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Ø Introduction: Setting the scope
EPPSU-2020  - LDG roadmap 
Snowmass’21

Ø EW / Higgs factories 
Linear
Circular
γγ

Ø Summary and Perspectives



Context: EPPSU 2020 process update 
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H. Abramowizc ESG January 2020.

20 strategy statements have been unanimously adopted by the European 
Strategy Group (ESG) in January 2020:    

High-priority future initiative:
Prepare a Higgs factory, followed by a future 
hadron collider with sensitivity to energy scales 
an order of magnitude higher than those of the 

LHC, while addressing the associated  
environmental and technical challenges
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Context: The LDG process 

Ø LDG Report (2022)
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Context: Snowmass’21 process 

EW-Higgs factories:
The fastest path towards an e+e- Higgs factory 

(linear or circular) in a global partnership
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Context: HEP Future Coliiders new Timelines 
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� ILC
� CLIC
� C3
� HELEN
� ReLiC
� ERLC *

IAS-HEP 2023

• FCC-ee
• CEPC 
• CERC
• EPCCF
• LEP3 *
• MCS*

• XCC
• HE&HL γγ

Linear 

EW Higgs colliders projects

Circular 

γγ

A small number of the proposals are ready or
close to a construction phase, most of the
proposals are very high-level in the
conceptional design stage. These proposals
should focus on main R&D tasks to move
forward to a TDR.

*   not white paper but considered for completeness

Some dedicated and fruitful 

discussions have been made 

during Snowmass21 AF03

AF03 : EW/Higgs Factories
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ILC Accelerator Design and Challenges 

e- blue
e+ red

Ø SC helical undulators (baseline): 
rotating target, polarized (e- at 125 GeV)

Ø Electron driven source: dedicated 3 GeV NC S-
band TW e- (pair production). 

ILC 250 GeV 

February 2023IAS-HEP 2023

ATF2 

ILC 

More details in A. Yamamoto’s talk
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ILC Key technologies
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ILC Baseline, extension and  upgrades 

Ø Energy upgrades: 500GeV (31.5 MV/m 
Q0=1 x 1010) , 1TeV (45 MV/m Q0=2 x 1010, 
300 MW) more SCRF, tunnel extension

- Kitakami site: 50km long, sufficient for 1TeV

ØLuminosity upgrades:
- 2 x bunches, 2 x RF (1.35 -> 2.7x1034)
- Run = 500GeV machine at 250GeV, 

10Hz: factor 2 (2.7x1034 -> 5.4x1034)
- Improve power efficiency

More details in F. Zimmermann’s talk



lThe technical preparation document was 
reviewed by the international review 
committee (chair:Tor Raubenheimer
(SLAC)).
lThe total global cost of the project is about 
60 MILCU and about 360 FTE-year. (This 
does not include the cost of the 
infrastructure for the WPs.)
lThe cost will be shared internationally as 
in-kind contribution.
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ILC proposal state and R&D ( 4 years) 

http://doi.org/10.5281/zenodo.4742018
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140 µs train length - 24 × 24 sub-pulses 
4.2 A - 2.4 GeV – 60 cm between bunches 

240 ns 

 24 pulses – 101 A – 2.5 cm between bunches 

240 ns 
5.8 µs 

Drive	beam	*me	structure	-	ini*al	 Drive	beam	*me	structure	-	final	

e- red
e+ yellow

1. Drive beam accelerated to ~2 GeV using 
conventional klystrons

2. Intensity increased using a series of delay loops 
and combiner rings

3. Drive beam decelerated and produces high-RF
4. Feed high-RF to the less intense main beam using 

waveguides

CLIC Accelerator Design and Challenges 

Four main challenges
1. High-current drive beam bunched at 12 GHz (CTF3  addressed all 

drive-beam production issues)

2. Power transfer and main-beam acceleration, efficient RF power

3. Towards 100 MV/m gradient in main-beam X-band cavities
4. Alignment and stability (“nano-beams”) SOLEIL&
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Target and achieved
emittance in existing 
and planned 
machines

More details in A. Latina’s talk



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 

CLIC Key technologies

February 2023IAS-HEP 2023
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CLIC Baseline, extension and upgrades 

Further work on luminosity 
performance, possible 
improvements and margins, 
operation at the Z-pole and 
gamma-gamma are ongoing

• Very large reductions since CDR (2018), 
better estimates of nominal settings, 
much more optimised drive-beam 
complex and more efficient klystrons, 
injectors more optimisation, etc

• Further savings possible, main target 
damping ring RF and improved L-band 
klystrons for drive-beam

Ø Energy studies:
• Running when energy is 

cheap
• Renewable energy 

(carbon footprint)
• Recovering energy

Parameter scans 
to find
optimal 
parameter set, 
change acc. 
structure 
designs  and 
gradients to find 
an optimum* 

February 2023IAS-HEP 2023 More details in F. Zimmermann’s talk



CLIC proposal state and R&D
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Project Readiness Report as a step toward a TDR – for next ESPP. Assuming ESPP in 2026, 
Project Approval ~ 2028, Project (tunnel) construction can start in ~ 2030.

