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Introduction

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?
The Earth on which we build accelerators is in constant motion
Accelerators have to be kept aligned within given tolerances to make the beam
pass through

Alignment tolerances [Fisher] [Ruland]

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



Surveying

Surveying

From Wikipedia, the free encyclopedia

This is the current revision of this page, as edited by Fgnievinski (talk | contribs) at 22:22, 28 October 2018 (—Profession). The present address (URL) is a permanent link
to this version.

(diff) — Previous revision | Latest revision (diff) | Mewer revision — (diff)

This article is about measuring positions on Earth. For other uses, see Survey (disambiguation) and Surveyor (disambiguation).

Surveying or land surveying is the technique, profession, and science of determining the terrestrial or three-
dimensional positions of points and the distances and angles between them. A land surveying professional is called a
land surveyor. These points are usually on the surface of the Earth, and they are often used to establish maps and
boundaries for ownership, locations, such as building corners or the surface location of subsurface features, or other
purposes required by government or civil law, such as property sales.

Surveyors work with elements of geometry, trigonometry, regression analysis, physics, engineering, metrology,
programming languages, and the law. They use equipment, such as total stations, robotic total stations, theodolites,
GPS receivers, retroreflectors, 3D scanners, radios, handheld tablets, digital levels, subsurface locators, drones, GIS,
and surveying software.

surveying has been an element in the development of the human environment since the beginning of recorded A2 : ;
history. The planning and execution of most forms of construction require it. It is also used in transport, A surveyor using a total station -

communications, mapping, and the definition of legal boundaries for land ownership. It is an important tool for
research in many other scientific disciplines.




Survey, Mechatronics and Measurements
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Survey, Mechatronics and Measurements (SMM) group

The SMIM Group develops and maintains a centralized competence in Survey, Mechatronic systems, tests and Measurement. The
group is in charge of maintaining a competence in the development of radiation tolerant electronics, and provides support CERN
wide For radiation tests and radiation monitoring for evaluating the dose to electronics installed in radiation areas. The group
develops robotic platforms adapted to interventions in the accelerator environment, and deploys those solutions in collaboration
with all groups in the Accelerator and Technology sector. SMM is able to provide computing support for data acquisition, data

processing and data analysis, as well as for data storage related to all these activities.

Survey mandate :

Geodetic aspects

Dimensional metrology of accelerator and of experiment components
Positioning and alignment on beam lines

Quality controls (infrastructure, installations, components)

The R&D related to these tasks



Accuracy and precision

From a few um to mm

. neutrinos

Gran Sasso

Severe environment...



Outline

* Introduction to geodesy

e Steps of alignment

* Instrumentation toolkit

* Case of the LHC

* Current challenges on HL-LHC

* Alignment R&D: case of the CLIC project



Introduction to geodesy

e Definition

 CERN Geodetic Reference Frame (CGRF) and CERN
Coordinate System (CCS)

e Deflection of vertical

* I[mpact



Geodesy: definition

Geodesy is the science of accurately measuring and understanding three fundamental
properties of the Earth: its geometric shape, its orientation in space, and its gravity
field— as well as the changes of these properties with time.

Why is it so important to take it into account?

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

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

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



Geodesy: CERN reference systems

To link 2 different objects in space, a reference system has to be defined in
which the position of each object can be referenced. It has to be combined
with a coordinate system to give their position.

Example at CERN:
- CERN Coordinate System (CCS): Cartesian system X, Y, Z
- CERN Geodetic Reference Frame (CGRF): :
- Reference surface which is fitting the shape ARG
of the earth __
- Depends on the accuracy requested CERN CCS and PS orbit
- And of the size of the project

9



PS (circumference = 628 m)
=>»datum = plane

SPS (circumference = 7 km)
Horizont. & vert. datum = sphere

4 4 s - Y NEW Coordinate: H helght w.rtto the Sphere
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Geodesy: CERN reference systems

CERN Geodetic Reference Frame [Jones]:

Two surfaces to model the shape of the Earth:

- A horizontal geodetic datum: typically a mathematical surface

- A vertical geodetic datum=2 geoid, a natural surface. The geoid is the gravity
equipotential surface representing mean sea level, that is everywhere normal to the
gravity vector (plumb line).

