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dee, Outline

The CERN Accelerator School

A Accelerator types
A Most importantbeamparameters

- particletype A application,verydifferent acceleratortypes
- beamenergyA acceleration(cavitieg, bending(dipoles
- beamintensity A shielding losses irradiation,alignment
- beamsize émittance) A focusing
cavities quadrupolessextupolesalignment

A Somemechanicakngineeringhighlights
Includingsomebeamphysicsbackground

- hollow electronlensfor beamcleaning(project HilumiLHC)
- CLI@wo-beammodule

H. Schmickler, June 2024, NTRRAS
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Accelerators Installed Worldwide

50000 - T T T T
== Medical Accelerators

45000  —u—industrial Accelerator Total

40000 ~=Discovery Science Accelerators |

====|on Implantation

35000  =e=E-Beam Material Processing

- |ectron Beam Irradiation

30000

Nondestructive Inspection
25000 Neutron Generators

Radioisotope Production
20000 = «g=lon Beam Analysis

15000 - ~u—All accelerators

10000

Total accelerators installed

5000

1968 1973 1978 1983 1988 1993 1998 2003 2008 2013 2018
Year

Doyle, McDaniel, Hamnthe Future of Industrial Accelerators and Applications, SANERZIEB
H. Schmickler, June 2024, NIIAS 4
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Radioisotope lon Beam Synchrotron PBT
Production, . Analysis, 1.0% Radiation, 0.2%

Nondestructive
Inspection, 7.5%

Doyle, McDaniel, Hamnthe Future of Industrial Accelerators and Applications, SANEZIEB

H. Schmickler, June 2024, NTRRAS 5



4 Where do breakthrough technologies come

mo from?

The CERN Accelerator School

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

John Womersley, former CEO of STFC (UK) sa|

T Z = PN N = o -
Y at I NOUAOf S LIKeaAOa Aa
1000 TeV— |
’ . unreasonable demands on technology. And wh
oo 1| . Q\(\qs\C those technologies, those inventions, those
ol Proon Storae ins | 6(»(\66 innovations happen, they spread out into the
© §O62y2YvYes yR (KSe& 3ISy
1 TeV - /// = C\(\es‘ %\"
Proton 0
? 100 Gevl— Synchrotrons \la(l \\aeo\
o
3 Electron |
L‘% 1ocevE SynLhrotrons Electron Linacs e"c \(\e(aQq .
Synchrocyclotrons ‘, (\\4‘
i , ot foN
1 GeV ; O‘ (A
sProton Lmacsd Q( (39 q‘ S
Rctor Focuse e
100 MeV| e . N 6\0\\(\ e(.\a\S a
Hectrostate G )
f— . 3‘\
10 MeV ,‘006! (\\\5
. fetter, | \Na‘e(; ((\60"
' e
| | | |

1930 1950 1970 1990
Year of Commissioning

https:// www.symmetrymagazine.ofgrticle/october-2009/deconstructiodivingstorplot

This and thdollowing 3 slidestakenfrom: S.SheehyCAS Introduction to Acceleratphysics

H. Schmickler, June 2024, NTRRAS 6
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cm Most importantbeamparameters @

1) Particletypes

- Particlesneedto be chargedand stable tde acceleratedd
e+,e,p, pbar, heavyions

- Otherparticlescreatedassecondar\beams
XN} 835> LK2G2yas v Sz NB y a XL

- actualchoicedependsexclusivlyon application

- Highenergycollidersin thesedays @,px 0OYdzZyauvu
A more in 29 |ecture aboutcolliders

H. Schmickler, June 2024, NTRRAS 7
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cm Most importantbeamparameters

The CERN Accelerator School

2) BeamenergyX & [ 2 Nefygeil F = gE+qvxB

Electric Magnetic
Jorce Jorce

- up to max. 10 Me¥\lectrostaticaccelerationpossible
A DCbeam van deGraaffacceleratortype

- higherenergiesdemandelectromanneticﬁgqelgdratinn
in cavitiesA bunchedbeams ; ~

- linearaccelerators Singlepassacceleration
A needveryhighaccelerationgradients(CLIC: 100 MeV/m)

