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ÅAccelerator types

ÅMost important beamparameters

- particletype Ą application, verydifferent acceleratortypes
- beamenergyĄ acceleration(cavities), bending(dipoles)
- beamintensityĄ shielding, losses, irradiation, alignment
- beamsize (emittance) Ą focusing

cavities, quadrupoles, sextupoles, alignment

ÅSomemechanicalengineering highlights
includingsomebeamphysicsbackground

- hollowelectronlensfor beamcleaning(projectHilumi-LHC)
- CLIC two-beammodule 
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Outline
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Doyle, McDaniel, Hamm, The Future of Industrial Accelerators and Applications, SAND2018-5903B



ά! ōŜŀƳ ƻŦ ǇŀǊǘƛŎƭŜǎ ƛǎ ŀ ǾŜǊȅ ǳǎŜŦǳƭ ǘƻƻƭΦΦΦέ
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Doyle, McDaniel, Hamm, The Future of Industrial Accelerators and Applications, SAND2018-5903B
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Where do breakthrough technologies come 
from?

John Womersley, former CEO of STFC (UK) said:

άtŀǊǘƛŎƭŜ ǇƘȅǎƛŎǎ ƛǎ ǳƴǊŜŀǎƻƴŀōƭŜΦ Lǘ ƳŀƪŜǎ 
unreasonable demands on technology. And when 
those technologies, those inventions, those 
innovations happen, they spread out into the 
ŜŎƻƴƻƳȅΣ ŀƴŘ ǘƘŜȅ ƎŜƴŜǊŀǘŜ ŀ ƘǳƎŜ ƛƳǇŀŎǘΦέ

https:// www.symmetrymagazine.org/article/october-2009/deconstruction-livingston-plot Image: CMS, CERN

Many innovations emerge from interplay between curiosity driven research and societal need

This and the following3 slidestakenfrom: S.Sheehy, CAS Introduction to Accelerator physics



1) Particletypes

- Particlesneedto bechargedand stable to beacceleratedĄ
e+,e-,p, pbar, heavyions

- Otherparticlescreatedas secondarybeams
x-ǊŀȅǎΣ ǇƘƻǘƻƴǎΣ ƴŜǳǘǊƻƴǎΧǇƛƻƴǎΣ ƳǳƻƴǎΧΦ

- actualchoicedependsexclusivlyon application

- High energycollidersin thesedays:      e+,e-,pΧόƳǳƻƴǎύ
Ąmore in 2nd lecture about colliders
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Most important beamparameters



2) BeamenergyΧΦ[ƻǊŜƴǘȊ-Force: 

- up to max. 10 MeV electrostaticaccelerationpossible
ĄDC beam; van de Graaffacceleratortype

- higherenergiesdemandelectromagneticacceleration
in cavitiesĄ bunchedbeams

- linearaccelerators: Single passacceleration
Ąneedveryhighaccelerationgradients(CLIC: 100 MeV/m)

- circularaccelerators: Multi passaccelerationthroughfew cavities
Ą need(strong) dipolesto put beamonto a circularorbit
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Most important beamparameters
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Most important beamparameters

3) beamintensity

- particlesof equalcharge expulse eachotherĄmaximum bunchintensity
(up to 1013 charges/bunch)

Ąmore: instabilities, blow-up, losses

- storedenergyof beamscanbecomeverylarge (kineticenergy)
(HL-LHC up to 1 GJ storedbeamenergy: a 200m long TGV at 400 km/h)

Ą issues:
- sources (how to get somanyparticles)
- Irradiation and activation of machine components
- damage to accelerator components
- particle (performance) loss
- sophisticated access control systems
- sophisticated beam dumps (controlled extraction of particles)



H. Schmickler, June 2024, ME-CAS 10

Most important beamparameters

4) beamǎƛȊŜ ΧǘƘŜ mostcomplexpart!
Description of beamsin trace space:= spaceςangle coordinatesystem

Idealbeam laminarbeam non-laminarbeam

Describereal beamby its surface in trace space:= 
geometricalemittance

!! In a conservative system (energyconservation) 
the beamemittanceis preserved!!



