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Why do we need high precision alignment?. __ = =
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Why do we need high precision alignment?

To make the beam pass «through»: the components must be aligned in such a way that the beam is detected by beam
position monitor, in order to launch «Beam based alignment»

10th September 2008:

-0-0-0-00-0-0-00-
in ALIGNMENT 2 yellow dots on a screen signaled the first

time that protons had circulated CE R N ¢
'O‘O'O‘O‘O‘O‘O'O‘O‘ LHC: bunch of subatomic particles making its

out of ALIGNMENT way around a 27 km circumference tube.

The Earth is in constant motion:

V Frequency of realignment function of the alignment requirements and amplitude of ground motion

V Alignment tolerances: error of placement which, if exceeded, leads to a machine that is uncorrectable 7 with an
unacceptable loss of luminosity
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GM 1 Geodetic Metrology  -- Our Mandate --

We provide metrology and alignment for components installed in the accelerators, their

~DGL:JC.Gayde beam transfer lines and physics experiments throughout the CERN.
SL: J-F. Fuchs
=y Nearly 60 km of Thousands of
. beam lines! 7500ccel er at %45 experiments sub-detectors!
SL: J-C. Gayde component s
HPA ;i 'ﬁ LGC
BB, o O
SL: M. Sosin 5
APC ;

SL: F. Klumb

V. efPersons !
V 15ational i%s

V Mu Hdtiis c i p | i : _
Permanent Geodetic aspects R&D

7

Associated
monitoring scans software

Georeferenced
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Some daily challenges

aight and narrow

ot s

Accuracy and precision

ISOLDE
From pm to mm
M REX/HIE East Area
2001/2015 H

| IRRAD/CHARM
:

..............................................

Scal e
Severe en&i ronment
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Our tool box

Pho ammetry

Optical & digital levels

Software & database
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Steps of alignment

|l nsi de the tunnel

Def |

niti on of al i

Definition of alignment strategy

Installation and determination of surface geodetic network

Transfer of reference in the tunnel

pol

Contr ol & assembl

Fiducialisation of the components

Definition of their theoretical trajectory

Surface Network \

s bmd

./I
_."- ,»".. i i
rd - H
/ T

/ /" side view

'/D-ﬂ | b ]

Surface-Tunnel
transfer |

Alignment

top view

L

Underground Network
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Definition of alignment strategy

General constraints
Access (installation, alignment, maintenance)
Space
Radiation level
Thermal stability

Component & support design
Impact of vibrations
Eigen frequencies
Rigidity of component & support

m _ Weight
Stability of the tunnel floor, ground motion
A||gnmetnt_ Of_(;i Beam requirements
ComFt’()nenl PNSTOF @i ducialisati on
unne \ Component assen
/ Girder ali gnmen
Project constraints Relaylve / abso
Cost requirements

Manpower available

—

Operation / maintenance time

Alignment methods &

instrumentation available

A Takes several years!!!
A Different methods and solutions needed
according to the area

CE/R;WI
\

N7
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Geodesy

Geodesy is the science of accurately measuring and
understanding 3 fundamental properties of the Earth :

A its geometrical shape;
A its orientation in space;
A its gravity field;

as well as the changes of these properties with time.

Why is it so important to take it into account?

A To align components of a collider, along a plane or a straight line,
we need to know the shape of the Earth very accurately

A A large part of instrumentation is set-up to perform
measurements w.r.t to gravity

A We need to define the relative position of all area on surface and
underground : sites, buildings, tunnels, accelerators,
experiments

Geoid surface

H=h-N

Point of Interest

Earth
Ellipsoid height, /i

Orthometric height, H

Geoid height, \l -

Geoid surface vs ellipsoid
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ZGA
Geodetic reference frame
Geodesy —
P
h

A geodetic datum (or geodetic reference datum or geodetic reference frame) is :

A A coordinate system

. Y

A A mathematical model ¢ 5

A A point of origin *

A Sometimes a projection is also given ) T Geodeti eference

G ellipsoi

A geodetic datum may be :
A global, meaning that it represents the whole Earth;

A or local (it represents an ellipsoid best fit to only a portion of Earth).
A é There are hundreds of reference datu

Geodetic datum

& aright-handed Cartesian system;

