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The CERN Accelerator School

Copyright statement and speaker’s release for video publishing

The author consents to the photographic, audio and video recording of this lecture
at the CERN Accelerator School. The term “lecture” includes any material
incorporated therein including but not limited to text, images and references.

The author hereby grants CERN a royalty-free license to use his image and name
as well as the recordings mentioned above, in order to post them on the CAS
website.

The material is used for the sole purpose of illustration for teaching or scientific
research. The author hereby confirms that to his best knowledge the content of
the lecture does not infringe the copyright, intellectual property or privacy rights
of any third party. The author has cited and credited any third-party contribution
in accordance with applicable professional standards and legislation in matters of
attribution.



cm Outline @Aq

* Accelerator types

* Most important beam parameters

- particle type = application, very different accelerator types
- beam energy = acceleration (cavities), bending (dipoles)
- beam intensity = shielding, losses, irradiation, alignment
- beam size (emittance) = focusing
cavities, quadrupoles, sextupoles, alignment

 Some mechanical engineering highlights
including some beam physics background

- hollow electron lens for beam cleaning (project Hilumi-LHC)
- CLIC two-beam module

H. Schmickler, June 2024, ME-CAS 3
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Accelerators Installed Worldwide

50000
== Medical Accelerators
45000  —u—industrial Accelerator Total |
40000 ~=Discovery Science Accelerators | ‘:é,’-i’
====|on Implantation
35000  =e=E-Beam Material Processing

- |ectron Beam Irradiation

30000 Nondestructive Inspection

25000 Neutron Generators
Radioisotope Production 7
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, Hamm, The Future of Industrial Accelerators and Applications, SAND2018-5903B
H. Schmickler, June 2024, ME-CAS 4
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The CERN Accelerator Sch

beam of particles is a very useful tool...” A

Radioisotope lon Beam Synchrotron PBT
Production, . Analysis, 1.0% Radiation, 0.2%

Nondestructive
Inspection, 7.5%

Doyle, McDaniel, Hamm, The Future of Industrial Accelerators and Applications, SAND2018-5903B

H. Schmickler, June 2024, ME-CAS 5



o Where do breakthrough technologies come
from?

The CERN Accelerator School

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

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

T
// “Particle physics is unreasonable. It makes
1000 TeVI— =
’ . unreasonable demands on technology. And when
100 Tev- . 9 N those technologies, those inventions, those
Proton Storage Rings ’(\C\e innovations happen, they spread out into the
10 TeV |- (equivalent energy) _ Qa( )
economy, and they generate a huge impact.”
1TeV | / |
/ eS
/ \(\ \‘v
100G Synl?:‘;?rt(())lrr‘ons \la('c eo\o%
? eVi— C“a
o
E ectron
E 1ocevE SyELh:otrons Electron Linacs 7 e"c (39*
Synchrocyclotrons ‘,\(\ (‘\‘q
1 GeV — . — ‘0 ec'\)
Proton Linacs Q(O q
Sector-Focused e(’bQ !
100 MeV] Cyclotrons | . 0‘\(\ (.\a\s
Electrostatic (36\ a‘e . 0(\
/> —  Generators 6 . \,\Sa‘\
10 MeV — 1
00 e(\
Rectifier \'e( ' & (\‘ 1
1 MeV Generators | Na \' ((\e
[ \(e’a
| | | |

1930 1950 1970 1990
Year of Commissioning

https://www.symmetrymagazine.org/article/october-2009/deconstruction-livingston-plot

This and the following 3 slides taken from: S.Sheehy, CAS Introduction to Accelerator physics

H. Schmickler, June 2024, ME-CAS 6



4 : ‘
cm Most important beam parameters @!

1) Particle types

- Particles need to be charged and stable to be accelerated =
e+,e-,p, pbar, heavy ions

- Other particles created as secondary beams
|x-ravs, photons, neutrons...pions, muons....
- actual choice depends exclusivly on application

- High energy colliders in these days: @,p ...(mu@

= more in 2" lecture about colliders

H. Schmickler, June 2024, ME-CAS 7



@
m Most important beam parameters

The CERN Accelerator School

2) Beam energy....Lorentz-Force: F=qgE+qvxB

Electric Magnetic
Jorce Jorce

- up to max. 10 MeV electrostatic acceleration possible
- DC beam; van de Graaff accelerator type

- higher energies demand electromagnetic acceleration N
1 pt (a) Electric field o (b) Magnetic field
in cavities 2 bunched beams —

rrrrr
;;;;;

- linear accelerators: Single pass acceleration
—>need very high acceleration gradients (CLIC: 100 MeV/m)