- circularacceleratorsMulti passaccelerationthroughfew cavities
A need(strong) dipolesto put beamonto acircularorbit

H. Schmickler, June 2024, NTRRAS 8
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cm Most importantbeamparameters @

The CERN Accelerator School

3) beamintensity

- particlesof equalcharge expulseachother A maximumbunchintensity
(up to 1G3chargesbunch
A more:instabilities blow-up, losses

- stored energyof beamscanbecomeverylarge kineticenergy) figr =@
(HLLHC up to 1 Gloredbeamenergy a 200m long TG& 400 km/h) b

A issues:
- sources (how t@et somanyparticleg |
- Irradiation and activation of machine component €
- damage to accelerator components
- particle (performanceloss
- sophisticated access control systems . |
- sophisticated beam dumps (controlled extractlon of partlcles)

H. Schmickler, June 2024, NTRRAS 9
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cm Most importantbeamparameters A

The CERN Accelerator School

4)beama A | S mosicdmPlexpart!

Description obeamsin trace space=spaceg anglecoordinatesystem

& X
x A — .
Idealbeam laminarbeam non-laminarbeam
Describerealbeamby its surface in tracesspace= X'T

geometricalemittance

Il In a conservative systenme(iergyconservation) e
the beamemittanceis preserved!! peame B

H. Schmickler, June 2024, NTRRAS 10



(A’) Focusing @

The CERN Accelerator School

A Without additionalelementsanynon-laminarbeamwill
divergealongits propagationpath

transverse case:

- a singldenscanfocus abeamto a point, butthen the beam divergesagain
- needasequenceof lenses

- a «lens» for aparticlebeamis an elementwith a forcetowardsits center,
whichis proportinalto the distancegrom the center

A |aquadrupole

Butunlike an opticallensa magneticlens(quadrupolg
- Aquadrupolefocusesonly in one plane
- Defocusesn the orthogonal plane

H. Schmickler, June 2024, NTRRAS 11
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m FODO transfer Matrix in-b

The CERN Accelerator School QF QD QF
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In order to calculate numbers one usually defines a FODO cell from the
middle of the first Fquadrupole up to the middle of the last F
quadrupole.

Hence the resulting transfer matrix looks:

1—2L—f} L4271 0 0 0O 0 )
a75(L — 2fo) i~ g 0 0 0O O
9) 9) l—p= —£(L—-2fo0) 0 O
0 0 —a5(L +2fo) L= 0O O
0 0 0 0 1 2L
\ 0 0 0 0 G 1

H.Schmickler, CERN 12



cm FODQattice

The CERN Accelerator School

i m g}

A Resultingpeamenvelope /; S

"—
-

N
s

A
5
i)
:

c pODANGQYATI) - éf (i) gné () -

\T (i) = Betafunction
Defocusing Focusing Defocusing
quadrupole  Drift space quadrupole Drift space quadrupole
l Dipole l Dipole l Dipole l Dipole J

' . ' Horizontal fed) and
E O OIA " IAd\A A — S S : T vertical blue) bete-

functionsof a FODQ@ell

In anenergyconservingystem the
emittanceof abeamis preserved
henceone has tgroducethe beam
with a smallemittanceandkeepit
small

H. Schmickler, June 2024, NTRRAS
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90,9, Dipole Errors

The CERN Accelerator School

error effect correction

change excitation curren
replace magnet

strength (k) |change in deflection

lateral shift [none
tilt additional vertical deflection |corrector dipole magnet

B i i e

i e

e

H.Schmickler, CERN 14
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The CERN Accelerator School

Quadrupole Errors

Error type

effect on beam

correction(s)

strength

Change irfocusing
Go Sl GAy33E

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 twoplanes

Excitationof a additional
aali S6SR lj dzI-O)Iv?I\

-~

- .