CCS Cer n CO 0 rd I n ates SySte m s principal, or initial, point at Py, the centre of the PS accelerator (the origin is {
. . . by definition the centre of the line from P> to P1); /(= -
A The CCS IS a rlg ht'handed 3D CarteS|an . ﬁa}cis parallel to the vector from Pz to Py of the PS, positive in the direction é‘/J/ ! ‘v~l. [
. . m P; to Py; AW i
COOI’d | nate SyStem Used tO dEfl ne the . ‘f’—axiszpelp;ndicular to the line, PoP1, passing through Py, positive from the F ‘
relative position of all the accelerators and — , aorrn et o tare
experiments at CERN, " ke coordliaies ot Fo. et
A The CCS is defined as follows : [r ]:[2097.79255]
z, 2433.66000

S

-
v
N
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Geodetic network and its transfer T 7

Surface Network
/7 sideview

Surface-Tunnel

Physical realization of points in an underlying transfer
reference system.
L

Absolute reference for all subsequent
geodetic and survey work
A Civil engineering
A Infrastructure
A Alignment
Networks with different orders of precision.
Mixture of permanent GNSS stations and
geodetic pillars

Geodetic pillar
@\ Héleéne Mainaud Durand | Alignment and metrology for particle accelerators and detectors 14 June 2024
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Underground geodeti c »”

W

The underground network consists of a backbone of monuments preferably in the floor or on the
walls.

Unfortunately, the configuration of a tunnel network is quite bad (linear, long and narrow) with
refraction issue

Several means are proposed for their determination (Total station, direct levelling, gyro-theodolite
measurements) in order to reach :

A an absolute accuracy of 3-4 mm (10) along 3 km

A a relative accuracy in planimetry between 3 consecutive monuments of + 0.3 mm r.m.s. by addlng 4& f
wire offset measurements and in altitude between 3 consecutive monuments of £ 0.1 mm. e

GGPSO, LHC underground geodetic network Highly accurate determinati qgppgof the
direction (Azimuth)

N—'&éea c%ntering system on a GGPSO
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Fiducialisation

Fiducialisation is the determinati onwuoffi.tttsh ee xrt

alignment targets (fiducials) accessible t

A Magnetic measurements combined with | aser

A CMM measurements, for smaller compoméntrx;)ma/lt/ldzrlsequirements
A Laser tracker measurements when Q.tem rremgsui rements are of t

“v 4

';\ nsigiy @

ARY

A\'I——-|
Magnetic measurement benchCMM (Metrology Labd) Laser Tracker
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Definition of the theoretical trajectory

To align the

Alt is defi
charged

A The compon
A There
A Each

obj ecttd,e ofrred ii rc api osg imtzijec@re tdoomr yt h e

p RXy ssi ocfitsw asr,-p uufspi ensge rtehbeo | MAFDo r
cs design and studies

posi toipadngsarlecaqilvemoingmi aamt es

tiClConsfommr me ch ait @ st ¢ s g
i/ s esdmedtf rip redndt taltyi span ¢

150prad x 75prad

ned by
particle opti

e nt

Primary
slits
22.7m

are t hen

component posisttiaon

Si(111)

double crystal
fixed exit
24m
Housing for Beam
Quench Diodes Machine
Interconnect
Vacuum Vessel
Vacuum Barrier
Helium vessel
(Inertia Tube)
Interconnect with
Separate Cryoline
* NLME 5 L LNGLE X ¥ z
/ 5 %3 %le %le %le %le %le %le

"IP.1" 0.000000000 0.000000000 0.000000000 -2202.210270000 2359.006560000 2710.638820000

"MBERSZ.1R1" 3.000000000 3.000000000 0.000000000 -2199.443€70316 2359.043842908 2709.479278637

"DRIFT_O" 19.050000000  16.050000000 0.000000000 -2184.642362007 2359.243306475 2703.275732343

"TAS.1R1" 20.850000000 1.800000000 0.000000000 -2182.992402196 2359.265676221 2702.530007525

"DRIFT_1" 21.564000000 0.714000000 0.000000000 -2182.323951472 2359.274543553  2702.304036680

Support Post "BEMSW. 1R1.B1" 21.564000000 0.000000000 0.000000000 -2182.323951472 2359.274543553  2702.304036680
"DRIFT_2" 21.697000000 0.133000000 0.000000000 -2182.201298856 2359.276202428 2702.252830347

Radiation Screen "BEMWF.AIR1.BL" 21.697000000 0.000000000 0.000000000 -2182.201298856 2359.276202429 2702.252630347
"DRIFT_3" 22.965000000 1.262000000 0.000000000 -2181.031949419 2359.291960672 2701.762530964

