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out of ALIGNMENT

* What does alignment mean?

* According to the Oxford dictionary: “an arrangement in
which two or more things are positioned in a straight
line”

* In the context of particle accelerators, the things are:
beam instrumentation & vacuum devices, magnets, RF
components, etc.

* Why aligning components?

* Accelerators have to be aligned within given tolerances
to make the beam pass through ..... At least the first
time

* The Earth and the civil engineering works on which we
build accelerators is in constant motion
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Alignment tolerances

* Alignment tolerances [Fisher] [Ruland]

Error of placement which, if exceeded, lead
to a machine that is uncorrectable — with an
unacceptable loss of luminosity

* Two types

* The «absolutex»: the accuracy over the whole size of
a project (as an example deviation to a nominal
plane in vertical direction and to the nominal radial
R for a circular collider)

* Not so critical for physics (typically several mm
are requested)

* The «relative» : the differential variations between
several consecutive magnets.

* This latter type of error has a more direct effect
on the closed orbit of the particles.
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History of «relative» tolerances

Accelerator
collider

PS ring 50's
SPS 70's
LEP(e+e-) 80's
LHC (hh) 9o’s
CLIC (e+e-) 20407
FCC (hh) 20407
FCC (ee) 20407

Radius/

Circumference

100m/6gom
1km/6km
gkm/27km
gkm/27km
2*%25 km
16km/100km

16km/100km

Vertical transversal(m

0.3 0.6
0.2 0.2
0.2-0.3 0.2-0.3
0.15 0.15

17 microns radialy*
0.2 (0.5*) 0.2 (0.5%)

0.1%* 0.1%*
* All errors included

This is not the type of accuracy the surveyors are used to deal
with. Most of the time, new instruments and techniques are
developed to achieve it
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What do we need ?

 Geodetic considerations
* The Geodetic Networks

* The co-ordinate systems

o T
o T

ne theoretical trajectory

ne objects to align

Fiducials and supporting




Geodetic considerations




Geodetic considerations

* A Global Coordinate System (Cern Co-
ordinates System as an example)

* Cartesian system XYZ

A Geodetic Reference Frame

* Reference surface which is fitting
the shape of the earth

* Depends on the accuracy requested
* And of the size of the project

* Forthe PS Ring: a plane was
choosen




Geodetic considerations

For the SPS (6km) : a sphere was
taken

* A new coordinate : H height wrt the
sphere

For the LEP/LHC : an ellipsoid was
determined

HiRadMat
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Geodetic considerations g, s o

* In presence of mountains, valleys or i
rock of various density, the plumb line el s U -
is not perpendicular to the ellipsoid 1, NS

L ) S e P

* The deviation of the vertical is the
difference between the perpendicular
to the ellipsoid and the plumb line
direction

- - -
- v

* Itis determined by zenithal camera &
measurements

1 J. l
Physical :Ellipsoidal
plumb line } :normal (p.2)
(D,A) i
Vertical \z1  Difference of
deflection) :  undulation

] AN =g +ds

e
Geoid _ _ ot m A
"""" r-Dlstance ds—»

-----------------------

geoid

* Completed by gravimmetry
measurements, we obtain a GEOID :

ellipsoid

Mean sea level equipotential surface of
gravity

.”.-—E'\_

|r|.<N‘,.-|I @

|

W, Al

\ A ERCiFEETS R
AF PARTMTHT

A



Geodetic considerations
e At CERN

* Reference frame is an ellipsoid
tangent to the earth @ Po

* Geoid

* 1985 : determined for LEP and
still used for the LHC

* 2000 : determined for the
CNGS project

* Global co-ordinate system is
CCS

* Plane of the PS

CCS XY-plane

11



Geodetic considerations

* Impact on construction

Accelerators built in a tangential plane (slightly tilted to accommodate
geological deformations)

All points around an untilted circular machine lie at the same height.
Linear machines cut right through the equipotential iso-lines:

* Center of a 30 km linear accelerator is 17 m below the end points
* One solution to accommodate

h=8¥2R=185m Yo e e

h =R ¥ 2510 km
=17.58m ks \0»44\'\ final focus
= 45-\\(\'30 _________
S
o
g
#
&
[RU|and] 1.56 mrad
Effect of earth curvature on linear and circular _ Three P lane ]Cly -out
= accelerators
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The Surface Geodetic Network

* The surface network is indispensable
because it can be determined very
accurately thanks to GNSS and very
accurate distances

* The accuracy of all network points is 2-3

CERN [Mayoud]
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The transfer of the Surface geodetic network