The geoid is irregular due to local mass anomalies (mountains, valleys or rock of various
density)

Latitude and longitude provide a good horizontal reference but a mathematical surface
is not accurate enough for heights as it does not take into account the deflection of
vertical 11



Geodesy: reference systems

For the LHC accelerator (circumference = 27 km), the Earth is an ellipsoid

Horizontal geodetic datum = ellipsoid
Vertical geodetic datum = geoid (shape of a paraboloid)

12



Geodesy: deflection of vertical

The deflection of vertical is the angle of divergence between the gravity
vector (normal to the geoid and the normal to the ellipsoid)

Maximum deviation of vertical: 15" relative to the ellipsoid of CERN
system

Computation of the equipotential surfaces at any altitude with a
10x10km grid, expressed in the local origin of CERN system combined
with astro-geodetic measurements using the zenithal camera of ETH
Zurich

Effect of a nearby mass anomaly

surface

Defection of
vertical

geoid




Geodesy: deflection of vertical

Astro-gravimetric Equipotential Determination

ERROR [arcsec] VLT G
SOURCES 3 (R
random systematic model ' W
Astrometry \ = L :
Star Catalog (Tycho 2) 0.01-0.1 <0.01 UCAC3 ‘
Timing (GPS + Shutter) <0.01 \
Scintillation 0.1-1.0 - - Physica' \‘ t Ell psoida'
1
Anomalous Refraction - 0.01-0.3 Ray Tracing ? plumb line “ : normal (g,2)
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. ot y
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= Ellipsoidal Coordinates PRI r—Distance ds—»
=T )\ 527 Ellipsoid r
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[Guillaume]



Geodesy: summary

CCS XY-plane ] Po Hﬂ Zp

At CERN:

 Reference frame is an ellipsoid tangent to
the earth at PO
* Geoid:
 Determined in 1985 for LEP and still
used for LHC
e Determined in 2000 for the CNGS
project
* Global coordinate system is CCS

- Gegs = 37.77864 Grad

15



Geodesy: impact

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

e 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 =si2R I Bl h=32/2R=1.95m;

[Ruland]

Effect of earth curvature on linear and circular ' Three p]une ]ay_()y {
accelerators

Curvature correction, plane to sphere or spheroid.

| Distance | Sphere | Spheroid |
(m] Hg [m] Hg {m]
20 0.00003 0.00003
50 0.00020 0.00016
100 0.00078 0.00063
1000 0.07846 0.06257
10000 7.84620 6.25749
25000 49.03878 | 39.10929

Plane

Spheroid

Sphere
394
7633A10

Curvature correction.

[Ruland2]
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Geodesy: other data

Maximum amplitude
for O=n/4

Bending due to | gum
the earth tide

— I : O=n O
0=0 ! 00’

Bending of accelerator due to the periodic
undulations of the Earth tides

Impact of moon and sun on
ground surface [CLIC Note]

17



Time scale

Steps of alignment

Installation and determination of surface geodetic network
Transfer of reference in the tunnel

Installation and determination of an underground geodetic network

Absolute alignment of the components

Relative alignment of the components

Maintenance of the alignment

Definition of alighment tolerances

Definition of alignment strategy

Fiducialisation of the components

Definition of their theoretical trajectory




Definition of alighment tolerances

Alignment error table for the dipoles

Alignment errors table for the Dipoles (i) (ii) (iii))
Mean (mm) Ends (mm) % Correctors
All r.m.s. values, in mm. In the plane of (mm)
the fiducials

Cold mass Mean magnetic axis/ideal geom. axis 01 (1)

construction Auxiliary fiducials / ideal geom. axis 0.2 (1) (2 0.2 6.2%
Magn. axis / Spool pieces fiducials 0.1
Magn. axis of spool pieces / ideal geom. axis of the dipole 0.2
Cold bores / ideal geom. axis of the dipole 0.33 (2) 0.1 1.6%