- circular accelerators: Multi pass acceleration through few cavities
- need (strong) dipoles to put beam onto a circular orbit

H. Schmickler, June 2024, ME-CAS 8



@
m Most important beam parameters A

The CERN Accelerator School

3) beam intensity

- particles of equal charge expulse each other 2 maximum bunch intensity
(up to 10%3 charges/bunch)
- more: instabilities, blow-up, losses

- stored energy of beams can become very large (kinetic energy) Sy =5
(HL-LHC up to 1 GJ stored beam energy: a 200m long TGV at 400 km/h)

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

H. Schmickler, June 2024, ME-CAS 9



@
m Most important beam parameters A

The CERN Accelerator School

4) beam size ...the most complex part!
Description of beams in trace space:= space — angle coordinate system

x x
Ideal beam laminar beam non-laminar beam
Describe real beam by its surface in trace space:= e X‘r

geometrical emittance

I In a conservative system (energy conservation) Gt
the beam emittance is preserved !! A=tne B

H. Schmickler, June 2024, ME-CAS 10



(A’) Focusing A

The CERN Accelerator School

* Without additional elements any non-laminar beam will
diverge along its propagation path

transverse case:

- a single lens can focus a beam to a point, but then the beam diverges again
- need a sequence of lenses

- a « lens » for a particle beam is an element with a force towards its center,
which is proportinal to the distance from the center

—|a quadrupole

e

= )IJ'I;{,:/.'

But unlike an optical lens a magnetic lens (quadrupole)
- A quadrupole focuses only in one plane
- Defocuses in the orthogonal plane

H. Schmickler, June 2024, ME-CAS 11



m FODO transfer Matrix in 6-D

The CERN Accelerator School QF QD QF

- - -

|
—e—
« >
L

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-
qguadrupole.

Hence the resulting transfer matrix looks:

[ 1—2L—f} L4271 0 0 0O 0 )
ael—2fe) L—gg B B o @
O @) 1—2L—f; —%(L—Qfo) 0O O
0 0 —%}S(L 4+ 2f5) j QL;OQ 0O O
0 0 0 0 .
\ 0 0 0 0 @ 1

H.Schmickler, CERN 12



cm FODO lattice

The CERN Accelerator School

e Resulting beam envelope:

"1D beam size": x(s) = /e - \/B(s) - cos{u(s) + ¢}

\ B (s) = Beta function

Defocusing Focusing Defocusing
quadrupole  Drift space quadrupole Drift space quadrupole

l Dipole l Dipole l Dipole l Dipole J
— : _: . ! q Horizontal (red) and
€ = emittance [mm mrad] : ' — ; — i : vertical (blue) beta-
' : : i ' ' ; | : functions of a FODO cell

In an energy conserving system the

emittance of a beam is preserved; 1 |
hence one has to produce the beam £
with a small emittance and keep it
small.

H. Schmickler, June 2024, ME-CAS 13



OO Dipole Errors

The CERN Accelerator School

error effect correction

change excitation current,
replace magnet

strength (k) [change in deflection

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

B i i e

fiis

i e

AAAAdAAAAdddddaddddddd

0T e

Y PP R R EERERPRPRRRRY

H.Schmickler, CERN
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@
(A’) Quadrupole Errors

Error type effect on beam correction(s)
strength Change in focusing, Change excitation current,
“beta-beating” Repair/Replace magnet
Lateral shift Extra dipole kick Excitation of a corrector
dipole magnet
tilt Coupling of the beam Excitation of a additional
motion in the two planes “skewed quadrupoles (45°)
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An offset quadrupole is seen as a centered
quadrupole plus a dipole.




cm sextupoles A

The CERN Accelerator School

* For all magnetic elements in an accelerator the force on the beam
depends on the magnetic field AND on the momentum of the particles.

* Particles in a bunch have always a momentum spread (spread some 1073)
(= longitudinal emittance! ), so each magnetic element exerts a slightly
different force onto individual particles.

* Indipoles this means that particles travel on different orbits
— bigger vacuum chambers

* The effect in the case of
guadrupoles can be
corrected with sextupoles
(quadratic dependence of
field from origin) in a
dispersive region.

P<p, P=P P >p,

~2 AQ/

H. Schmickler, June 2024, ME-CAS 16



o
(m Last slide (for now) on quadrupoles A

The CERN Accelerator School

* For particle colliders (next lecture!) Qne of the most important parameter of
performance is the so called luminosi

* The luminosity is a measure of how many'warticle interactions can be produced
per time unit.

* |t depends crucially on the beam densities at theNinteraction point (IP), in other

words on the beam size at the IP.
alization at the IP.