* Itis realised using a combination
of several methods and
instruments, among which :

* Nadiro-zenithal telescopes
* Plumb lines

* Distance and HandV angle
measurements

* Accuracy better than 1mm for
100 m depth

[ ]
— u
[ @ Zenithal telescope
e, JII"II I-I I ILII—I I Concrete pillar 14
et EMLIMESIHE,
OrPARTMTH




The underground geodetic network

* A network of points is installed preferably in the walls and in the
floor of tunnels

* Unfortunately due to tunnel configuration they have a long and
narrow shape which is not optimal for its determination

» Refraction errors

o
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The underground geodetic network

* The determination is done with using angle and distance

measurements and orientations w.r.t. the geographic
North.

* In vertical optical and digital levels
* The absolute accuracy of 3-4 mm along 3 km

* The relative accuracy in planimetry between 3
consecutive monuments of 0.3 mm.




The theoretical trajectory
* Itis defined by the Physics using the

MADXx software < 04>

* Firstin a horizontal local co-ordinates
system xyz

* Then in the Global Co-ordinates System
XYZ

* From 3 translations and 2 rotations
provided by the Survey team

* Using the SURVEY output function
from MADx
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The objects to align
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LHC DIPOLE : STANDARD CROSS-SECTION

The objects to align

* 6 DoF : 3 angles and 3 translations . %

* As the reference axis for the alignment
is not anymore accessible in the tunnel,
alignment targets are used : the
«fiducials»

[SeNTE T U

* A componentis completely defined by
2 fiducials and

= Areference surface for the roll angle

= Or a3rd fiducial

.
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* Nests or corner cube supports are more and more used
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The fiducialisation . 0 bl -

* |tisthe determination of the co-ordinates
of fiducials w.r.t the reference axis
(mechanical of magnetic) in a local
coordinate system

* 3 types of measurements according to
the accuracy needed:

* Mechanical measurements using a
gauge (typically for warm magnets)

* Laser tracker measurements when the
requirements are of the order of 0.2 mm
rms/Arm measurements

* CMM measurements, for smaller
components and requirements of the
order of micrometers.
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The fiducialisation
* The LHC dipoles

MAD points

Mean plane

R ——
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The fiducialisation
e The LHC dipoles

%

* From the MADXx file and the fiducialisation data, we can calculate the co-
ordinates of the fiducials in the GCS (XYZ and H)
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The supporting/adjusting system

LHC DIPOLE: STANDARD CROSS-SECTION

* They need to be supported by adequate
supporting systems

A

* On 3 points preferably

s EEELRSRY 3
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* Always better if jacks allgned with
fiducials
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76334
Wedge jack adjuster as used in APS.
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The supporting/adjusting system

Top

3 (Y) Vertical Struts
Cam follower X X 2 (X) Lateral Struts

Depressions underneath the girder...

Structure C D . 1 (Z) Lateral Strut
4
Cylindrical cam
Conical support

7633A2

A

Kinematic suspension.

Conical chamfer support

[ALS] Struts are length-adjustable
r A\\ rigid members with spherical joints at
| _ eachend. |

Flat support

3
2

Magnet positioning mount with roller cams.

[PSI]

r’.j |
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7 A: TiF A ATAEIT ALS 5-ton machine screw jack strut. ALS 20-ton machine screw jack strut.



The supporting/adjusting system
* Motorized jacks (CERN LHC)

"Short" magneis : 01, 03

$| ) vertical adjustment
IF Z_ v 5%: =  Longitucingl adjustment
:fI = Mo adjustment {fres)
% I Radizal adjustment
"Lone" mapenels - 023
#¢i O vertical adjustment

. - + Zl—m.r :@: 4  Horizontal adjustment
L1 iy e S Fm

* Used successfully for realignment of some microns
with beam in May 2016
@ | ®
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How do we proceed ?
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The initial alignment