[Beam screen |-Beam screen / cold bore axis Jo.3 (2) 0.3

Cold mass in [Thermal effects on the cold posts 0.1 (1) (2) 0.2 6.2% 0.2

the cryostat Ovalisation and straightness of the cryostat 0.2 (1) (2) 0.4 24.9% 0.4
Mesures of the fiducials / ideal mean axis 0.1 (1) (2) 0.2 6.2% 0.2
Adjustment of the central post 0.2 (1) (2) 0.2 6.2% 0.2

positioning in Radial pos. of the fiducials / theoretical orbit 0.28 (1) (2) 0.56 48.7% 0.56

the tunnel

(iy (1) Mean magnetic axis / theoretical orbit 0.48 mm r.m.s.

(i (2 Mechanical aperture limitation in the dipole 0.65 mmrm.s. [Qu e S n e | ]

(ii) Mechanical aperture limitation at the ends without beam screen 0.80 mm r.m.s.

(ii) Mechanical aperture limitation at the ends with beam screen 0.86 mm r.m.s.

(iii) Magnetic axis of the correctors / theor. orbit 0.80 mm r.m.s.

19



Definition of alignment strategy

WITH WHAT

Which sensors ?

WITH RESPECT TO
WHAT

YWhich references 7

HOW

YWhich solution?

Position

ACCLIFacy

Choice of the method

WHAT

Which elerents to align?

WHERE

o which equiprment?

General constraints of
the machine




.  w 1 Global Positioning System o

Surface geodetic network . A
| |

Installation of a geodetic network on surface + pillars
close to each access pit

Determination of pillars position using GPS

Determination of vertical deflection using astronomical
observations




22



Transfer of geodetic network

Survey monuments are installed close to each pit on the
surface, measured by GPS means. The equipotential of
gravity will be determined at the surface level by a
combination of high accuracy gravimetric measurements
and zenithal camera measurements.

These reference points will be transferred from the surface
to the tunnel through pits, using a combination of 3D
triangulation and trilateration measurements coupled with
angular measurements w.r.t. plumb line. These methods
were validated in a LHC pit (depth of 65 m), with an
accuracy of 0.5 mm.




Pit@ 9 m Pit @ 1,5m

Cross section Top view Pit 9 m

[~ T — | Nadiral telescope
== Translation stage /\

Stage support

Nadiral telescope

A i .

—_— | ® Prism @ Prism
[ ] Plumb line

\ I Concrete pillar
i I
Gauge

:I-i]: Zenithal telescope
I Concrete pillar [ ]

== Translation stage

Nadiral telescope = optical plumb line [Hugon]

Combination of several means of measurements to decrease the impact of refraction (bending
of the straight path of light) 24



Underground geodetic network 6 '

The underground networks consist of dense networks of monuments, preferably in
the floor or on the walls. Several means are proposed for their determination: total
station, direct levelling, gyro-theodolite measurements, in order to reach:

- an absolute accuracy of 3-4 mm along 3 km

- a relative accuracy in planimetry between 3 consecutive monuments of 0.3 mm
r.m.s. by adding wire offset measurements and in altitude between 3 consecutive
monuments of 0.1 mm.

Deep levelling references will be distributed in the tunnels. These vertical references
in invar will be sealed on stable rocks, with at their extremity a mechanical interface
located just below the level of the floor, and totally independent from it. Levelling
measurements will be linked to these deep levelling references considered as stable
along time. 25



Underground geodetic network

As tunnel networks are usually long & narrow, e 1 e

simulations allow to compute and prepare the
best configuration

\
I / 1 "ot
wall monuments .
nel Start West
2098 ... sideThemalBarrier (with removable spherical target)
alis ?Vmsa LI b§§ |
P el I I —— Y —— [— Ep—— T — N — e B — 6
L floor monument
\ Beam (with removable spherical target)
Undulator Hall Tunnel 24 Vercal Penetraion  DUMP
(approx. position) o D f— PR o P 5 |5 7 A
AT e e o .4 ; W
4 7 PRl & TR 4 A a N
: [