I = NN 19,
dpb'e
Low values of B @re alone

not sufficient, oge must
generate and preserve

e One uses very strong (SC-) quadrupoles for maximum

- dowett beams with the lowest
LHC possible emittance
Relative beam sizes around IP1 (Atlas) in collision
B*=18 3 0.55 m
£=3.75 pm
v, = 7463
Oyxy = 16.6 um

H. Schmickler, June 2024, ME-CAS 17



o
cm Only one slide on longitudinal focusing

The CERN Accelerator School

* (maybe too much) simplified picture
e Alsoin the longitudinal plane the beam has a finite emittance
(x, ') = (z, dp,/p,)
e T Simple case (noaccel.): 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 ¢,

d, - The particle is decelerated
- decrease in energy - decrease in revolution frequency

- The particle arrives later - tends toward ¢,

H. Schmickler, June 2024, ME-CAS

i
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cm Highlights

The CERN Accelerator School

e Just a personal choice!
* Show two highly integrated subsystems
* Related to the previously explained physics aspects

1. Hollow Electron Lens € handling of high power beams  * "é

2. CLIC Two-beam module< almost every aspect of accelerator technology
one dreams of |

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

SPHERE

s 23 s
‘( ":3 ) ¥ A 7 < - ] 3
S\l T
3 e
N
e N
GNMENT p
SYSTEM DB QUADRUPOLE

VAC. RESERVOIR  PETS

GIRDER

PETS ON-OFF
MECHANISM

SUPPORT

H. Schmickler, June 2024, ME-CAS 19



o
cm Hollow electron lens (HEL) for the HL-LHC

The CERN Accelerator School

* Project developped at CERN for the Hi-Lumi upgrade of the LHC with the
help of many CERN collaborators and many external collaborations.

* Main motivation: e
Complement to existing collimation system E'
- up to 700 MJ stored beam energy
- existing two stage collimation system needs « help »
- beam can develop « non-gaussian tails »

&3

Beam population

G. Valentino

30 35 40 45 50 55 60
Jaw position [a]

. primary  secondary  shower !
: collimator ~ collimator  absorbers |

-3 —— Maximum transverse kick

Electron beam
i i i 0.00
, ........... b 25 3 i O 1 B & & ) T > 3 3

) ' : x [mm] Radius [mm]
circulating beam

4 —_—
T0.30
; 3 3
| 50.25
/ < PR @
H BN AT 13 S X
/ 1 Y - e A 5 0.20
:'/’ E \ i e e i
E ; - 3 . » oS 3 g g '
H 3 ' ., A 0
i -1 S e e
. - 2 ©
primary : e 1) £0.10
-2 £
oeam halo 2
=
©
=

Following slides: Adriana Rossi, 12th HLLHC Collaboration Meeting, Uppsala (Sweden),19-22 Sept. 22

H. Schmickler, June 2024, ME-CAS 20



cm HEL design

The CERN Accelerator School

BGC

e-gun
+0.3t04T
solenoid

Dipole compensator

xxxxxxxxx

Main SC solenoids
Collector 5T

Bending SC solenoids
3.5T

21



The CERN Accelerator School
= Service module

designed

HEL Maanet Powering: Interfaces & Constraints - Earthing

7777777777777777

HL-LHC600A10V PC

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 ¥ e | e bion for Provision for
F . E . "
o T T E_ P F ssed air horizontal platform
AT I : : nel and local cable trays
C

Cormcar Mo Solncid ] Man Soencid 1 Epn

WRL_(105ber 203K)

PFD_HLLHC_HEL@LS v7x EDNS#_-GF

LHC120A10V PC
(absence of Earth fuse)

3 - : (preliminary, proposed in MCF #74 )
> € e

= Magnet circuit defined

= Quench protection system
thoroughly studied

=  Energy extraction
required for mains only

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

4 sumot
pe— T = e [Sjon for internal Provision for external
Holow Eleton Lens it system (sliding) support system

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

Provision for

Circuits and quench protection

12th HLLHC Collaboration Meeting, Uppsala (Sweden),19-22 Sept. ‘22 22
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m Key technology demonstration
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Version for LHC measurements to

be tested at EBTS —Q1/2 22, at
LHC in 2023.