* To ensure the absolute accuracy

* Realised w.r.t. the geodetic underground n

* Roll and Vertical : Optical level
* Horizontal : total station TDA5o05, TS60
* Accuracy 0.2 mminZ/H, 0.3 mmin XY

~~~~~
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The smoothing operation

* To ensure the relative accuracy
* Not using network but only the fiducials of magnets
* Roll and Vertical : Optical level
* Horizontal : offsets w.r.t. a stretched wire

* No longitudinal measurement is done




Wire Offset measurement

An alternative to B
angular measurements

* This technique is an alternative to small angle measurements

* Measurement of a small distance w.r.t a wire (nylon, kevlar,
vectran, etc)

 Simple, cheap, quick, accurate (< 0.2 mm), no subject to
refraction errors

* distance limitations (2.40m), orthogonality, air currents

IE}@ @.—u ne b




Wire Offset measurements

 Application to a circular collider

* Wire of 100m, redundancy of measurement of 2 or 3 components

* soom/day

* Residuals
of 40
microns

LHC 7-8 lissage afroid - écartométrie- distribution des résidus aprés compensation

HT |_| il |_| = M
<5 <6 <7 <8 <9 <10 <11 <12 <13 <14 <15
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«Planing»

* The goal is NOT to realign all the magnet at their nominal position

* But to realign the ones which are far away from a SMOOTH curve

LHC 7-8 lissage afroid écartométrie

* ...abitlike the carpenter getsrid of a

small piece from a wooden beam

e Tha DI ANIE cAftininra hac haan
12691-rabol.rab (Plani)

— SO0

- A
1 Smoot - 0.2 mm
] Rouga -




Remote measurements

» Determine remotely (because of high radiation dose) the
position of collimators w.r.t the two adjacent quadrupoles: +

0.2 mm

* Photogrammetry

* Offsetto a stretched wire
uad [ ] [ ] [ ] [ ] [ ] [ ] i‘ ‘ii




Permanent monitoring sensors

\“‘;1
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Hydrostatic Levelling System

Capacitive
Ultrasonic
Floating sensor

several microns of accuracy

Technologie capocitive
Erinsis ;

1 stk s Gl B 500 e el . e s S ST 4
i el s, 58 T N 8 T

e
Ca ‘K".-
.

)
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Basés sur lo technologie capacitive FOGALE
Manotech, ils ant été developpés par FESRF en 1387
pour réaliser Falignement vertical permanent de
lonneau de stockage. Les capteurs ant été ensuite
optimizés au fur et 4 mesure de leur utilisation au
CERM et KEK

Technalogie ultro-son

Ces capteurs ant été développés pour
Falignement de TESLA a DESY

Houveau concept de cabbration « in situ =
gliminant les dermes des capteurs.

Développement dun pot spécial dans lequel 2
références D] et D2 sont connues et restent
constantes dans le temps. La référence est
faite en invar.

CAP
WARK RAR .

BN .m"-".;':‘III'E'-u.\_\_E

=1

SIGHAL CARLES™

o

WATITION BOARD —

SPRNG T
K SUR-'CF

TR ——

LS
L PONT LIGHT SOURCE

| ——COHHECTING STICK

|- WATR AND AR TURC

P ==

- TENPERATLE SENGOR

= SIGNAL CASLE
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Applications
* The bed plates of ATLAS

us

BED

us

usa

BED

SO0 |in
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Applications
* The Inner Triplets (Low Beta quads) of the LHC

* 0.1 mm within a triplet- several microns during a run permanently

* 0.1-0.2mm from one side to the other side of the Experiment

UPSTh LJ UPSto %
; I : VERTICAL ALIGNMENT — 140 m
Lel) // 0 Gl I l
a3 @3 e w v g wr s Y
- f
- L : : ' : |
0 oo oo 1 o B ) Wire Position Sensor ITL Imner Triplet Line O Hydrostatic Levelling Sensor THEN Triplet Hydraulic Network]
OTL Outer Triplet Line MEN Main Hydraulic Network




Wire Positioning Sensor

* Capacitive cWPS
* resolution: 0.2 mm

® range 10 X10 mm

In the horizontal plane:
straight line

In the vertical the wire is a
catenary

@ @ 38



Applications
The Inner Triplets (Low Beta quads) of the LHC

L

T
e




The Optical WPS

e oOWPS
* W.r.t. astretched wire

* Two cameras are measuring the
position of the wire

* Resolution of a few of microns

NOT rad hard
* Quite cheap




Photogrammetry of a wire

* The goal is to measure position of
fiducials w.r.t a stretched wire using a
camera

* Test bench

i

* Based on ceramic spheres
* Metrology with 2 microns precision

* Validation shows an accuracy of 5-10 microns
at1.om

e TestdoneonaLHC cryostat

* Promising
 Stilltodo

* Automatisation of wire detection in a picture

Ry @