ÅWithout additionalelementsanynon-laminarbeamwill
diverge alongits propagation path
transverse case:

- a single lenscanfocus a beamto a point, but then the beam diverges again
- needa sequenceof lenses
- a «lens» for a particlebeamisan elementwith a force towardsits center, 
whichisproportinal to the distance from the center

Ą a quadrupole
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Focusing

But unlikean optical lensa magneticlens(quadrupole) 
- A quadrupolefocusesonly in one plane
- Defocusesin the orthogonal plane
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FODO transfer Matrix in 6-D

In order to calculate numbers one usually defines a FODO cell from the 
middle of the first F-quadrupole up to the middle of the last F-
quadrupole.

Hence the resulting transfer matrix looks:

M= ὓ (2Ὢ ɇὓ ὒɇὓ ( Ὢ) ɇὓ ὒɇὓ (ςὪ) 



Å Resultingbeamenvelope:
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FODO lattice

ͼρὈὦὩὥάίὭᾀὩͼȡὼί ‐ɇ ‍ί ɇὧέί‘ί •

‐ ÅÍÉÔÔÁÎÃÅÍÍÍÒÁÄ

‍ί= Beta function

Horizontal (red) and 
vertical (blue) beta-
functionsof a FODO cell

In an energyconservingsystem the 
emittanceof a beamispreserved; 
henceone has to producethe beam
with a smallemittanceand keepit
small.
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Dipole Errors

error effect correction

strength (k) change in deflection
change excitation current, 

replace magnet

lateral shift none

tilt additional vertical deflection corrector dipole magnet
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Quadrupole Errors 
Error type effect on beam  correction(s) 

strength Change in focusing, 
άōŜǘŀ-ōŜŀǘƛƴƎέ 

Change excitation current, 
Repair/Replace magnet 

Lateral shift Extra dipole kick Excitation of a corrector 
dipole magnet 

tilt  Coupling of the beam 
motion in the two planes 

Excitation of a additional 
άǎƪŜǿŜŘ ǉǳŀŘǊǳǇƻƭŜǎ όпр0) 

 



Å For all magneticelementsin an acceleratorthe force on the beam
dependson the magneticfield AND on the momentumof the particles.

Å Particlesin a bunchhave alwaysa momentumspread(spreadsome10-3)
(Ąlongitudinal emittance! ), soeachmagneticelementexertsa slightly
different force onto individualparticles.

Å In dipolesthis meansthat particlestravelon different orbits
Ą biggervacuum chambers
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sextupoles

Å The effect in the case of 
quadrupolescanbe
correctedwith sextupoles
(quadraticdependenceof 
field from origin) in a 
dispersive region.



Å For particlecolliders(next lecture!) one of the most important parameterof 
performance is the socalledluminosity L.

Å The luminosityisa measureof how manyparticleinteractions canbe produced
per time unit.

Å It dependscruciallyon the beamdensitiesat the interaction point (IP), in other
wordson the beamsize at the IP.

Å One uses verystrong(SC-) quadrupolesfor maximum focalizationat the IP.
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Last slide(for now) on quadrupoles

J. Jowett

L =
nbNb1Nb2 fgr

4p b *e

Lowvalues of ̡ * are alone
not sufficient, one must 
generateand preserve
beamswith the lowest
possible emittance



Å (maybetoo much) simplifiedpicture

Å Alsoin the longitudinal plane the beamhas a finite emittance
όȄΣ ȄΩύ Ą (z, dpz/pz)

Å The longitudinal focusingisdoneby the RF system
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Onlyone slideon longitudinal focusing



Å Just a personalchoice! 

Å Show two highly integratedsubsystems

Å Relatedto the previouslyexplainedphysicsaspects

1. Hollow Electron Lens ă handlingof highpower beams

2. CLIC Two-beammoduleă almosteveryaspect of acceleratortechnology
one dreamsof !
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Highlights



Å Project developpedat CERN for the Hi-Lumiupgrade of the LHC with the 
help of manyCERN collaboratorsand manyexternalcollaborations.