Goals for R&D studies by ~2025, key improvements:

• Luminosity numbers, covering beam-dynamics, nanobeam, and positrons - at all energies. 
Performance risk reduction, system level studies  

• Energy/power: 380 GeV well underway, 3 TeV to be done, L-band klystron efficiency

• Sustainability issues, more work on running/energy models and carbon footprint 

• X-band progress – for CLIC, smaller machines, industry availability, including RF network  

• R&D for higher energies, gradient, power, prospects beyond 3 TeV

• Cost update, only discuss changes wrt Project Implementation Plan in 2018

• Low cost klystron version – reoptimize for power, cost and fewer klystrons 



C3 - 8 km Footprint for 250/550 GeV

C3 Accelerator Design and Challenges 

• 8 km footprint for 250/550 GeV  ⟹ 70/120 MV/m
(7 km footprint at 155 MeV/m for 550 GeV present 
Fermilab site)

• Large portions of accelerator complex are 
compatible between LC technologies: 

- BDS and IP modified from ILC (1.5 km for 550 GeV)
- DR and injectors to be optimized with CLIC as baseline

Cryogenic (80 K) high-gradient distributed coupling accelerator concept

Accelerator Design 
• Engineering and design of prototype cryomodule underway

Focused on challenges: 
• Gradient – Scaling up to meter scale cryogenic tests
• Vibrations – Measurements with full thermal load
• Alignment – Working towards raft prototype
• Cryogenics – Two-phase flow simulations to full flow tests
• Damping – Materials, design and simulation
• Beam Loading and Stability - Thermionic beam test
• Scalability – Cryomodules and integration

Cryomodule Concept
Vibration
Studies

February 2023IAS-HEP 2023
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Modern Manufacturing
Prototype One Meter StructureMaximize Structure Efficiency and Performance

Distributed Coupling

High Accelerating Gradients
Cryogenic Operation Integrated Damping

Slot Damping with NiChrome Coating

Present Focus is the Main Linac, in Future Expand to Rest of Complex

C3 Key technologies

February 2023IAS-HEP 2023
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C3 Baseline, extension and  upgrades 

• Beam power can be increased for additional luminosity
• C3 has a relatively low current for 250 GeV CoM (0.19 A) -

Could we push to match CLIC at 1.66 A? (8.5X increase?)
• Pulse length and rep. rate are also options

Luminosity

Energy

• Scalability studied to 3 TeV
• Requires RF pulse compression for reasonable site power 
• Higher gradient option (155 MeV/m) in consideration

Parameter Units Baseline High-Lumi

Energy CoM GeV 250 250

Gradient MeV/m 70 70

Beam Current A 0.2 1.6

Beam Power MW 2 16

Luminosity x1034 1.3 10.4

Beam Loading 45% 87%

RF Power MW/m 30 125

Site Power MW ~150 ~180

More details in F. Zimmermann’s talk



Next Steps: 
C3 Demonstration R&D Plan

C3 proposal state and R&D (5 years)

§ Demonstrate fully engineered 
cryomodule. ~50 m scale facility

§ 3 GeV energy reach
§ Answer technical questions 

needed for CDR

February 2023IAS-HEP 2023
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C3 based on  SC Nb3Sn 



Higgs-Energy LEptoN collider (HELEN)

e+e– Damping Rings 

Central Region 

e– Main SRF Linace+ Main SRF Linac
Undulator

Polarized e– Injector

RTMLRTML

Beam Delivery System

Detector

7 mrad crossing angle

~ 3 km

e+ Injector LL

not to scale

Higgs-Energy LEptoN (HELEN) Collider

§ Accelerating gradients of 50 MV/m have been shown, much beyond the ILC design with 31.5 MV/m.
§ Traveling wave SRF structures with innovations in cavity surface treatments and processing should allow 70 MV/m. 
§ Nb3Sn may enable 90 MV/m standing wave cavities, and even more with traveling waves.
§ A conceptual LC design with advanced cavities leads to reduced length for a 250 GeV e+e– collider.