Gas curtain 9x0.3mm at 1016
N,/m3

Design to fit in tight HEL space in
progress

Numerical simulations and
laboratory measurements
demonstrate the feasibility of

Position measurement of the BPM for proton and electron

. DOROS POS_Hpf—
measuring both ~ DC e-beam and ros VI — 4
i POS V. ——
bunched LHC beam, with < 2um L R
|
T “

. 1} T [ 1
difference | @@ﬂ " " L b
! | ! Y T A ‘. ‘M\m "1“11“"!"‘ |
Pl Nt AL
A | 1 TR . ‘.,‘l A | it
: i R L.
A . i g
/ \ Zp 4L A | b B
[ wLJ l J“ A/_’}_\_ —— 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]

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),19-22 Sept. 22 23

A

position[um]
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cm Electron Beam Test Stand

The CERN Accelerator School

®  Resistive magnets (0.4T max)
“ H/V correctors
®  Capability of testing:

“  E-gun

“  Collector

“  BPM, BGC

“  Modulator

“  HV power convertor
[ |

HV control and interlocks

Solenoid with H/V correctors

- -

collectont
e .

Beam Diagnos;cics Sector Valve
Box

12th HLLHC Collaboration Meeting, Uppsala (Sweden),19-22 Sept. ‘22

Ii
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cm Electron Beam Test Stand

The CERN Accelerator School

12th HLLHC Collaboration Meeting, Uppsala (Sweden),19-22 Sept. 22 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

Vaun (KV)
12th HLLHC Collaboration Meeting, Uppsala (Sweden),19-22 Sept. 22 26



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

S 8-16 mm cathode

20mA x 3Us pulse

12th HLLHC Collaboration Meeting, Uppsala (Sweden),19-22 Sept. 22 27



O
o CLIC (= Compact Linear Collider) in a nutshell

The CERN Accelerator School

Novel two beam acceleration scheme DnveBe
(cost effiC|ency) druvebeam accelera!or dnve beam accelerator

’ "
ZSkm 2.5km
delay loop | > @ | detay loop
e-l-e- COIIIder: CmS energy: @ @ decelerator 25 sectorsof 878 m

250 GeV up to 3 TeV (/c\ o AT m’m’

. I

Very high luminosity 50km
needs 1nm vertical beam size at IP V _
| e

e* main linac

CLIC main linac module e iectee
ACC.STRUCTURE  COOLING COMPACT VACUUM  MB _ 100 MV/m accelerating gradient

VACUUM  (BRAZED DISKS) CIRCUIT LOAD  IONPUMP QUAD STABILIZATION
MANIFOLDS : b = Lhlu copper cavities

- large NC quadrupoles

DB - 100 A electron beam to deliver power
1004 -1 A main beam
- 7kW/m power dissipation, watercooling

- mechanical and thermal stability
on the um level

GIRDER - um level pre-alignment without beam
e - active stabilization against

ALIGNMENT " PETS PETS ON-OFF .

SYSTEM DB QUADRUPOLE VAC. RESERVOIR  PETS SUPPORT MECHANISM gr‘ound motion on the nm-level

28




CLIC TWO-BEAM MODULE SYSTEMS

Alexandre.Samochkine @ cern.ch

MAGNET AND POWERING

AS shape tolerance + 2.5 um DB 81.2-8.12 T/m, current density: 4.8 A/mm?2,
MB 200 T/m

PRE-ALIGNMENT AND

INSTRUMENTATION
STABILIZATION
BPM resolution: MB - 50 nm, DB — 2 um, active pre-alignment + 10 um at 30,
temporal - 10 ns (MB & DB), MB Q stabilization 1 nm >1Hz

SUPPORTING VACUUM

Max. vertical & lateral deformation of ; 9
the girders in loaded condition 10um S = el

ASSEMBLY, TRANSPORT,

COOLING INSTALLATION

400 W per AS clear interconnection plane

29



MODULE TYPES

Alexandre.Samochkine @ cern.ch

CLIC Module Typel
154 per Linac

1 pair of AS replaced
by MB Quadrupole

e [ [ =)
Standard Module Module Type 3
8374 per Linac 477 per Linac
32,5
------ R
=== 4 | [ 611 BPM
- - l7al 270 |
f 65 420 15
' | 250x6
Module Type 2 Module Type 4 MB QUAD T ’]

634 per Linac 731 per Linac

Standard Module (L=2010 mm)

DB (100 A)
4 PETS, 2 Quads with BPM
Each PETS feeds 2 AS +
special modules
MB (1 A) (damping region,
2 5, STUEIIES modules with instrumentation
MB filling factor: 91% and/or vacuum equipment)

30
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RF NETWORK LAYOUT

Alexandre.Samochkine @, cern.ch

tolerance on RF phase change between DB and MB: + 0.12 deg

RF FLANGE CHOKE-MODE FLANGE

—— WAVEGUIDE
" FOR WAKE

MECHANISM

FIELD MONITOR

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

(¥ )

COMPACT COUPLER REF. SPHERE

Ny
ACCELERATING STRUCTURE \ COOLING CIRCUIT

The CLIC two-beam RF network includes the standard X-band rectangular waveguides connecting PETS,
AS and other supplementary devices such as choke-mode flange (CMF), Hybrid, high power load,

splitter and WFM.