"MQXA. 1R1" 29.335000000 £.370000000 0.000000000 -2175.157536090 2359.371124716 2699.300438036

"DRIFT_4" 29.842000000 0.507000000 0.000000000 -2174.699980744 2353.377425528 2699.104475545

"MCEXH. 1R1" 29.842000000 0.000000000 0.000000000 -2174.699980744 2353.377425528 2699.104475545

"MCEXV. 1R1" 29.842000000 0.000000000 0.000000000 -2174.699980744 2353.377425528 2699.104475545

nt s

Beam Poi

n accel erator

system

slits

KB mirror
pair
~2:1 to infinity
M126.78m
M2 27.725m
F switch
44.925m
Sampl
47.35n
THETAZ PHI P5I GLOBALTILT
ile ile ile ile

-4.315508007
-4.315508007
-4.315508007
-4.315508007
-4.315508007
-4.315508007
-4.315508007
-4.315508007
-4.315508007
-4.315508007
-4.315508007
-4.315508007
-4.315508007

0.01242795¢8
0.012427595¢
0.012427595¢
0.012427595¢
0.012427595¢
0.012427595¢
0.012427595¢
0.012427958
0.012427595¢
0.0124279356
0.012427595¢
0.012427595¢
0.012427595¢

-0.006530924
-0.006530924
-0.006530924
-0.006530924
-0.006530924
-0.006530924
-0.006530924
-0.006530924
-0.006530924
-0.006530924
-0.006530924
-0.006530924
-0.006530924

-0.006530924
-0.006530924
-0.006530924
-0.006530924
-0.006530924
-0.006530924
-0.006530924
-0.006530924
-0.006530924
-0.006530924
-0.006530924
-0.006530924
-0.006530924
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Absol ute ali gnment of comp

The absolute alignment consists of 3 steps:
A Marking on the floor: vertical projection of the geometrical mean of Beam Pl (9)
the beam line, using the installation drawings. /

Beam Point (E)

\ :

A Positioning of the jacks (or adjustment platform): the stroke of jacks
compensates the errors of the floor, the errors in their positioning,
cryostat construction errors and ground motion during the life of the
accelerator. Jacks positioned within £ 2mm, w.r.t. underground geodetic
network. Then, they are sealed on the floor.

A First positioning of the component w.r.t. underground network h—% ﬂ

Tracing on the floor

From the component to the tunnel floor

"~ Ch £
3 s ’
4 S RS
.
L - .

LHC jéaaoaksall ati on

<C;ERN§§? Héléne Mainaud Durand | Alignment and metrology for particle accelerators and detectors 14 June 2024 16



Adjustment systems <

Point MAD (E) |

The beam points are not visible in the tunnel

Each component/object to be aligned is equipped with at least two
reference alignment targets and a reference for the control of the
roll angle. These reference targets are called fiducials.

Measurement
A 2 fiducials + 1 roll surface Reference System _
: ; Network ® \ Local vertical
A 3 fiducials -~ .
: g
Adjustment solution : 6 degrees of freedom: 3 angles and 3 translations d
In order to adjust the components at their nominal position Survey Wge‘______‘ Component to align . ®
they must be equipped with appropriate adjustment systems / ‘ A
allowing : Survey socket —_—
A To adjust the roll angle
A To adjust the vertical position : E/ S
i i it . Adjustment
A To adj_ust the l‘-adli-il posm(_)r_\ E/S  Adjus System\ o
A To adjust longitudinal position : E/ S ! [
Foot supporting [
Shim to adjust the th t
support vertically . / e componen

Adjustment sequence

@ERNX? Héleéne Mainaud Durand | Alignment and metrology for particle accelerators and detectors 14 un2e0 2 4 17



Ad]j ust ment

A Horizontal plane adjusted by the height of 3 vertical rods
A One or two sliding plates to adjust the horizontal
A Adjustment: pull/push the top plate sliding on the plate below

r;ANER
RADIATION

/l " B . = .
Adjustment platform : ;| TR T A ent platform example 3
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LHC jack Vertical

adj u:

Additional survey
Survey target target

- —~— o o f/.J

R & L adjustment

« . » v2 I Support & Jack .._____*I I\‘LI—///I

1 I l( Side View Central support & jack Side View
{

V4 _:J:

L * S Le 4‘ s 2 . .
' v e
k3 ' ® o ®
Connection side \ f Lyra side .
Space for manipulation Top View Top View
of the jacks . .
Jack configuration
N Héleéne Mainaud Durand | Alignment and metrology for particle accelerators and detectors 14 un2e0 2 4 19
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Heads of jacks (mid

<]
. . . . of stroke) aligned
T O W a rt d] % I a’] b g O I au tl n rT - A within a tolerance of
@ "'_' 7 1 }: +/- 2mm (1)