UH TUNNEL SECTION

B [Lecoq]

sD=30um sh=30um/D sv=50um/D sdh =50 uym
sz=22 uym sx =47 ym sy =46 ym
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2 | LIGNE DE VISEE
[} [ ] f LINE OF SIGHT
o\ o 0 / 8 B 20
3 \ 1 L | ) - .
7 \\\ N tT]j . ;'l B G | 1 ¥ l \ " >
NN 1 - R 1 i)
12 o | |
] ! h i 8| o
g .,‘. 9 b3 0.5”” holder with 0.5” holder Micro-triangulation 1.5” holder
' T, ” removable magnet target
13 ! N

"\_TROU DE_REFERENCE
REFERENCE HOLE

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.

Point MAD (E)— __ |

T

T

S

— Point MAD (E)-— !
Point MAD (S)

S
Point MAD (S)

R
R

They should be located on top of the jacks to ease the adjustment, in order to minimize
level arm effects.

27



Definition of the theoretical trajectory

To align the objects, we need their theoretical trajectory, defined by physicians, using
the MAD-X software:

- First in a horizontal local coordinates system x, v, z

- Then in the CCS system

Housing for

Quench Diodes Machi
T ; Interconl;s
A 5

Vacuum Vessel
Vacuum Barrier

Helium{vessel
\ (Inertia Tube)
\

Interconnect with \
Separate Cryoline \

\ Pumping Manifold

. MAD-X (Methodical Accelerator Design:

general purpose tool for charged-particle optics design
and studies in alternating gradient accelerators and
beam lines. 28

Radiation Screen

Thermal Shield



Fiducialisation

Fiducialisation is the determination of the reference axis of the
component w.r.t. its external alignment targets (fiducials) accessible to
survey measurements.

3 types of measurements according to the accuracy

needed:

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

e lLaser tracker measurements when the
requirements are of the order of 0.1 mm rms

e CMM measurements, for smaller components and
requirements of the order of micrometers.

29




FidTuciaIisation

e, 4 b

g Fiducials SR I ST
8 - g 7N -y ‘
e b N\ |

" . ” . Cryostat ' g
L ANNT
/ . . . W \
| >HT R
‘s * ° f
\\ ° //

The geometric axis is defined as the best fit of a series of
points located in the center of each cold bore tube (with an

auto-centering device going through it) and measured from
both extremities

30



Alighment tolerances

Beam simulations provide the parameters of components and position tolerances
(maximum permissible displacements in the direction of the 3 coordinates and roll)
Absolute positioning tolerance: max. shape distortion by specifying how close is a

component from its theoretical position
Relative positioning tolerance: alignment aualitv of adiacent components.

Posifion of magnets with respect to theoretical orbit

——— = nominal position

31

—o——o— = actual position



Alignment requests

Accelerator / Radius / Vertical (mm) | Radial (mm)
collider circumference @ 1o @ 1o

PS ring
SPS

LEP (e+e-)
LHC (hh)

70’s
80’s
90’s

100 m / 650 m +0.3
1km/6km +0.2
5km /27 km +0.2-0.3
5km /27 km +0.15

Along a given window

32



Absolute alighnment

Sequence of tasks:

 Marking on the floor: consists of marking the vertical projection of the geometrical
mean of the beam line, the position of the elements, the interconnection points
and the vertical projection of the head of jacks on the floor.
Accuracy ~ 2 mm

* Positioning of the jacks: 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. The jacks are positioned within £ 2 mm. Then, the jacks
are sealed on the floor and their position is checked again.

33



Absolute alighnment

Sequence of tasks:

First positioning: it takes place once the components are installed on their jacks.
Each component is aligned independently with respect to the underground
geodetic network. A component is considered aligned once its fiducials have
reached their theoretical position.

At the same time, a small local smoothing from magnet to magnet is carried out to
decrease the influence of the small relative errors between the points of the
geodetic network.

34



Relative alignment

Smoothing: the process can only start once the magnets are connected, under vacuum
and are cold down, so that all the mechanical forces are taken into account. The
objective is to obtain a relative radial and vertical accuracy of 0.15 mm over a distance of
150 m.