32



ACCELERATING STRUCTURE

Alexandre.Samochkine @, cern.ch

The design of AS is driven by extreme performance requirements. The assembly accuracy is £5 um.
Many features of different systems, such as vacuum, cooling, wake field monitor as well as damping

waveguide absorbers are incorporated into design.

COOLING

WACULM CIRCUITS

MANIFOLD
REF. SPHERE

INTERMODULE INTERCONNECTION

COMPLEXITY

Brazed disks with “compact” coupler & vacuum system (10 mbar),
micro-precision assembly, cooling circuits (400 W per AS)

wakefield monitor (1 WFM per SAS), interconnection to MB Q (stabilization!)
structure support (alighment), output WG with RF components (e.g. loads)

RF distribution (WGs & splitters)

AS + AS > SUPER-AS

B A

DAMPING “l‘:r':
MATERIAL |/

Longitudinal cut of Super-AS

WFM

AS AS

S uper - AS

Schematic layout of Super-AS implemented in test module

Detailed design under way

33



DESIGN & INTEGRATION

Alexandre.Samochkine @ cern.ch

OCTANT

The PETS are composed of eight bars milled with 0.015
mm shape accuracy. The octants assembly, mini-tank,
“ON-OFF” mechanism combined with compact coupler,
vacuum system, cooling circuits and interconnection

are the subject for integration study.
SLOTFOR
DAMPING

MATERIAL

ON-OFF

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 @

5

From pA to kA-and from Angstroms to 100s of gtm to mms
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Alexandre.Samochkine @ cern.ch

Accelerating structures do not run right away at full specification — pulse R ~
length and gradient need to be gradually increased while pulsing. Typical . N
behaviour looks like this: ‘

Pulse length steps

120 . . . . . : : 12000 _ 10-3
100 agtme <5560 BDR falls
110% during flat E
= 80 {8000 " run
> ] =)
= 60 ﬁ/ s 2
£ = 1107
= e 3 o
h - = a
S ] > e«
O 40 la000 <
_ .]Db
20 12000
0 6 1077
0 50 100 150 200 250 300 350

Number of Pulses (millions)
4 million pulses per day at 50 Hz



r Cavity Conditioning Algorithm

Alexandre.Samochkine @ cern.ch
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Alexandre.Samochkine @ cern.ch

E, [MV/m] +[ns]"® / BDR[bpp] '*

E, [MV/m] r{ns]"® / BDR[bpp]"*"
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Experimental study of rf pulsed heating
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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)
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Pulsed surface heating limit

Gelb#qeelt dkdnis a input matching cell): 2167 regular
4\ Sece=_7=" 8ir1 9~ 10 | ITd N7 13 1A 15 "IN 18 cell: 19

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

A. Grudiev T ®
Images courtesy of M. Aicheler: http://indico.cern.ch/getFile.py/access?contkibld=08&resld=1&materialld=slides&confld=106251
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K DB QUAD
q | | VAC CHAMBER

:::::

VACUUM FLANGE
(PETS INTERCONNECTION)

TE-LIKE MODE .-
PICKUP ANTENNA ~~—" HOM ABSORBER

-
TM-LIKE MODE
PICK UP ANTENNA

AS WFM WAVEGUIDE

Limited space for BPM integration and
interconnection, 1 BPM per Quad, 1 WFM
per SAS (RMS position error 5 um)

Qty: DB: ~47000; MB: ~151000 units

RF PICK UP VACUUM FLANGE

DB BPM

resolution requirement: 2 um, 10 ns
design: RF - S. Smith (SLAC),
mechanical - D. Gudkov (JINR)

MB BPM

resolution requirement: 2 um, 10 ns
choke type, mech. design of prototype is
done. Optimization for CLIC module
layout is under way.

WFM
Design:
RF - F. Peauger (CEA-Saclay),
Mechanical - A. Solodko (JINR)

AS with WFM - end of 2010
Validation in CLEX (2011)

@m alternative: DB BPS (IFIC)
1t
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QUADRUPOLES

Alexandre.Samochkine @ cern.ch

Baseline: classical electro-magnetic design

MB: The magnets are needed in four different magnetic lengths (350, 850, 1350 & 1850mm).

- the beam pipe is attached to the magnet and must be aligned to the magnetic centre of the Quad with an accuracy
better than 30 um; transverse tolerance for pre-alignment 17 um at 1o; stabilization: 1nm >1Hz in vertical & 5nm
>1Hz in horizontal direction at 1o.

DB: The active length specified is 150 mm. The total number of quads required for both linacs is ~42000. In current
module design the DB Quad vertical size drives the beam height.

