic

Energy consumption ~0.6 TWh yearly, CERN is currently (when running) at 1.2 TWh (~90% in
accelerators




3
C  Accelerator Complex

8 km footprint for 250/550 GeV CoM = 70/120 MeV/m

Large portions of accelerator complex compatible between LC
technologies

® Beam delivery / IP modified from ILC (1.5 km for 550 GeV
CoM), compatible w/ ILC-like detector

® Damping rings and injectors to be optimized with CLIC as

C3 Main Linac Cryomodule
9 m (600 MeV/ 1 GeV

Cryomodule (-9 m)

basel i ne Electron Beam In
C3 Parameters

Collider c’ C? C3 - 8 km Footprint for 250/550 GeV (to scale)
CM Ener&’ [GeV] 250 550 ‘°""’,,,\ 275 Gev ! 275Gev BC;
Luminosity [x10%4] 1.3 2.4 v © - © © c S © © N\,
Gradient [MeV /m] 70 120 UL e Y é"" )

Effective Gradient [MeV /m] 63 108 Trains repeat at 120 Hz L L L edo o SR (E——
Length [kum) 8 8 | ' |
Num. Bunches per Train 133 75 Pulse Format . | ]

Train Rep. Rate [Hz| 120 120 finimenncheesace by RF emelope -1 | eei e
Bunch Spacing [ns] 5.26 3.5 30 RF periods (5.25ns) - I a— o
Bunch Charge [nC] 1 1 e~ ;-
Crossing Angle [rad] 0.014 0014 | L e

Site Power [MW] ~150 ~175
Design Maturity pre-CDR | pre-CDR 34




Alignment Tolerance [;:m]

10*

10?

3
C Alignment and Vibrations

System level optimization essential for achieving performance

RF Structure Optimization

3.55 mm iris radius
2-0=Emax/Eacc
1-23=Hcoup/Hwall

Electric Field
M. Shumail, Z. Li

Magnetic Field

Main Linac Beam Dynamics

Displacement (um)

v .
:l: RadiaBeam

—n
No Correction (CLIC) —q 25 I n —
cuey ! __Acce lerating Cavities
DFS + Waske Bumps -
18
C— — 1220
" 1E
50! e )
1 Quadrupoles ] : m i i |
i |
0
i £ 10
I‘o u‘)o L3 MS Error [m]

Wavelength [m] ” ‘

White (C3), Schulte (CLIC) ottt [1|| || l\ Ililm‘

'\y RS am( ...|

15

Vibration Measurements and Analysis

540W

Y Displacement

Seow ow Satie

1500w

=
@ 0.4
5
v 0.3
L
[=3
a
50 100 150 200 fa) 02
Frequency (Hz)

250 300

%)

201

o
0.0l

_ 0.
E
20.5|

Stable

Z. George, V. Borzenets, A. Dhar, D. Palmer

60W

Two-Phase Fluid
Simulations

N ¢
gag“
R !

135\

FAMU-ESU
College of
Engineering

K. Shoele

1500W Precision Short and Long

Range Alignment

Nik

H. Van Der
Graaf

Alignment Parameters ‘/‘1'*(‘

Raft Components
Short Range (~10m)
Long Range (>200m)

Structure Vert. Vibration
Quad Vert. Vibration
BPM Resolution
BPM-Quad Alignment

pm
pm
pm
pm
nm
pm

um

100 nm resolution

30 Approved effort to test cold
1000 £ i ' — 7

9 i

§ o W, L e
15 S 02 4 & & 10 12 14 1 s
time (h)
0.1 https://arxiv.org/pdf/2307.07981.pdf
2 35


https://arxiv.org/pdf/2307.07981.pdf
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FUTURE

T FCC integrated program

comprehensive long-term program maximizing physics opportunities
» stage 1: FCC-ee (Z, W, H, tt) as Higgs factory, electroweak & top factory at highest luminosities
+ stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, w pp & AA collisions; also eh option

 highly synergetic and complementary programme boosting the physics reach of both colliders (e.g. model-independent
measurements of the Higgs couplings at FCC-hh thanks to input from FCC-ee; and FCC-hh as “energy upgrade” of FCC-ee)