An offset quadrupole is se

quadrupole plus a dipole.
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do@ sextupoles @

The CERN Accelerator School

A For allmagneticelementsin anacceleratorthe force on thebeam
dependson the magneticfield AND on thanomentumof the particles

A Particlesn abunchhavealwaysa momentumspread(spreadsome1073)
(A longitudinalemittance ), soeachmagneticelementexertsa slightly
different force ontoindividualparticles

A Indipolesthis meansthat particlestravel on different orbits
A biggervacuumchambers

A Theeffectin the case of
guadrupolescanbe
correctedwith sextupoles
(quadraticdependenceof
field from origin) in a
dispersiveregion

P<p, P=P P >p,

~2 AQ/

H. Schmickler, June 2024, NTRRAS 16
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(m Lastslide (for now) onquadrupoles A

The CERN Accelerator School

A Forparticle colliders(nextlecture!)«one of themostimportant parameterof
performanceisthe socalledluminosi

Theluminosityis a measureof how manyyarticle interactionscanbe produced
per time unit.

A
A 1t dependscruciallyon the beamdensitiesat thé\interaction point (IP), iother
A

wordson thebeamsizeat the IP.
One useverystronq(SC) quadrupoledor maximumfogalizationat the |IP.
rIbNblezfgr
dpb e
Lowvalues of " arealone
not sufficient ome must
generateand preserve

beamswith thg lowest
possibleemittance

| =

J. Jowett

LHC
f*=18>0.55m
£=3.75 pm

v, = 7463

Oyxy = 16.6 um

Relative beam sizes around IP1 (Atlas) in collision

H. Schmickler, June 2024, NTRRAS 17



(Af) Onlyoneslideon longitudinalfocusing

A (maybetoo much) simplified picture

A Alsoin the longitudinal plane theeamhas &finite emittance
0 E2A (Edpip)

A -I Simple case (no accel.): B = const., below transition <V

The phase of the synchronous particle must therefore be ¢, = 0.

@, - The particle B is accelerated
- Below transition, an energy increase means an increase in revolution frequency

- The particle arrives earlier - tends toward ¢,

Ver

\a

d, - The particle is decelerated
- decrease in energy - decrease in revolution frequency
- The particle arrives later - tends toward ¢,

H. Schmickler, June 2024, NTRRAS
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do@ Highlights

The CERN Accelerator School

A Just apersonalchoiced
A Showtwo highlyintegrated subsystems
A Relatedto the previouslyexplainedphysicsaspects

P /R

1. HollowElectron Lena handlingof highpowerbeams * 5\%@5

2. CLICTwo-beammodulea almosteveryaspect ofacceleratortwém}chnology
onedreamsof !

ACC.STRUCTURE  COOLING COMPACT VACUUM MB
VACUUM (BRAZED DISKS) CIRCUIT  LOAD IONPUMP  QUAD STABILIZATION
MANIFOLDS

SPHERE el e = a DB
s 11

CRADLE .

GIRDER

ALIGNMENT n—— PETS ON-OFF
SYSTEM  DBQUADRUPOLE | | VAC.RESERVOIR PETS\ | SUPPORT \ MECHANISM

H. Schmickler, June 2024, NTRRAS 19
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cm Hollowelectronlens(HEL) for the HLHC

The CERN Accelerator School

A Projectdeveloppedat CERN for the Hiumiupgrade of the LH®@ith the

help ofmanyCERNollaboratorsand manyexternalcollaborations.

A Main motivation:

Complementto existingcollimation system

- up to 700 M3Xtoredbeamenergy

- existingtwo stage collimation systemeeds« help»
- beamcandevelop« non-gaussiartails »

Beam population

. primary  secondary shower

10!
30

BLH

G. Valentino

35 40 45 50

Jaw position [a]

 collimator collimator ~ absorbers ;

E

—— Maximum transverse kick

lectron beam

4 =
T 0.30
i 3 3
| 5025
/ 2 PR £ 0 B )
i 8 Ay 14 So¥c x
/ _ 1 :‘ 'V‘;."':'”-' :.J~; E 0.20
z F, O\ FE g
; EO SR e $ 0.15
> 234 PR SEAEX >
; ; e A o 8 0.10
primary i RN o
[oeam halo )/ = i E
eam halo 3 2 0.05
-3 '(%
i = 0.00
e ey o 3 . 3

circulating beam

x [mm] Radius [mm)]

3 4

Following slidesAdriana Rossil2thHLLHC Collaboration Meeting, Uppsala (Swedem),#9 { S LJ0 ®