Å Main motivation:
Complementto existingcollimation system
- up to 700 MJ storedbeamenergy
- existingtwo stage collimation system needs« help»
- beamcandevelop« non-gaussiantails»
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Hollowelectronlens(HEL) for the HL-LHC

Following slides: Adriana Rossi, 12th HLLHC Collaboration Meeting, Uppsala (Sweden),19-нн {ŜǇǘΦ Ψнн
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HEL design

Main SC solenoids
5T

e-gun
+ 0.3 to 4T
solenoid

Collector

BPMsBGC

Bending SC solenoids
3.5T

Dipole compensator

D. Perini, A. Kolehmainen

A. Foussat, A. Bragin

D. Nikiforov & BINP team
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Cryogenics

Circuits and quench protection

Á Service module 
designed

Á Pressure analysis for 
magnet system
complete

logo 
area 

HEL Magnet Powering: Interfaces & Constraints  - Earth ing 

Michele Martino - October 6 2021 14 

LHC120A10V PC  
(absence of Earth fuse) 

LHC600A10V PC  

HL-LHC600A10V PC 

(preliminary, proposed in MCF #74 )   

Á Magnet circuit defined
Á Quench protection system 

thoroughly studied
Á Energy extraction 

required for mains only

S. Yammine, M. Wozniak 

G. Ferlin



Key technology demonstration
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Beam Gas Curtain (e- and hadron beams)
Á Version for LHC measurements to 

be tested at EBTS ςQ1/2 M22, at 

LHC in 2023.
Á Gas curtain 9x0.3mm at 1016

N2/m
3

Á Design to fit in tight HEL space in 
progress

Á Numerical simulations and 
laboratory measurements 
demonstrate the feasibility of 
measuring both ~ DC e-beam and 
bunched LHC beam, with < 2um 
difference

Strip-line BPM (e- and hadron beams)

12th HLLHC Collaboration Meeting, Uppsala (Sweden),19-нн {ŜǇǘΦ Ψнн

M. Wendt



Electron Beam Test Stand
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Á Resistive magnets (0.4T max)
Á H/V correctors
Á Capability of testing:
Á E-gun
Á Collector
Á BPM, BGC
Á Modulator
Á HV power convertor
Á HV control and interlocks

Sector Valve

GUN                                            BPM           BGC        collector

Solenoid with H/V correctors

Beam Diagnostics 
Box

S. Sadovich
SY-BI-XEI section



Electron Beam Test Stand

12th HLLHC Collaboration Meeting, Uppsala (Sweden),19-нн {ŜǇǘΦ Ψнн 25



2612th HLLHC Collaboration Meeting, Uppsala (Sweden),19-нн {ŜǇǘΦ Ψнн

Electron gun

Sameed M., F. Wenander
G. Stancari (FNAL)

A. Kolehmainen
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Electron gun

20mA x 3ɛs pulse

уπмс ƳƳ ŎŀǘƘƻŘŜ



CLIC(= Compact LInearCollider) in a nutshell
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Noveltwo beamaccelerationscheme
(cost, efficiency)

e+e- collider: cmsenergy: 
250 GeVup to 3 TeV

Veryhighluminosity
needs1nm vertical beamsize at IP

- 100 MV/m acceleratinggradient 
coppercavities

- large NC quadrupoles

- 100 A electronbeamto deliverpower
- 1 A main beam
- 7kW/m power dissipation, watercooling

- mechanicaland thermal stability
on the um level

- um levelpre-alignmentwithout beam
- active stabilizationagainst
groundmotion on the nm-level

CLIC main linacmodule



Alexandre.Samochkine @ cern.ch

CLIC  TWO-BEAM  MODULE  SYSTEMS

COOLING

R F MAGNET  AND  POWERING

ASSEMBLY,  TRANSPORT, 
INSTALLATION

SUPPORTING VACUUM

tw9π![LDba9b¢  !b5 
{¢!.L[L½!¢Lhb

INSTRUMENTATION

AS shape tolerance  ± 2.5 µm

BPM resolution: MB - 50 nm, DB ς2 µm, 
temporal - 10 ns (MB & DB), 

400 W per AS

DB 81.2-8.12 T/m, current density: 4.8 A/mm2,  
MB 200 T/m

active pre-alignment  ± 10 µm at 3̀ ,   
MB Q stabilization 1 nm >1Hz

Baseline 10-9 mbaraŀȄΦ ǾŜǊǘƛŎŀƭ ϧ ƭŀǘŜǊŀƭ ŘŜŦƻǊƳŀǘƛƻƴ ƻŦ 
ǘƘŜ ƎƛǊŘŜǊǎ ƛƴ ƭƻŀŘŜŘ ŎƻƴŘƛǘƛƻƴ мл˃Ƴ

clear interconnection plane 
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MODULE  TYPES

+

specialmodules

(dampingregion,

modules with instrumentation
and/or vacuumequipment)