Main Beam Quadrupole
Nominal Gradient: 200 T/m
Magnet aperture: @10 mm

Drive Beam Quadrupole
working gradient: 81.2-8.12 T/m,
current density: 4.8 A/mm?

magnet aperture: @23mm alternative: DB tuneable permanent magnet solution

is under investigation (Cockcroft Institute)

Details = talk of M. Modena 45



Magnets for CLIC Two-Beam Module Test Program

First 10 Coils ( for 2 magnets + Quadrants ( for 2 magnets + spares)
spares) at CERN acceptance delivered at CERN Metrology Lab
IWLC10, WGS, 210ctober 2010 46 Michele Modena, CERN TE-

MSC



y Magnets for CLIC Two-Beam Module Test Program

N/

b) Optional Tunable Permanent Magnet Design

(refer to presentation of J. Clarke in WG 6
Session of Wednesday 20 Oct. morning)

Advantages:

-Very limited electrical requirements
(moving actuators)

- no cooling needs

Disadvantages (or specific difficulties):

-Complexity (moving parts)

-Reliability (tuning is individual)

-Stability of the PM blocks versus:
time/temperature/radiation

Cost :

Limit the production cost for a so impressive
series (> 40000 units), is a challenging
aspect (but this for both solutions).

IWLC10, WGS, 210ctober 2010 Michele Modena, CERN TE-MSC a7


http://doc.cern.ch/archive/electronic/cern/others/PHO/photo-bul/bul-pho-2007-046_01.jpg




SUPPORT

Alexandre.Samochkine @ cern.ch

BASELINE:

- interconnected girders form a “snake system”

- MB girders are not of the same length

- MB Q support interrupts the MB girder

- MB Q beam pipe and AS are connected by bellows

DB

-+——Module type 4 > - Module type 1 > Module type 0———»

49



CLIC MODULE SUPPORTING SYSTEM

Alexandre.Samochkine @ cern.ch

The main components of both beams are supported on rectangular shaped girders linked to one chain
all along the linac. The MB focusing magnet is an exception due to stringent position requirements. It
has its own support and stabilization unit, which will be integrated in a later phase.

The sensors of Wire Positioning System (WPS) are reading the transversal and vertical distances to one
of the wires stretched between two beams for forming a straight reference line all along the linac.

VAC. RESERVOIR SUPPORT
DB GIRDER

REF. SPHERE

PETS V-SUPPORT

Max. vertical & lateral deformation of
the girders in loaded condition - 10um

DB CRADLE

AS V-SUPPORT

ACTUATOR MB GIRDER

req]yirement : yellow reference
surfaces precision - 2 um
P H PETS V-supports

mech. design — J. Huopana (HIP)
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Alexandre.Samochkine @ cern.ch

VACUUM SYSTEM

- .



VACUUM LAYOUT

Alexandre.Samochkine @ cern.ch

A low pressure level (10° mbar) is needed for keeping the good beam quality. The interconnections
between main components should sustain the vacuum forces, provide an adequate electrical
continuity with low impedance and remain flexible not to restrict the alignment.

VACUUM NETWORK F_( - 2 A |

VACUUM ION PUMP

VACUUM RESERVOIR == : —'- 8

-
[]
1

el
> 'R LOAD
VAC CARTRIDGE PUMP - ( .,(o

BELLOWS

PETS

52



VACUUM INTERCONNECTIONS

Alexandre.Samochkine @ cern.ch

The MB and DB vacuum coupled via the common manifold and WG
Drive beam — QUAD/PETS intermodule interconnections

QUAD PETS, IC

BASELINE:

The vacuum interconnections (intra-/inter-module): 10-° mbar

MB: non-contacting interconnects acceptable. Short
i range wake-fields essentially equal to an iris. Long

[ ID:45mm, OD: 53mm, 6
0.1mm. pitch: 4.4 mm

g . Interconnections - Drive beam
Same components with longer bellows and e s range Wa ke-flelds need damplng'

flexible element

Elsctrical continuity done
‘copper based flexible element

DB: good contact is necessary due to high current.