H. Schmickler, June 2024, NTRRAS
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dee, HELdesign

The CERN Accelerator School

BGC

e-gun
+0.3t04T
solenoid

Dipole compensator

xxxxxxxxxxx

Main SC solenoids
Collector 5T

Bending SC solenoids
3.5T

21



The CERN Accelerator School

ervice module
designed

A

HEL Maanet Powering: Interfaces & Constraints - Earthing

77777777777777

e
ER p— s =
w0
oiamse | won o -
won
200 10

Cryogenics

HL-LHC hollow e-lens @ L4R4_proposal for design pressure 4.5b
All current leads are conduction cooled type, but a light gas cooling, one per chimney, is requested

o |
UL £ Header b
F_{18ter, 5K) F E i
- B pEme T B oaul F ssed air
CRLIGRLES D (13t XK) | o~ ORLIGRLHA £ /
C [Bber 46K) ] C D "e
C

Cormcar Mo Solncid ] Man Soencid 1 Epn

WRL_(105ber 203K)

PFD_HLLHC_HEL@LS v7x EDNS#_-GF

LHC120A10V PC
(absence of Earth fuse) e

A Magnet circuit defined

d A Quench protection system

thoroughly studied
A Energy extraction

(preliminary, proposed in MCF #74 )

Michele Martino - October 6 202

- AT
i =Y
‘ Hbu .w?:/-;’

and local cable trays

Provision for internal
support system (fixed) flanges (vacuum)

L suget
pe— T = e [Sjon for internal Provision for external

Hollw Elscton Lens it system (sliding)

required for mains only

90°rotated jumper ISO DN350 Jumper
with thermal contraction extension
compensation system

Provision for

Circuits and guench protection

12th HLLHC Collaboration Meeting, Uppsala (Sweder)d9 { SLJi ® WH H 22
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cm Key technology demonstration

The CERN Accelerator School

Version for LHC measurements to

be tested at EBTEQ1/2 M2, at
LHC in 2023.

Gas curtain 9x0.3mm at 10
N,/m3

Design to fit in tight HEL space in
progress

Numerical simulations ant
laboratory measurements
demonstrate the feasibility of
measuring both ~ DGleeam and = ros
bunched LHC beam, with < 2um W e
difference e Ifillfﬂ | Mg "

‘ ' i AL H’QJW lﬂ I il "l‘w

Position measurement of the BPM for proton and electron

A

il

=

| ['{ MMNMWW

't it HI

89 i —— pos_H_Electron, mean=-476.1[um], drift=0.89[um], o_1min=0.119[um]
: o ~ pos_V_Electron, mean=2036.8[jum], drift=3.15[um], 6_1Imin=0.134[pm]

position[um]
o

|
N

Upstream Port Downstream Port ~ =| |« _4| = pos_H_Proton , mean=-495.9um], drift=2.32[um}, ¢_lmin=0.007[m]
A — pos_V_Proton , mean=2268.3[um], drift=4.00[um], o_1min=0.047[um]

1ns fo~12-86us —|
- p-bunch signal e-beam signal 0 2 4 6 8 1'0 1I2
time[hours)

12th HLLHC Collaboration Meeting, Uppsala (Sweden)d9 { SLJi ® WH H 23




O
cm Electron Beam Test Stand

The CERN Accelerator School

A Resistive magnets (0.4T max) Solenoid with H/V correctors
/A H/V correctors

A Capability of testing:

Egun

Collector

BPM, BGC

Modulator

HV power convertor

HV control and interlocks

1
1z
(L

I

] |

4 --—-——-——-———-—-====

1
i
i
1
1
1
1
1
1
1
g0
1
A/

\/

T>I>> > >

Beam Diagnéstics Sector Valve
Box

12th HLLHC Collaboration Meeting, Uppsala (Sweden)d9 { SLJi ® WH H
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O
cm Electron Beam Test Stand

The CERN Accelerator School

e rfp h_l“

ﬁq“-u‘_ NE

12th HLLHC Collaboration Meeting, Uppsala (Sweden)d9 { SLJi ® WH H 25



The CERN Accelerator School

Collector Current vs Gun Voltage | Fit FNAL: l.5y=229.40V%%,
Fit CERN 0ld: Ipp=494.42V2%9 | Fit CERN new: f;o=212.84V1E