« common civil engineering and technical infrastructures, building on and reusing CERN’s existing infrastructure
« FCC integrated prOJect allows the start of a new, major facility at CERN within a few years of the end of HL-LHC

f transfer lines proposed to be
Injection
{ installed inside FCC-hh ring tunnel
i+ | = into booster Azimuth = -10.2° 6 PA (Expgiment site) Azimuth = 10.2*
\ - e —m— e = = = = >l — — — — —
' ! | Injection into collider ngpeicon Injection
2 \N Beam dum
A Technical site 1SS =2160m | ‘/Tm ical sit P Technical site LSS = 2160 m Technical site

‘43 L | Lss = 2160 m K pB RF PL ss 2160m P8 g d

™ Booster RF FC C h am dump

.~

{
N N\
~ Arc length = 9616.586'm booster Arc length = 9616. 586‘11\
C 5 N \
. ’
0~/ 1 $S5=1400m S$SS = 1400 m I
B s 2 NG — - = = = = = = - - A - - - - PD PR = e i . e —————— = = = PD
s Schematic of an - (optional £ $sS = 1400m T (gptional oo 4N sss=1400m | (Secondary
80 - 100 km Experiment falfes Experiment o) RN 5
i ¥ site) site) e I N
s long tunnel ™ 7 |
5
N N\
Technical ste-X( Lss = 2160 m " LSS = 2160 m Jof” Jechnical sto Technical ste X Lss = 2160 m ‘ Lss = 2160m Jof' Technical site

Collider RF Momentum

collimation

Betatron collimation

PG (Experiment site)

PG (Experiment site)

2070 - 2095



FUTURE
C SIRQULER FCC-ee accelerator R&D - examples

efficient RF power sources efficient SC cavities Slotted Waveguide
(400 & 800 MHz) I Svratchev N S, (“X‘;)M extectors — E|liptical cavity

(SWELL) for high

1- & 2- beam current & for
‘ cell . .
‘» Nby/Cu, high gradient,
« S 4.5 K seamless by nature
_ S— P — links to past work
high eff|C|ency. klystrons 3 at ANL (Liu & Nassiri,
FPC & HOM coupler, cryomodule, . s ]
) ) . opper qu.adr'ants Cooling circuits syratchev
thin-film coatings S
9 under study: CCT HTS quad’s & sext’s for arcs

energy efficient twin aperture arc dipoles reduce energy consumption by O(50 MW)

PAUL SCHERRER INSTITUT

|||||

5555555

M. Koratzinos, Massachusetts

B. Auchmann Institute of
Technology


https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.25.122802

FUTURE
CIRCULAR
COLLIDER

Stage 2: FCC-hh: highest collision energies

1E+36

1]

1E+35

® FCC-hh

"

S, 1E+34 oLric

P

‘G 1E+33 A

= ®¥Tevatrgn

= ® ISR ‘

S lpmn ® RHIC

'?é 1E+31 ® $ppS

L

S 1E+30

0.01 0.1 1 10 100
c.m. energy [TeV]
from via

LHC technology HL-LHC technology

12 T Nb3Sn quadrupole

1000

~order of magnitude performance increase
in both energy & luminosity wrt LHC

~100 TeV cm collision energy
(vs 14 TeV for LHC)

20 ab™?! per experiment over 25 years
of operation (vs 3 ab™! for LHC)

similar performance increase as from
Tevatron to LHC

key technology: high-field magnets

N N FNAL dipole HTS
A AEESEPN. B8  demonstrator  technology
| 4-layer cos9
14.5 T Nb;Sn Hybrid

in 2019 Nb-Ti/HTS



Muon Collider Concept

* Leading concept for Muon Collider is a proton driven target for muon
production followed by 6D cooling to reduce the beam emittance
* Alternative concept — positron driven muon production

» Challenges:

* Muon cooling
for proton
driven source

* High flux
positron source

ArXiv: 1808.01858

Proton Driver Front End Cooling Acceleration Collider Ring
m =] ] ‘_
N 2 e N D) e =
S g & ¢ |55 8|3 5§ £ £ £
= .25 S 210 & 2 s 8 8
2 E & § [825°g[343 BRSO
S ©C 9s § fls 3 85 3 & Accelerators:
< o =8 & | Linacs, RLA or FFAG, RCS
Low EMmittance Muon Positron Linac |Positron Acceleration Collider Ring
Accelerator (LEMMA): Ring
10" o pairs/sec from e
e'‘e” interactions. The small COM:
production emittance allows lower S| e ( 10s of TeV
overall charge in the collider rings “| Positron Linac =
- hence, lower backgrounds in a > I § é’o
collider detector and a higher g Paf’ 5 = F TF
potential CoM energy due to S~ _'é Accelerators:
neutrino radiation. 8 LinaCS, RLA or FFAG, RCS




Muon Cooling

* Technology requirements for MuC cooling:
« Large bore solenoidal magnets: From 2 T (500 mm IR), to 14 T (50 mm IR)
* Normal conducting rf that can provide high-gradients within a multi-T fields
» Absorbers that can tolerate large muon intensities
+ Integration: Solenoids coupled to each other, near high power rf & absorbers)

41



Longitudinal Emittance (mm)

Target Parameters for Muon Collider from Snowmass 2021

Accelerator R&D areas: Parameter Symbol Unit Target value

° ) ) Centre-of-mass energy FEem TeV 3 10 14
High power proton driver Luminosity £ |10%em2s! | 18] 20 | 40

. . . Collider circnmference TN L 45 10 14

¢ Short lifetime of muons in o=

o . Muons/bunch N 10 22| 1.8 1.8

injector (~microsec) Repetition rate fr Hz 5 5 5

®  Cooling to reduce emittance Beam power Peon MW 53| 144 20
L. . —Longuainar eiance eL MevV m TS| 75 TS

Injection and acceleration Transverse emittance € pm 25 | 25 25
®  Mitigating radiation IP bunch length o mm 5 115 | 1.07
IP beta-function B mm 5 1.5 | 1.07
IP beam size o pm 3 0.9 | 0.63

i Target

0 arXiv:2203.08033 000

= For acceleration to

multi-TeV collider For acceleration to NuMAX

(325MHz injector acceptance
3mm,24mm)

Front End

._.
‘?-

SO N HOCO N SO0 N H
T

(15mm 45mm)
Initial
Cooling

Muon Collider

. o
# Injector > 10TeV CoM
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Wakefield Accelerator Technologies

Structure Wakefield Accelerators @ al

Argonne, SLAC, and LBNL are the stewards of

1 l -\ f SWFA, PWFA, and LWFA technology in the
I US, with UniverSity pal’tiCipation.
{ L] Wil !
=—Bunch
Iy ST . Beam Driven Plasma @ S-AS

Key advantages:

Ultra-large gradients (1-100 GeV/m)
Ultra-short bunches (suppress beamstrahlung)




The Next Steps

Challenges
Staging Repetition Rate

Positron Acc. Energy Recovery Beam Delivery Syst.

Zkm sca,
b .. AU DEWERY sy ey //\ 5142 Lisen soupee
S S— s .’ /
d P = , .5‘1.5;3
e

~ o /;" —
INTERACTION REGION-— s

e+ ‘SOURCE
ENERGY
PLASMA RECOVERY
MIRROR
(
- - -
\/
. ACCELERATION STAGE . .
IN PLASMA CHANNEL Laser-Plasma Linear Collider
SER PULSE .
arXiv 2203.08366

Some of the next steps in the R&D path are achievable
at existing facilities, while others are not.
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European Efforts

Europe is moving ahead with major Wakefield Accelerator
projects, such as AWAKE at CERN, and EuPRAXIA User
Facility at INFN, which is on ESFRI Roadmap.

New ideas like Hybrid PWFA Boosted Higgs Factory will
be covered in an Integrated Design Study.

Support from P5 is critical for keeping pace with our
European Partners!