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Wire Positioning Monitor A
b \ ! I s |
* 4 electrodes generates induced voltage when an RF T

signal passes through the center

Position of the wire is deduced from voltage of opposite

pair of strips

» Accelerator Driven Sub critical
system (IHEP,Beijing) for
monitoring of movement of cold

mass during warm-up and cool-
down

« Use at SLAC for the monitoring
XY of the quads and the roll,
pitch and yawn of the
undulators (Alignment
Diagnostic System)

Wire Position Monitor System (WPM) ; ‘

+ Resolution <100 nmin X &Y Direction
« Instrument Drift <100 nm per day

* Moving Range  £1.5mmin X &Y Direction

+ Accuracy 0.1 % of full Scale

+ Availability Permanent, no Interrupts

Xand Y can be measured Owner: Franz Peters

|
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) EN
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Schematic layout of WPMs and optical target



ad (A )

Brandeis Camera Angle Monitor

BCAM box

* For HIE-Isolde Cryo-
modules monitoring

L.

8

B i GLittde
i o= vn’n- =

i T
=

RF Cavity ~ Solenoid L BCAM  External Line

° \ . e e o
B b

\ ~ )
Pillar Cryo-module Metrologic Table

Internal Line Pillar

—> BCAM observations - Overlapping on external lines
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Observing diffraction pattern of Fresnel
zones plates

e LC of SLAC (o

Inlet Pipe

| -

CCD array

on linear stages Target Target
‘OUT’ position ‘IN” position

3158 m

Large number of Repositioning of targets
targets (~300)

Rad-hard Non compact targets

|rr -I'-.I-:N X @
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Observing diffraction pattern of an iris

fiber-coupled diode laser Iris diaphragms CCD camera with

+ Spring 8 (SCSS) | [ i

¢

Close open open
Static targets Measurement
Multiple targets uncertainty
system depends on

longitudinal position Tasorin Insert upstream iris

Cavity BPM
Monitor laser spot
Laser & Electron Beam position.
HaNe Lases Profile Monitor CCD Camera *

v | D Open undulator gap
} Undulator | i

by T. Shitake

@ | ®
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Observing diffraction pattern of spheres

* Poisson system (DESY in the Xfel)

CCD Plan-convex lenses Targets Achromatic =Aperture ®@Laser Point
Camera ks Source
1.5"CCR Fiducia§
SLRS Sphere
‘EO-K-FIange (DN200) R2 (38m)
A% ® aciom > Z2 (28m)
Assembly of the transfer pieces
S
Static Limited number of targets (~16) R1 (10m)
targets
Measurement uncertainty depends on
longitudinal position
46

LS



Observing diffraction pattern of a plate

* NIKHEF

laser

I

fiber coupler diffraction plate

pixel

Experimental setup: Long range Rasdif

Laser 2 P e S

N |
= 7 -
' \" ..]
h & -
N P X
k|

Advantages

Static plate Only 1 target

'._".‘

~l X ) o [3
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Laser spot with open / close QPD’s (KEK)

* KEKB linac of soom

QPD: quadrant photo-detectors

Advantages

Large Uncertainty due to open/close photo-
number of detectors
photo-
detectors
AB straight laser line (132m)
Sector B Sector A Al Gun (¢)
—
B8 B7 B-6 B> B4 B3 B2 B-l A4 A3 AT AT Laser et Target 3T Gun (¢)
C1 C2 C3 C4 Cs5 C6 C7 5 5 B TR YD A B 5 I 24 26 21 2%
/ Sector 1 Sector 2 Eﬂ
180" Arc Sector €
H
— >
Sector 3 Sector 4 Bi] Sector 5 3rd Switchyard KEKB LER/HER
= C5 straight laser line (500m) PF-AR
CFRM I\II @ 48



Laser Alignment Multi-Based Design Approach

* CERN

Multiple Uncertainty due to open/close shutters

° fo I C L | C S‘t U d y points Stability of the laser

Size of the laser spot

LAMBDA project: principle

LAMBDlA-sensor
'camera shutter‘
' / 1 H-
/- Iaserbeam},”l / ’,’1 ’,’
Laser @’ @’ V’
_ ) ) € O O Ch
Kinematic
interface Component Component
to be aligned to be aligned




Future colliders requirements
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Future Colliders requirements
e e

e-source 30 cavities supports 1 0.1 mm rms over 150 m
150 components
17 correctors

e+ source 33 31 cavities supports 1 0.1 mm rms over 150 m

540 components
184 correctors

DR 3.3 2898 supports 2 0.1 mm rms over 150 m
1154 correctors

RTML 1.7 130 cavities supports 1 0.1 mm rms over 150 m
2377 components
2434 correctors

Main linac 239 1701 cryo-modules 1 0.2 mm rms over 600 m
Correctors inside cryo-modules

BDS 6.5 460 components 1 0.02 mm over200 m
120 correctors

Area Error of misalignment on the fiducials
* CLIC (19)
] e- source 0.1mm
’ Pre-allgnment e+ source 0.1 mm