Jacks for the compo

LA A AT

Underground geodetic network Marking on the tunnel floor

Il ni t i1 al absolute al
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http://www.sli.do/

Relative alignment of components

15

Themoot hpirnge eosnslsy amtctehmagnatr®onne aineda
vacuameér atcol(dsfuprtad a kadtlhme c h a nfi ocradl en g
account A

Position of magnets with respect to theoretical orbst ~ ~ Cumuaivedisance ™)

Collider Circumference  Vertical (mm) (1) Transv. ( mm)
PS (p) 500s 650m 0.3 0.6
SPS (p) 606s 6km 0.2 0.2
LEP (ete-) 8 006s 27km 0.2-0.3 0.2-0.3
Over a sliding window of 200m
LHC (pp) 2000 27 km 0.20 0.20
CLIC (ete-) ? 2 X 25 km 0.014 - 0.017 * 0.014 - 0.017* * All errors included
FCC (ee) ? 80-100 km 0.1%* 0.1*
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22

The LHC alignment

Levelling

Vertical smoot hi ng p Radiflemoatleng pedfoymed ey wiesl |
offset measurements

See Paper «Long Shutdown 2 LHC smoothing status and data analysis», Fuchs J-F and al., LINK |
Wire offset measurements
@)



http://www.sli.do/
https://cds.cern.ch/record/2849060/files/CERN-BE-2023-010.pdf

Specific case of LHC low beta triplets gl TE= Y,
\ iﬁ@g / =
Hydrostatic Levelling Sensors (HLS): Wire Positioning Sensors (\NPS):

B s o =]
3 d

WPS

h=h2-h1l
Communicating vessels Difference of height measurement

HLS sensor=s : :
;\Z A - - Reference surface = water - Reference surface = stretched wire
- Vertical measurements - Vertical + radial measurements
- Continuous measurements (1 Hz) - Continuous measurements (up to 100 Hz)
- Repeatability : £ 1 um - Repeatability : £ 1 um
- Accuracy: 5 um (10) - Accuracy: 5 um (10)
- Range: 5 mm - Range: £ 5 mm

See Paper «3D calculation for the alignment of LHC low beta quadrupoles», Rude V. et al., CERN-Be-2023-003,LINK
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https://cds.cern.ch/record/2849052/files/CERN-BE-2023-003.pdf

Specific case of LHC low beta triplets

HLS and WPS sensors

(200.25)

LHC low beta quadrupoles and alignment

J

Stepping motor
+

N\ N - /
Vﬂli/////// 78 Reducer
N . . \

Angular encoder

Towards
the
Stepping motor control
+ / command
Reducer system

a5
Angular encoder

e

N

BN
. \§\§

N

Motorized jacks for LHC low beta triplets

IT.RS realigned with pilots in at injection

0 The triplet was first realigned radially, then vertically.
0 The largest movement was ~ 70 um — in the vertical plane.

Orbit ch duetoH ig ~0.25 mm rms

R BTN & Vv B S ST R 7EW,

: |14 : ‘

=) "\ | x e — - S— . =2 |
) . S, _ SN A )

g == Vertical WPS === T Radial WPS osmrme=

;| B e

E

2
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(um)  BEDPLATES:U: 71 _AM BEDPLATES:USA-C:H7D5-282 (um)
M L M SA
L1111 b | HH RN iy
gy ‘
[ T " LI
I T ul T
HLS Sensors : g il
500 pm permanent, immediate deformation
M LT
. . nasal T L H&_
Hydrostatic Levelling System (HLS) ey s e e I
TN - o & S AL S g~ . T LT Tl )
A HLS applications : ATLAS bedplates & *j@ 7 i
N HHHHHHHHHHH NNNRRRANNNENENTA
20, 1!‘“ y E.
°
/ ]
400, V/I SREy il | i
| T 1
-‘ 200 pm temporary deformation } ‘ : ‘ T
C oy oy i ey iion i i
ATLAS BEDPLATES - HLS measurements (26 Dec. 2004)
% onso
LR 157
g 0040 'l
!
s |Ll
H 1:23 ,J
1
A g 0,000 i)
g |
.é
-0.020
BED : rm
-0.040 ‘
-0.060
000 1:00 200 300 4.00 00
time [UTC]
—USh A —Us A USAM US M —USAC —USC
‘ | |

BED
ATLAS bedplates in 2003

M 9.1 - 2004 Sumatra - Andaman Islands Earthquake

2004-12-26 00:58:53 (UTC) | 3.295°N 95.982°E | 30.0 km depth
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3D scanni ng
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