Drive beam — QUAD/PETS inframodule interconnections

| 7
i = / =
In|
1 Ly
@ [ [ " - /
]ﬁmﬂﬂ = I ~2mm / / /

/
/
/

Freespace:
Freespace: 20mm 30mm

I
i i i QUADPETS PETS/BPH QUADPETS I
S I Drive beam — QUAD/PETS intramodule interconnections
_ Schematic artistic view ofthe flexibie element (or QUAD/drift
Eﬂ;\_/ - I QUAD PETS, intr ubeIC)
il Drive beam —~PETS/BPM inframodule interconnections p T 4
Thin foil (0.7mm}incopper based Working position
material new =

Vacuum enclosure

4 delimitedbya

fien bellows and knife
. flanges

i

< - —
Installation position

Electrical continuity
i done bya copper
f f basedflexible element

Same components as QUAD/PETS intermodule interconnections exceptflange on
PETS side

Design by C. Garion
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VACUUM INTERCONNECTIONS

Alexandre.Samochkine @ cern.ch

Rotatable flange
Fixed Flange Bellow

VAC FLANGE

BELLOWS

Rotatable flange Fixed Flange

-, | —

DAMPING
™ ": . MATERIAL
73.
PETS | Bpm | RF-Fingers AS (MODULE N) AS (MODULE N+1)
299
Bellow
BF-Fingers MB AS-AS interconnections
DBQ PETS

DB Quad vacuum chamber — PETS interconnections
(mech. design D. Gudkov, JINR)

\L@fﬁ} Details = talk of C. Garion
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PRE - ALIGNMENT

Alexandre.Samochkine @, cern.ch

Mechanical pre-alignment within £0.1 mm (10) = active pre-alignment: within £ 10 pum (30)

Concept: «snake system», straight alignment reference over 20 km based on overlapping stretched wires,
AS and PETS pre-aligned on independent girders, MB Quad pre-aligned independently.

r TE
LE PLA M
JUSTABLE 4110
DB/ MB A0 COMPENCTENT
|N|TIA-|I-'E|!|:|I\'A FLOOR A2
ONG-

Space reservation for the
alignment equipment

3D model of the WPS
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o
The CLIC study — micrometric pre-alignment 1

I. : k F.Lackner, CERN

The CERN Accelerator School

Development of micrometric girder alignment based on cam shaft movers

PSI - SLS, Diamond.,

Practical applications:

45° »
support plane o~ | ‘
== \ -

HLS
hydrostatic

Rotary encoder ot SO hes
positioning system

SLS Girder, active alignment

A mechanically determined system by choosing the correct amount of degrees of freedom

1 - o =N
=
i z :
L___ __________ o
,i’ Stepper Motor — ' - A1
|

(Front View)

(Base View)
CAM Gear box Drive
2-CAM support (SLS)



cm The CLIC study — micrometric pre-alignment 2 A

The CERN Accelerator School

Alignment accuracy studied in 1 DOF -> minimization of relative micro displacements
(parasitic alignment errors):

* Sine wave response, repeatability in short and long range alignment

* Modal behaviour as function of load mass

* Verification of heat dissipation during continuous operation

* Material fatigue behaviour studies (Wear, jamming)

* Modular assembly in order to study CAM optimization based on the

e Hertzian theory, interchangeable CAM

After optimization integration on girder object in 5 DOF

Inal Integration



0 The CLIC study — micrometric pre-alignment 3

The CERN Accelerator School

/ . .
Load - Elastic deformation
2500
4—— —
3
5
IAZ )Cam angled 2000 =
/ c
w / / k1
&
Z 1500 “
Eccentricity -IE e CAM (80mim)
= CAM (100mm)
S 1000
e CAM (120mim)
500
0
0 0.05 0.1 0.15 0.2

Linear elastic deformation [pum]
AN = k. Ad

Optimization of cam diameter in order
to increase the Hertz contact region.
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Efficiency - CAM radius
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Stabilization Requirements
K. Artoos, CERN

NANO STABILISATION

3992 CLIC Main Beam Quadrupoles:
Four types :

Mass: ~ 100 to 400 kg

Length: 500 to 2000 mm

Stability (magnetic axis):

oC Type 4: 2m, 400 kg Type 1: 0.5 m, 100 kg
o.(f) = / O (v)dv
\/ I L 10 AT R
Main beam 1015 L oL
quadrupoles _ B E
é 1620 | 168l
Vertical | 1.5nm>1Hz |~
152° 6oL
(1 nm)
Lateral 5nm>1Hz 530 10
[Hz]

K. Artoos, IWLC 2010, Geneva 21 October 2010



@b Characterisation vibration sources [l

Measurements LAPP, DESY, SLAC qua@ @@ : -

Broadband seismometers characterisation /%

More measurements by CERN in accelerator environments

M. Sylte, M. Guinchard, A. Kuzmin, A. Slaathaug

K. Artoos, IWLC 2010, Geneva 21 October 2010



ChCI rCIC'l'eriSCIﬁOn VibrCI'l'iOn Sources VNANOS'I'AIII.ISA'I'ION
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S 1E14 = =
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> =
£ 1E16 2 NS
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= F1E09
= LE18 A —~ —TT1(CERN)
§ 7o) Noise curves l{'\
2 LE19 = AR
z ~ 1E10 4 — CLEX(CERN)
2 1E20 +
z T
Z 1En = --- AEGIS (CERN)
T 1E22 %,:1.}:-11
R . " -
1.E-23 - = . — Building CERN
vertical vertical |
1.E-24 T 1.E-12 1
0.1 1 10 100 0.1 1 10 100
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- Running accelerator in deep tunnel comparable to LHC:
*between 2 and 5 nm ground vertical integrated R.M.S. displacement