§ 55MV/m, 71% fill factor è 9.4km
§ 70MV/m, 84% fill factor è 7.5km
§ 90MV/m, 71% fill factor è 6.9km

21

An ILC with advanced SRF and reduced length, suitable for the Fermilab campus.

Fermilab campus is about 7.5km wide in N-S and E-W direction.

February 2023IAS-HEP 2023



Baseline Design and LC comparisons

22

§ The HELEN baseline uses traveling 
waves (TW) SRF operating at 70 MV/m 
is selected as the baseline option.

§ Circularly TW cavities don’t waste energy 
on non-accelerating backward waves!

§ Most of the HELEN parameters (except 
for SRF) are identical to those of the ILC.

February 2023IAS-HEP 2023 More details in F. Zimmermann’s talk
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• Flat beams are emittance-cooled and polarized in damping rings with “top off” to replace 
burned-off particles (only nAs)
• Beams are accelerated on-axis in SRF linacs to avoid emittance growth  and collide in one of 
the detectors 
• After collision at the top energy, they are decelerated in the opposite linacs
• Decelerating bunch trains are separated from the axis to avoid collision with the accelerating 
one.
• After few damping times the trip repeats in the opposite direction and beams collide in a 
second detector

ReLiC collider recycles polarized electrons and positrons, and their energy 

ReLiC – Recycling Linear Collider 

February 2023 IAS-HEP 2023
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ReLiC would be capable of very high luminosity 

February 2023IAS-HEP 2023

• Except for the energy recovery, most design aspects correspond to the ILC.
• The luminosity can be vastly larger, by two orders of magnitude.
• The power needs can be similar to the ILC numbers when progress in high-Q SRF and in cryogenic technology are made.
• A related ERL linear collider proposal (ERLC) uses two-axes SRF cavities and comes to similar vast luminosity increases.
• These ERL-based designs provide the most energy efficient luminosity values!

More details in F. Zimmermann’s talk



Parameter [4 IPs, C=91.1 km] Z WW H (ZH) ttbar

beam energy [GeV] 45 80 120 182.5
beam current [mA] 1400 135 26.7 5.0
number bunches/beam 8800 1120 336 42
bunch intensity  [1011] 2.76 2.29 1.51 2.26
SR energy loss / turn [GeV] 0.0391 0.37 1.869 10.0
total RF voltage 400/800 MHz [GV] 0.120/0 1.0/0 2.48/0 4.0/7.67
long. damping time [turns] 1170 216 64.5 18.5
vertical beta* [mm] 0.8 1 1 1.6
vertical geom. emittance [pm] 1.42 4.34 1.29 2.98
horizontal rms IP spot size [µm] 10 21 14 39
vertical rms IP spot size [nm] 34 66 36 69
beam-beam parameter xx / xy 0.004/ .159 0.011/0.111 0.0187/0.129 0.096/0.138
rms bunch length with SR / BS [mm] 4.32 / 15.2 3.55 / 7.02 2.5 / 4.45 1.67 / 2.54
luminosity per IP [1034 cm-2s-1] 181 17.3 7.2 1.25
tot. integr. luminosity / yr [ab-1/yr] 86 8 3.4 0.6

Double ring e+e-; common footprint w/ 
future 100 TeV hadron collider (FCC-hh)
Asymmetric IR layout  & optics; Qc=30 
mrad, “virtual” crab-waist collision, 2 or 4 
IPs – dynamic aperture; 
SR power 50 MW/beam ; Top-up injection

K. Oide

FCC-ee Accelerator Design
High luminosity precision study of Z, W, H, and 𝒕�̅� ; unprecedented energy resolution at
Z (<100 keV) and W ; Low-risk technical solution based on 60 years of e+e- circular
colliders and particle detectors; R&D on components for improved performance but no
need for “demonstration”; Infrastructure could support a century of physics : FCC-ee
à FCC-hh à FCC-eh and several other options ; Strong support from CERN, partners,
and ESPP ; Ongoing study focused on siting & “feasibility” for 2026 ESPP

key concepts (top-up, crab waist, …) 
demonstrated in routine operation at 
previous machines ; technology available

strong synergies with SuperKEKB & US EIC IAS-HEP 2023 February 2023 25

More details in M. Hofer’s talk



FCC-ee Key Accelerator Technologies
efficient RF power sources
(400 & 800 MHz)

efficient SC cavities 

twin aperture arc dipoles

I. Syratchev

A. Milanese

under study: CCT HTS 
quad’s & sext’s for arcs

800 MHz 5-cell Nb
prototype / JLAB, 2 K

F. Marhauser
400 MHz 
1-,2- & 
4-cell 
Nb/Cu , 
4.5 K

FPC & HOM coupler, cryomodule, 
thin-film coatings…

prototype high-yield e+ source 
w HTS solenoid at SwissFEL

M. Koratzinos
IAS-HEP 2023 26February 2023



FCC Civil Engineering & Site

Site investigations planned for 2024 – 2025: 
~40-50 drillings, 100 km of seismic lines