Positron Damping rings
source (3 GeV) Driver source,

Int ion point RF linac (5 GeV) RF linac )
(250 GeV c.0.m.) et oxo =, (5-31 GeV e*/drivers)
2 2

Electron

source

— D3OI S K >3 2. 22200 2 »>>>>) -

7 e =tecccccarn s}
Be

Facility length: ~3.3 km
Turn-around loops

(31 GeV e*/drivers)

RF linac
Beam-delivery system \

Plasma-accelerator linac (5GeVe)
(500 GeV &)

(16 stages, ~32 GeV per stage)

Positron transfer line
(31 GeV e')

am-delivery system
with turn-around loop

(31 GeVe') Scale: 500 m

Plasma Collider Boosted Higgs Factory, B. Foster et al. arXiv:2303.10150

—
'
-

AWAKE—

gl N
— L
CERN ——— o
-

AWAKE: Proton-driven PWFA for experiment at
CERN aims to generate O(100) GeV electrons for
Dark Sector searches.

s

—— -~

EuPRAXIA Plasma Accelerator User Facility at INFN
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Conclusions

1)

« Accelerators are powerful tools for scientific discovery

« A great variety of parameters are achievable — species,
power, wavelength, repetition rate

« Technology is evolving rapidly to enable new capabilities

« Ultimately accelerator technology will set the limits of
collider performance

« Exciting time with great options for the community
Questions?
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Particle (Electron) Sources

SLAC
« Electrons emitted by DC Gun
ST Cathode
providing enough free T
energy to overcome —

binding energy

* Thermionic, field and/or
photo emission

* Need electric fields to

accelerate particles away
from the surface

thermionic
cathode rj
/
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Particle (lon) Sources

* |lonize gas and

accelerate
- Set desired
. i i I1SO3b,c .
lonization by e
stripping or adding ... s
R, — 1l Generator
electrons P
- Select ionization '
G

with magnets
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Real Particle Sources

cooling hose
that you see

on most
accelerator
components

cathode

somewhere

. 5 V3

inside

Emitter
heated to
1000 °C
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RF Linear Accelerator Increases Beam Energy

- Electromagnetic wave
accelerates particles
to higher energy

* Linear accelerator is
common for injection
into a circular
machine

* Higher beam quality;
used to bunch, focus
and compress beam




Fabrication of RF Accelerators

(a) OFHC forged copper;
(b) realization of cells

by lathes; (c) single cells
machined and ready to be
stacked; (d) cells piled up
before brazing; (e) the
structure in a vacuum or
hydrogen furnace; (f) the
brazed structure.




Circuit Model for Powering Accelerators
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» High quality factor increases energy
gain for fixed power
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RF Cavities in Linac4

Linac4 Drift Tube Linac

4

Linac4 Radio Frequency Quadrupole

-

-
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-
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Superconducting Magnets

1232 bending magnets 15m 8.3T
NbTi cables, 13 KA@1.9K 10 GJ e
15 m, 56 mm
4.57 5.3T 3.5T 5 S
HERA, RHIC,
9m, 75 mm 9 m, 80 mm
416 dipoles 264 dipolcs
=7 ‘\
'
Tevatron, / '/ 0 \
6m, 76 mm
774 dipoles @"" vy °"-‘- @
‘1! (F"
i {isd
4.5 K'He, NDTi NbTi cable NbTi cable NbTi cable
+warm iron cold iron simple & 2K He
small He-plant Al collar cheap two bores
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The Next Steps: Staging

A proof-of-principle demonstration of
staging was performed at LBNL in 2016.

BELLA is well-positioned to demonstrate
GeV-scale staging with the existing
facility.

AWA plans a 0.5-GeV demo followed by
a 3-GeV fully-featured module.

Ask to P5: Upgrade AWA facility for
0.5 GeV demonstrator.

FACET-II can study beam transport in and
out of a single stage.

Future Request: Facility for demonstrating
two or more PWFA stages.

Note to P5: PWFA Staging
experiment may be possible at C3
Demo facility
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Beam matching with plasma ramps
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Laser-gated multistage plasma accelerator
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FUTURE
CIRCULAR

COLLIDER

niversitat
s

Rostock

Tradiso et Innawath

INL

Istituto Nazionale di Fisica Nucleare

FCC-ee SRF system

Subtracting 0.5 nQ due to NC

Qol2k) RF losses in SS blank flanges

lell

83388388404,

@ Five-Cell Cavity ‘

Laboratori Nazionali di Legnaro

5-cell cavity development (2018),
successful collaboration with JLAB

2% Fermilab

Main post-processing steps
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