Standard Module (L=2010 mm)

DB (100 A)

4 PETS, 2 Quads with BPM

Each PETS feeds 2 AS

MB (1 A)

8 acc. structures

MB filling factor: 91%

Standard Module
8374 per Linac

Module Type 4
731 per Linac

Module Type 3
477 per Linac

Module Type 2
634 per Linac

CLIC Module Type1
154 per Linac 1 pair of AS replaced 

by MB Quadrupole

30
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RF  NETWORK  LAYOUT

TheCLICtwo-beamRFnetwork includesthe standardX-bandrectangularwaveguidesconnectingPETS,
AS and other supplementarydevicessuch as choke-mode flange (CMF),Hybrid, high power load,
splitter andWFM.

toleranceon RFphasechangebetweenDBandMB: ± 0.12 deg

32
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ACCELERATING  STRUCTURE
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Thedesignof ASisdrivenby extremeperformancerequirements. TheassemblyaccuracyisÑ5 µm.
Many featuresof different systems,suchas vacuum,cooling,wake field monitor as well as damping
waveguideabsorbersare incorporatedinto design.

Detailed design under way 

COMPLEXITY 

.ǊŀȊŜŘ Řƛǎƪǎ ǿƛǘƘ άŎƻƳǇŀŎǘέ ŎƻǳǇƭŜǊ ϧ ǾŀŎǳǳƳ ǎȅǎǘŜƳ όмл-9 mbar), 

micro-precision assembly, cooling circuits (400 W per AS)

wakefield monitor (1 WFM per SAS), interconnection to MB Q (stabilization!)

structure support (alignment), output WG with RF components (e.g. loads)

RF distribution (WGs & splitters)

Longitudinal cut of Super-AS

Schematic layout of Super-AS implemented in test module 

! { A S

S    u    p    e    r      - A    S

WFM
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PETS  DESIGN  &  INTEGRATION

ThePETSarecomposedof eight barsmilled with 0.015
mm shapeaccuracy. The octants assembly,mini-tank,
άhb-hCCέmechanismcombinedwith compactcoupler,
vacuum system, cooling circuits and interconnection
are the subjectfor integrationstudy.
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ор

A closer look at the dynamics of Breakdown!

From pAto kA and from Angstroms to 100s of mm to mms.
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Conditioning

Accelerating structures do not run right away at full specification ςpulse 
length and gradient need to be gradually increased while pulsing. Typical 
behaviour looks like this:   

4 million pulses per day at 50 Hz

tǳƭǎŜ ƭŜƴƎǘƘ ǎǘŜǇǎ

BDR falls 
during flat E 
run
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Cavity Conditioning Algorithm

ÅAutomatically 
controls incident 
power to structure.

ÅShort term: +10kW 
steps every 6 min 
and -10kW per BD 
event.

ÅLong Term : 
Measures BDR 
(1MPulse moving 
avg.) and will stop 
power increase if 
BDR too high.
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Scaled gradient vs cumulative number of 
PULSES

Scaled gradient vs cumulative number of 
BREAKDOWNS

Comparing conditioning

tǳƭǎŜǎ

Breakdowns

ὄὈὙθ Ὁ †

Alberto Degiovanni, Walter Wuensch, and Jorge Giner Navarro, 
Comparison of the conditioning of high gradient accelerating 
structures, Phys. Rev. Accel. Beams 19, 032001 (2016) - Published 4 
March 2016
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Pulsed surface heating.
Fatigue process driven by 
pulsed resistive wall losses 
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Pulsed surface heating limit
/Ŝƭƭ І όŎŜƭƭ Ім ƛǎ ŀ ƛƴǇǳǘ ƳŀǘŎƘƛƴƎ ŎŜƭƭύΥ 
п 5 6 7 8 9 10 11 мн 13 1514 17

?16?

Images courtesy of M. Aicheler: http://indico.cern.ch/getFile.py/access?contribId=0&resId=1&materialId=slides&confId=106251
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[ŀǎǘ 
ǊŜƎǳƭŀǊ  
ŎŜƭƭΥ мф

It seems that cell #10 
(regular cell #9 ~ 
middle cell) exhibits 
the level of damage 
which could be 
considered as a limit.

A. Grudiev

http://indico.cern.ch/getFile.py/access?contribId=0&resId=1&materialId=slides&confId=106251