- Amplitude to be reduced by a factor 4-5 in frequency range 1-20 Hz

- Above 20 Hz contribution to integrated RMS is small

* Updated ground motion model with technical noise
K. Artoos, IWLC 2010, Geneva 21 October 2010



eb Strategy Support

63
* Stiff structure Parallel structure
* At least four d.o.f. ] ]
* Repeatability

Flexural hinges

* 0.1 nm resolution vertically

Required position
(from BBF)

i qu

Sensors : Seismometers “to get started” "L
K. Artoos, IWLC 2010, Geneva 21 October 2010



http://upload.wikimedia.org/wikipedia/commons/0/0d/Hexapod0a.png

ﬂb Strategy Support

NANO STABILISATION

Controller

Structural “
stiffness

Induced stresses in
piezo

Inclination “

Resolution, structure
stiffness, forces

Number “

#D.O.F., COST
Resonant frequency
Solution 4 types

$

Block longitudinal
Block roll

X-Y flexural guide

21 October 2010

K. Artoos, ILC 2010, Geneva



NANO STABILISATION

S

=

g

Stiff intermediate girder between alignment and stabilisation

Lockable in longitudinal direction (transport)
K. Artoos, IWLC 2010, Geneva 21 October 2010
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b Ta';

1d.o.f scaled § E
test bench
k,l
/ IA’
Membrane

COLLETTE C., ARTOOS K., KUZMIN A,,
SYLTE M., GUINCHARD M. and
HAUVILLER C., Active quadrupole
stabilization for future linear particle
colliders, Nuclear instruments and
methods in physics research section A,

vol.621 (1-3) pp.71-78 (2010).
K. Artoos, IWLC 2010, Geneva 21 October 2010



@B Experimental results

-9 -6

x 10 ' , . 10 : —6 B ‘ \
14r .-+ Measured travel 1 i """ OFF day
1ol — PXI output | i - = =ON day

; -=+= OFF night ||
10+ ——ON night |
8;

E gl |
4 0
zh
0 : |
2 1 1 1 l

0 0.02 Oi_0]4 0.06 0.08 i : WS opam |

S 10 Objective : rL—ﬁ
Obijectives reached | ' et
Vi
15 ..--+ OFF da ! E 11 : .;‘h~_’
---oN cay E W BT Al | 2
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g0 g

Result: 0.6 nm at 1 Hz from 2.2 nm

day: 1.6 nm from 6.4 nm
0.44 nm at 4 Hz
K. Artoos, IWLC 2010, Geneva 21 October 2010




@b Step 3: 2 d.o.f.
Nel

Controller

Obijectives:

*Validate the strategy and
controller in 2 d.o.f.

* Validate flexural hinge design

* Validate nano positioning in 2 d.o.f. [ . 4

= =

K. Artoos, IWLC 2010, Geneva 21 October 2010



@b Stabilization in 2 d.o.f. |

Will be
| improved

«+++OFF day ' | ) i : : : W“’h gUide

= = ON day
* =+ OFF night |
= ON night |

Objective

0.9 nm at 1 Hz

Can be improved still.

[HZ]

Frequency [Hz]
K. Artoos, IWLC 2010, Geneva 21 October 2010



Positioning in 2 d.o.f.

)<1(Zl'3

: : . L :
: L :
- ",
: b . -
. L [T
3 (G) ............._....................J.:.-..........'..,........:-.-_:.,.‘_:‘,'..:............_

HOI‘IZOh'l'CI| mo’rlon : i

0 0.2 0.4 0.6 0.8 1 12 14

-1.802 i ot L 1 L
=3,35 -3,34 -3,33 =3.32 =331 =33 -3.28

[m] x10°

K. Artoos, IWLC 2010, Geneva 21 October 2010



Integration test at
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Two-beam module string
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®
d P, Summary ‘@

1000’s of examples of splendid ME examples
in accelerators

Only two shown

e At todays level of complexity and pushed
requirements for new projects one should:
- Increase the knowledge of (mechanical) engineers
on beam physics
- Increase the knowledge of accelerator physicists
on technologies and feasibilities
...leading to a better dialog for optimized designs

. New role for CAS
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