The smoothing initially corrects both residual errors in the first positioning and ground
motion.

35



DV (mm)

Vertical smoothing of LSS5

25
= ourbe lisse
2
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0
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'1 I I I I I

12800 13000 13200 13400 13600 13800

Dcum relative (m)
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Once we have:

* A coordinate reference system,
* The theoretical alignment position of the fiducials in the system

 Components equipped with the fiducials

We need the instrumentation & devices to determine the position of
components and adjust them in the tunnels...

37



Our tOOI kit Portable CMM

Soffware & dafabase Optical & digital levels

NA2/N3/DN03/DNA03

//// Laser trackers & tofal stations

Survey

TOOLBOX

~N 7

Laser AT9xx  ATLOx TDA 500
scanners TS60

TC2002

- ptriangulation

8
.jgli

HDS6200


http://www.dpreview.com/reviews/NikonD3X/images/front.jpg

Instrumentation toolkit

e Determination of the position

e Standard instruments
e Levels
e Laser tracker
e Total station
e AT40x
* Photogrammetry

* Alignment systems
e Adjustment

39



Levels

"
+ L P 8
h,
& e - .

b‘~£ |
? -r-! -+
| \ |

ol Ha

Leica NA2 & NA2K levels

®  Art. No. Leica NA2 automatic level: 352036
®  Art. No. Leica NAK2 360 automatic level: 352038
®  Art. No. Leica NAK2 400 automatic level: 352039

Technical Data NA2 / NAK2
Standard deviation for 1 km double-run
levelling, depending on type of staff and on up to 0.7 mm
_procedure
With parallel-plate micrometer | 0.3 mm
Telescope erect image
Standard eyepiece 32 x
FOK73 eyepiece (optional) 40 x
FOK117 (optional) 25 X
/ Clear objective aperture | 45 mm
p AT Field of view at 100 m 2.2m

A level is an instrument with a telescope that can be leveled with a spirit bubble. The
optical line of sight forms a horizontal plane at the same elevation as the telescope cross

hair. By reading a graduated rod held vertically, you can deduce the difference of height
between points.



Laser tracker ,\\ A \' )
* Measure 3D coordinates by tracking a laser beam to a retro-reflective |

target (Bob Bridges)

 Combination of two techniques:

e A distance meter to measure absolute distance (laser interferometer or Absolute
Distance Meter, based on the time of flight of an infrared beam)

* Angular encoders to measure the laser tracker’s two mechanical axes

Accuracy U, .= +/-15um + 6 um/m

" All accuracies are specified as maximum permissible errors (MPE) and calculated per

ASME B89.4.19-2006 & draft ISO10360-10 using precision Leica 1.5" Red Ring Reflectors up to 60 m distance unless
otherwise noted.

Angle accuracy +/-15 um + 6 pm/m
Distance accuracy AlIFM +/-0.5 pm/m

Dynamic lock on +/-10 um

Orient to Gravity (OTG) U019 = +/-15 um + 8 pm/m

41



Total station

Same combination of two types of measurements:
Angle measurements based on encoders
Distance measurements using Electronic Distance Measurements (EDM)

Vertical
axis

v

Objective

Horizontal
axis

,_

Sight
axis

Eyepiece

G

%a&
%
(—
Horizontal

circle

Common Specifications for TDM/TDA5005 and TM5100A

Angular measurement
Standard deviation

per 1ISO17123-3, 1g ™ 0.5" (0.15 mgon)
Units of measurement 360" sexagesimal, 400 gon
360" decimal, 6400 mil
Display 0.01 mgon; 0.1", 0.00001",
(smallest selectable unit) 0.00001 mil

Specifications TDM/TDA5005

Point accuracy (total RMS =1 g)? <0.3mm (0.0127)

at 20 m (65 ft) measuring volume

Distance measurement (integrated in the TDM5005 and TDA5005)
Standard deviation (absolute) 1Tmm + 2 ppm (0.04" + 2 ppm)
per 1ISO17123-4, 1 ¢ over the entire measurement range

Typical distance accuracy
at 120 m (365 ft) measuring volume?