J. Gutleber

Optimized placement and layout 
(2021)
8 surface sites – less land, <40 ha 
Possibility of 4 FCC-ee experiments 
All sites close to road infrastructures < 

5 km of new road constructions in 
total for all sites combined

Several sites close to 400 kV grid lines
Good road connections of PD, PF, PG, 

PH suggest operation pole around
Annecy / LAPP

February 2023IAS-HEP 2023 27



FCC-ee Sustainability Studies

Thanks  to twin-aperture magnets, thin-film SRF, efficient 
RF power sources, top-up injection

luminosity vs. electricity consumption
highly sustainable Higgs factory FCC-ee annual energy consumption ~ LHC/HL-LHC

powered by mix of renewable & other C-free sources

optimum usage of excavation material
int’l competition “mining the future®”

J.-P. Burnet, FCC Week 2022

https://www.carbonbrief.org/

France & Switzerland: already
~ lowest electricity C content 

in the world (90% C-free)

incl. CERN site & SPS

https://indico.cern.ch/event/1001465/
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More details in F. Zimmermann’s talk

https://indico.cern.ch/event/1064327/contributions/4883198/attachments/2453900/4208505/FCC_power-demand-updated_V2.pdf
https://www.carbonbrief.org/
https://indico.cern.ch/event/1001465/


FCC-ee upgrades, extensions, possible staging

• ≥4 differently optimized experiments  
• FCC-ee: not only Higgs, but Z and W 

factory (TeraZ);  t ̅t upgrade (~1 BCHF);
optional direct s-channel Higgs 
production at 125 GeV

• civil construction & technical 
infrastructures shared with [and 
prepare] 100 TeV hadron collider FCC-hh
– stage 2 of FCC integrated program

• numerous other possible extensions 
(ep/eA/AA, Gamma Factory, ERL 
upgrade, LEMMA-type µ collider FCC-µµ
? … )

Calls for at least 4 detector concepts; 3 under development 
(CLD, IDEA, NL ECAL, with room for more)

Common FCC detector software framework in a joint effort

P. Janot, M. Dam, et al.
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CEPC Accelerator Design and Challenges 

More details in CEPC’s talks
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CEPC Key technologies
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CEPC Baseline, extension and  upgrades 
More details in F. Zimmermann’s talk
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CEPC proposal state and R&D



FNAL “Site Filler” EPCCF and LEP3* * not proposed white paper 

240 GeV

February 2023IAS-HEP 2023 34



February 2023IAS-HEP 2023 35

CERC Baseline design

CERC combines the advantages of existing colliders:

• Storage ring colliders: the energy and the particles of used beams 
are reused

• Linear colliders: efficient collisions can use a larger disruption 
parameter than a ring collider, because beams only collide once 
at high energy before recapture.

• This allows for significantly larger luminosity than in a ring, by an 
order of magnitude.

• Flat beams are cooled in damping rings with top off
• Bunches are ejected with collision frequency
• Beams are accelerated with SRF linacs in two four-path ERLs 
• After collision at top energy RF phases are changed to 

deceleration returning most energy to SRF linacs
• Decelerated beams are reinjected into cooling rings 
• After a few damping times the trip repeats 
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CERC Upgrades, extension and stageability

• CERC in luminosity is correlated to 
the SR power 
• 30 MW total SR power è green 
• 100 MW è 3 times more (solid red) 

• CERC energy upgrade to cover √s 
~500-600 GeV with increasing 
luminosity advantage over FCC-ee.