*  FNAL A
50001 4+ CERNold /’
X CERN new X+
l/l"+’+
4000 A prd
W
A
_ i
Z 3000 ~ 2
£ Lele
= N &
% -f’ f’
5 praligrs
2000 E e
7 7
’ #
& ‘/
A
#
1000 ,.-’i R
"l + '/
s+ 4
@
2
0_
T T T T T T
0 2 4 6 8 10

Viun (KV)
12th HLLHC Collaboration Meeting, Uppsala (Sweden), 1941 v { SLJi ® WH26



The CERN Accelerator School

Gun Magnet Current (£ 100 200 200 200 200 200 100
BDB Magnet Current (A 55 55 100 185 300 420 420
Gun B-Field (T) 0.045 0.091 0.091 0.091 0.091 0.091 0.046
BDB B-Field (T) 0.02 0.033 0.039 0.051 0.066 0.081 0.068
Expansion Factor 1.493 1.646 1518 1341 1.178 1.059 0.822
Beam Size (mm) 240 26.5 244 21.6 19.0 171 132

yme'Y OF 6K2RS

20mA x 3s pulse

12th HLLHC Collaboration Meeting, Uppsala (Sweden),19H H { SLJi ® WHAV



cm CLIG=CompactLhear Collider) in anutshell

The CERN Accelerator School

Noveltwo beamaccelerationrscheme »
(cost, efficiency)

drive beam accelerator

Drive Beam Ll

dnve beam accelerator

e+e- collider. cmsenergy

25km 2.5km
delay loop b 4 delay loop
docelerator 25 sectorsof 878 m

250GeVup to 3TeV

i , il it Rt i

@~ main linac, 12 GHz, 72/100 MV/m, 21 km

e* main linac

Veryhighluminosity
needslnm verticabeamsizeat IP

CLIC maihnacmodule

i |
50 km

I 286109 GeV Main Beam
e~ injector e* injector
286 GeV 286 GeV

ACC.STRUCTURE COOLING COMPACT VACUUM MB
VACUUM (BRAZED DISKS) CIRCUIT  LOAD IONPUMP QUAD STABILIZATION

MANIFOLDS ' > S UNIT

GIRDER

PETS ON-OFF
MECHANISM

ALIGNMENT PETS
DB QUADRUPOLE VAC. RESERVOIR  PETS SUPPORT

SYSTEM

- 100 MV/macceleratinggradient
coppercavities
- large NQjuadrupoles

- 100 Aelectronbeamto deliverpower
-1 A mairbeam
- 7TkW/m power dissipationwatercooling

- mechanicabnd thermalstability
on theum level
- um levelpre-alignmentwithout beam
- activestabilizationagainst
groundmotion on the nmlevel

28




CLIC TWO-BEAM MODULE SYSTEMS

Alexandre.Samochkine @ cern.ch

RF MAGNET AND POWERIN
) DB 81.28.12 T/m, current density: 4.8 A/mm2,
AS shape tolerance: 2.5um VB 500 T y

t WO[ LDba9hb¢
[ ¢! . L[L%!C¢

BPM resolution: MB50 nm, DEtBZ pum, active preali%r]mer]ti 10um at 3,
temporal- 10 ns (MB & DB), MB Q stabilization 1 nm >1Hz

INSTRUMENTATION

SUPPORTING VACUUM

L SNI £ RST 2N Ilaghi
SaSIE2 Ozy%)\%)\z)}a@\s?élﬁnéfm%b’ér

ASSEMBLY, TRANSPOR

INSTALLATION

400 W per AS clear interconnection plane

29



MODULE TYPES

Alexandre.Samochkine @ cern.ch

Standard Module Module Type 3
8374 per Linac 477 per Linac

nnnnnnnnnnnnn

Module Type 2 Modul e 4rype
634 per Linac 73Pper Linac

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%

CLIC Module Typel
154 per Linac

’ 1 pair of AS replaced
by MB Quadrupole

32,5

65 420 15

MB QUAD [T "]

+
specialmodules
(dampingregion,

modules with instrumentation
and/or vacuumequipment)