Reflective tape + 0.5 mm (0.02")
Corner cube reflector + 0.2 mm (0.008")
Units of measurement m, mm, feet, inch
Display 0-5 decimal places, dependent
(smallest selectable unit) on the selected unit

42




LEICA AT40x

e Between a total station & laser tracker
e Distance meter (0.02 mm)

* Horizontal & vertical encoders of TDA5000(1,5 dmgr)

* Measurement up to 160 m

Absolute Distance Performance* Absolute Angular Performance*
Resolution: 0.1 um Resolution: 0.07 arc seconds
Accuracy: +/- 10 pm (+/- 0.00039”) Accuracy: +/- 15 um + 6 pm/m

Repeatability: +/- 5 pm (+/- 0.0002”) (+/- 0.0006” + 0.00007 2" /ft)
Repeatability: +/- 7.5 pm + 3 pm/m
(+/-0.0003” + 0.000036"/ft)

*Maximum Permissible Error (MPE)

U,,. Coordinate Uncertainty*

The measurement uncertainty of a coordinate *U,_ "is
defined as the deviation between a measured coordinate
and the nominal coordinate of that point. This measure-
ment uncertainty is specified as a function of the distance
between the laser tracker and the measured point.

Reflector:
+/- 15 um + 6 um/m (+/- 0.0006”+0.00007 2”/ft)

43



A 3D portable CMM

B89.4.22 ISO 10360-2
Model | Measuring range | Point repeatability Volumetric accuracy MPEp | MPEe Arm weight
7312 |[1.2m/3.91t 0.014 mm /0.0006 in. |£0.025mm/0.0010in. |8 ym |5+L/40=18 um |10.2kg/22.5 |bs
7512 |1.2m/3.91t 0.010 mm /0.0004 in. |+0.020 mm /0.0008 in. |6 ym |5+L/65 =15 pm |10.8 kg/23.8 Ibs




Photogrammetry

Photogrammetry: science of making measurements from photographs

Advantages of photogrammetry
* Image acquisition needs no stable station
* Flexible use following object size
e Components <1 m (1 sigma < 50 micron)
e Components up to 15-25 m (1 sigma < 0.5 mm)
* Mobile System
* Off-site interventions in factories
* Various assembly halls and experimental caverns
* Limited measurement time for large amount of points
e Short interruption for installation, production process

45



Photogrammetry

Digital photogrammetry since 1997 at CERN
e Fully automated processing
* Underexposed, convergent images
* High redundancy, reliability
* Blunder detection at measurement and adjustment level

Reference points signalised by targets (increased precision)
* CERN Reference Hole 8mm H7

Used in combination with other systems
* scale, link to accelerator geometry

Used in all LHC experiments and others .

Nikon D2X

- Targets

e

—4>4“—— Thread




Photogrammetry: applications

CMS Tracker Barrel

Max. difference to best-fit cylinder
+1.49 mm

-0.95 mm

Deformation max. 0.38 mm
Comparison on identical points

47



Software and Database Applications

Databases &

Geode Application
Calibration &

U Test Benches su
l

Test
Benches

Callbratlon

|
AT
Bench E¥E-

CaliDist

Data Capture

! & Alignment E
S i -}
Carnet4000 = PFB

= Iog|C|e 5

su Libraries su
o Y e softwa re

TL_UTIL2

Surveylib

Data Processing
& Analysis

++

LGC PLGC

n Shape Flttlng m

Shapes Cylinder
P’ Ra b ¢

SU Transformation ¢, =
ft

Monitoring

Tools & Utilities

L
-
N
PCTop032 oft SUSoft

gsiPLGC CGC Installer HIE-Isolde

LHC LowP

LAMBDA

& Control

A || B
CSGeo soft ChaBa
Transform
= TAP

=
'. DBQ

Deflectometer

Data processing& analysis

Local 3-D adjustment on the ellipsoid GRS80;
Altitudes are referred to the known local geoid
and are converted into ellipsoidal heights;
Generalized least-squares processing of all types
of available data