* All errors included DR 0.1 mm
. T . RTML 0.1 mm
fiducialisation
( ) Main linac 14 ym over 200 m (RF structures)

17 ym over 200 m (MB quad)

11

BDS 10 ym over 500 m (RF structures)

WA EN 51
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CLIC

* The radius of the cylinder describes well the total error budget
allocated to the positioning of the major accelerator
components.

* Along the MB, it is equal to 14 pum r.m.s. for the RF structures, 14 pm for
the BPM, 17 um for the MB quadrupole.

* Along the DB, itis equal to 20 um for the DB quadrupole, 100 um for the
PETS.

T
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CLIC Alignment strategy

* Absolute alignment using overlapping reference lines

200m
1

[ N N N S N N W -

- =

* Relative alignment of the elements

» Components are pre-aligned on a common support

- ) (D e |

* Sensors & actuators are associated to each support / articulation point of

girder

i —
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CLIC Alignment strategy

* If you combine long & short systems

[ (e ----I----

* Adjustment configuration

Degrees of freedom:3 /5

3 Girder B3 Girder 3 Girder 3 Girder 3 DB
I3 Girder 3: 5 :3 Girder ::3 Girder 3: 5 :3 Girder :3 MB
MB quad MB quad
support support

* After optimization, in case of a stretched wire & WPS used for
lona ranae & short range systems

| ) (N (N (N () (N () (N Y Y () )

H-!r
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Validation of the strategy

O 2hm B0n Thm 100m 120m 140m
| o O = = i -
- — I i i I - | o
mm-— I i i I i I -
]
m—m  Stretched wire I:I Metrological plate mm— |azer
. HLS sensar E=———0  Hydroulic netwark - Target box
B WPS senzor G Yacuum tube I b
camera
O TMS5 senzor

* TTafacility at CERN
* 140m, 7 metrological plates, HLS and WPS

 After least squares adjustment:

TT1 - Mesures HLS du 22.12.07 au 06.01.08

 Radial residuals on sensors readings < 6 pmon the
* Accuracy of radial translation: £+ g um r.m.s.

(mm)
°
2
8

* Vertical residuals on sensors readings < 8 um

* Accuracy of the vertical translation: + g pm

HLS compensees de I'evaporation

* Continuous modelling of the wire catenary usil

Lectures

Sensors
P
|r:ILI-I-:N -I:II @



CLIC R&D

* For fiducialisation

* A high accuracy & touchless sensor on
the CMM measuring head (HEXAGON)

* Microtriangulation

Angles and automatisation of
measurements (ETHZ)

* FSI (Frequency Scanner
Interferometry)

* Only distance measurements,
absolute distance meas.

* Developed by Oxford, produced by
Etalon AG

* Uncertainty (0.5um per metre)

* Several simultaneous measurements
(Up to 100) Reference Measured distance

interferometer - >

Measurement interferometer

* Measure distances up to 2o0m T o s

Optical fibre | * a-‘

* Laser beam can be interrupted ﬂ 0

Connec.’or

)
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FCC . A Error of misalignment on the quad
o :‘-; magnetic axis(10)

M~ W “. 0.5 mm (similar to LHC)
g 4 : ee 0.1 mm (almost CLIC 1)
RS he - eh - HE 0.2 mm

~ -
-------

* A new geoid has to be defined for a 30km x 30 km area
* French and swiss data are not given with the same accuracy
* The size of the collider is very challenging

- Distance between shafts can be up to 20km 4mmm mprove
* Depth of shafts up to 400m 4 accuracy
* For hh:the cellis double the size of LHC (~224m)
* Collimators area will be inaccessible after a few years of run :
robotics, survey train to be studyed
* Foree:the CLIC solution will be proposed
* Studies will start this year to reduce the cost
* The Qoisinside the detector : it is a major pb for alignment !
@0 .
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Conclusions

The Micron World, in which steel acts like butter and in which temperature excur-
sions are like Gulliver’s Travels, has been tamed and industnalized on the laboratory
scale. I do not believe the problems that we are going to encounter in the design of
future linear colliders on a kilometer scale will turn out to be fundamental. Rather,
the challenge will be to be innovative enough to find sound engineering solutions
that we can afford. Further, we should involve the alignment community in all
aspects of the design decision making process at the earliest moment.

ALIGNMENT AND VIBRATION ISSUES
IN TeV LINEAR COLLIDER DESIGN

G. E. FISCHER

Stanford Linear Accelerator Center

Stanford University, Stanford, CA
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