30
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RF NETWORK LAYOUT

Al exandre. Samochkine @ cern.ch

toleranceon RFphasechangebetweenDBandMB: +0.12deg

RF FLANGE B  CHOKE-MODE FLANGE
o , \ ’ WAVEGUIDE
. ] FOR WAKE
MECHANISM i

HYBRID

FIELD MONITOR

il

PETS RF SPLITTER
( OCTANTS, LOAD
MINI-TANK ) BPM

()

COMPACT COUPLER REF. SPHERE

Ny
ACCELERATING STRUCTURE \ COOLING CIRCUIT

TheCLIAGwo-beamRFnetwork includesthe standardX-bandrectangularwaveguidesonnectingPETS,

AS and other supplementarydevicessuch as chokemode flange (CMF),Hybrid, high power load,
splitterand WFM

32



ACCELERATING STRUCTURE

Al exandre. Samochkine @ cern.ch

Thedesignof ASis driven by extremeperformancerequirements Theassemblyaccuracyis N5 pum.
Many features of different systems,suchas vacuum,cooling,wake field monitor as well as damping
waveguideabsorbersare incorporatedinto design

AS + AS > SUPER-AS

,,,,,,,,,,,,,,,,,,,,,,,,,,
: seedbRRSRARAALA AL

A e, v
DAMPING 3=
MATERIAL |/

COOLING

WACULM CIRCUITS

MANIFOLD -
REE. SPHERE Longitudinal cut of SupekS
INTERMODULE INTERCONNECTION WFM
|
COMPLEXITY : { AS
.NITSR RA&1a 6AGK aO2YL) Tnibér), 02 dzLIt SNIJ 3 @I Odzdzy ae344SY owmn
micro-precision assembly, cooling circuits (400 W per AS) S u p € r- A S
wakefield monitor (1 WFM per SAS), interconnection to MB Q (stabilization!) Schematic layout of Sup&S implemented in test module

structure support (alignment), output WG with RF components (e.g. loads)
RF distribution (WGs & splitters)

T Detailed design under way

33



DESIGN & INTEGRATION

Alexandre.Samochkine @ cern.ch

OCTANT

ThePET%re composedof eight barsmilled with 0.015
mm shapeaccuracy The octants assemblymini-tank,
a h-bh C @echanisncombinedwith compactcoupler,
vacuum system, cooling circuits and interconnection
0 are the subjectfor integrationstudy.

SLOTFOR

DAMPING
MATERIAL

ON-OFF
MECHANISM

COOLING
CIRCUIT

COMPACT COUPLER /

34



Signal A = SE2 Date :29 Jul 2010

@\ EHT = 3.00kY b spark sample cu@?) Megi~ 002
o WD =51 mm Spot 7 (4.65) Markus Aicheler @

FrompAto KA and from Angstroms to 1005(1)@131 to mms.

TS

\
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Alexandre.Samochkine @ cern.ch

Accelerating structures do not run right away at full specificatjpulse

behaviour looks like this:

120

100

6606 BDR falls
10% during flat E

l'go00 " run

= 80 | J
2 ] o
s 60 ﬁ/ 5 2
= s 4107
o ' 81 5
b £ &
O 40 l4000 <
_.10-6
20 12000
0 ! ! 1 1 1 ! Fay _10-?

LW}
0 50 100 150 200 250 300 350
Number of Pulses (millions)

4 million pulses per day at 50 Hz



Cavity Conditioning Algorithm

Alexandre.Samochkine @ cern.ch

A Automatically
controls incident
power to structure.

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

A Long Term
Measures BDR
(1MPulse moving
avg.) and will stop
power increase if
BDR too high.
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Normalized Temperature

FIG. 6. Normalized pulsed heating temperature calculations (a) (b)
superimposed on a copper pulsed heating sample.

FIG. 12. SEM image after (a) first 70°C run and after
depth limit, which is valid for small skin depths in com- (b) second 70°C run. Surface extrusions were more severe after

parison with the thermal diffusion length. In the samples S Ny PP
we have tested, the skin depth is typically on the order of extending the rf processing time.

0.65 pm, and the thermal diffusion length is greater than
10 wm. The simplified temperature rise function in this
case is

R, t HA (¢, r)e~(@/4al=1)
2(mapc,) Jo N/

Tt 2)= dr; (3)

40
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