• CERC can be used for hadron-
electron and hadron-positron 
collider in conjunction with FCC-hh

CERC can be built in stages, increasing the energy by adding SRF cavities

More details in F. Zimmermann’s talk



gg colliders with FELs: XCC 

February 2023IAS-HEP 2023 37

• Cryo Cu RF Gun, 120 nm-rad emittance, 
76 1nC bunches, 240 Hz, 90% pol.
• Cryo Cu Linac,  70 MV/m,  76 1nC 
bunches, 240 Hz
• 700 mJ/pulse 1 keV γ XFEL
• X-ray focusing to 70 nm FWHM for 700 
mJ/pulse 1 keV γ



XCC Sustainability

February 2023IAS-HEP 2023 38

More details in F. Zimmermann’s talk
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HE - HL gg Colliders

gg collider parameters 0.5 TeV 1.0 TeV 3.0 TeV 10 TeV Units 
x-factor 2 (4) 4 12 40  

Max. photon energy 0.17 (0.20) 0.40 1.38 4.88 TeV 
Lgg / Lee £ 10 £ 10 £ 6 £ 3 % 

 



Muon Collider Higgs Factory * not proposed white paper

US MAP, D. Neuffer et al., 2013

February 2023IAS-HEP 2023 40
More details in F. Zimmermann’s talk
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Collider Maturity 
Collider Design Maturity R&D Maturity

ILC-250 10 9-10

ILC-500 10 9-10

ILC-1000 6-7 6-7

CLIC-380 9 10

CLIC-1500 8 9-10

CLIC-3000 8 8-9

C3-250 3 3

C3-550 3 2

C3-Nb3Sn 1 0

HELEN 3 (ML) 2 (SRF)

ReLiC 3 4

ERLC 3 4

XCC gg 2 2

HE&HL gg 0 0

Collider Design Maturity R&D Maturity

FCC-ee 9 9

CEPC 9 9

CERC 3 4

LEP3 3 8

EPCCF 3 8

MC-HF 3 2

arXiv:2209.05827v1  [physics.acc-ph]  13 Sep 2022
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Joint technology R&D topics beyond CDR 

Energy not 
challenging 

Luminosity precision !!!! 

§ SCRF: Nb3Sn coated Copper cavities 
and TW structures (70 MV/m)

§ NCRF: Cryo-cooled Copper 
structures (120 MV/m), HTS coatings

§ Cryogenics: massive production, 
plugged compatibility, transport 
issues, gas-pressure regulations, 
more efficient gas coolers

§ Positioning, Monitoring, Alignment and 
Stabilisation: global strategies, instrumented 
girders, radiation-hard ground motion 
sensors.

§ e+ production optimization: flux 
concentrators, pulsed solenoid, capture 
linacs, targetry issues....

§ Nanobeams colliding techniques: concepts 
and feedback

§ Damping Rings and Booster: low 
emittances  and 4th generation lattices for 
colliders

§ Magnets: Interaction Region, Permanents, 
Injection/Extraction devices

§ Energy consumption, efficiency, 
sustainability, carbon footprint

§ High-Efficiency RF power sources: 
Klystrons, Solid State Amplifiers, IOTs...

Sustainability

§ Manufacturing techniques including additive, cost reduction and massive production
§ High power Beam Dumps (multi-MW) 
§ Machine protection and collimation
§ Polarized beams and polarimetry
§ Beam instrumentation
§ Robotics and automatization 

EW Higgs Factory
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There is no favorable wind if we don’t 
know where we are going...

HELEN
ReLiC

CERCHE&HL γγ
XCC γγ EPCCF
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There is no favorable wind if we don’t 
know where we are going...

HELEN
ReLiC

CERCHE&HL γγ
XCC γγ EPCCF

Thanks to:
Georg Hoffstaetter, Qing Qin and Frank Zimmermann
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General comments 
• Transfer of know-how, experience and expertise to the young generation is crucial. These colliders will be the

colliders for the next generation of accelerator physicists. Our projects need to be attractive/motivation to them
(co-ownership responsibilities, better career perspectives).

• The next Higgs collider will be certainly unique and is a global enterprise

• Coordination and harmonization between the EPPSU 2020-LDG and USA Snowmass’21 process will be
necessary in some common topics. We have some tools on hand as the recently approved EAJADE (Europe–
America–Japan Accelerator Development and Exchange programme) focused in Higgs Factories, with
participation of major EU (CERN, INFN, CEA, DESY, CNRS, CSIC, UOXF), Japan (KEK, Tokyo Univ., Tohoku
Univ.) USA (BNL, FNAL, SLAC, JLAB, LBNL, Cornell Univ.) and Canada (VISPA) labs.

• Societal impact (medical, industrial, security,...) of colliders projects has to be better explained, communicated
and exploited. All colliders are expensive projects, we have to convince about the need of having these kind of
facilities. The transition of accelerator technology, from its use in basic science to applications more directly
benefiting society, has been a very visible trend in recent decades; and that represents only the first step in a
major evolution for particle accelerators.