All angular measurements, observed relative to
the local horizon, are re-expressed in the CCS
through an appropriate rotation matrix;

Direct levelling data is processed as vertical
distances

Statistical and variance analysis of the results;
Generation of random and/or systematic
perturbations for simulations;

Preparation of files for weighted Helmert
transforms;
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Survey database

* Principal Client
* Survey Team

e Other Clients

e Operators, Layout, Integration, GIS (Geographic Information Service)

Interface

—
—

< SURVEY ——

Points ~200000 Points

pérations ~12000 Operations

Mesures ~850000 Measurements

seguuo( ap aseg

Instruments ~750 Instruments

Images ~4100 Images

Dataﬁbase

49



Instrumentation toolkit

e Determination of the position
e Standard instruments

e Specific alignment systems
* Wire offsets
« BCAM
* Hydrostatic Levelling System (HLS) & applications
* Wire Positioning System (WPS) & applications
* Drawbacks of WPS & HLS
* Laser based alighment systems

e Adjustment .



Wire offset measurements

An alternative to B
angular measurements

Manual device
Accuracy 0.07mm

Measurement of the shortest
distance between a point and line
[AB]

Automatic device

Accuracy 0.1mm
51



How to use a stretched wire in a circular collider?

Wire length: 120 m

e Overlapping area to get redundancy

Precision independent from the length of the wire

Wire must be protected from air currents.

Speed of measurements > 400 m/day, 80 points / day.

MBE.C14 RdMBB 4R AMB.AT4.R4
MQ.14.F4 ) ' N MOL13 R4

MB.AI5.R4 o R B ME.C13.R4
o

MB.B15.R4 ﬂf; R A4 LS gh MB.B13.R4
[} ! i 1

MB.C15.R4 ¢ ' A yoL ! N ME.A13.R4
oy vl - -
L] L ] I []
MQ.15.R4 Gﬂ 3 L vy ro ; % MQ.12.R4
N u I:. ' J ] 5D e
1 i ] ! I R o

oy
O L] L
0 L




BCAM : Brandeis Camera Angle Monitor

Based on image acquisition of reflective targets

o"‘;\o;(\; o
. ‘\e /
v
yd
7

Glass ball
(reflective index = 2)

BCAM:
v'Viewing window = 30x40 mrad;
v Precision = 5 prad;

¥"Non-magnetic;




ECT-C SW|D-C v SWJD-A EC‘T-A

Monitoring s

- To gain time
- Improve accuracy
- No access needed

Requirements:

® Monitor and speed up closure

® @Gain in precision for re-positioning
Relative repositioning at 0.3 mm (10)

Movement follow-up at 0.1 mm

® Cover 6 DOF per moving detector

o Cycle < 30 sec. System is based on:
® Resist to 1 Tesla magnetic field 28 eAis on feet/rall
® Radiation dose of 2 Gy for lifetime - 44 passive targets (prisms)

[Gayde] 4



Instrumentation toolkit

* Determination of the position
e Standard instruments
e Specific alignment systems
* Wire offsets
e BCAM

e Hydrostatic Levelling System (HLS) & applications

e Wire Positioning System (WPS) & applications
 Drawbacks of WPS & HLS
e Laser based alignment systems

e Adjustment
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Hydrostatic Levelling System (HLS)

Based on communicating vessels
Water network = reference surface

1 sensor is installed on top of each vessel to measure the
distance to the water surface contactless

‘ C_ E &S
d

Resolution: 0.2 mm

Measurement range: 5mm
Repeatability: 1 mm
Bandwidth: 10 Hz




HLS applications: ATLAS bedplates
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HLS applications: ATLAS bedplates

BEDPLATES:USA-A4PS (um) BEDPLATES:USA-M:H704-010 (um) BEDPLATES:USA-C:H7D5-282 (um)
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HLS applications: ATLAS bedplates

HLS MEASUREMENT - BARREL TOROID COILS INSTALLATION

One of the
8 BT coils

BEDPLATES HLS - BARREL TOROID (DETAIL)

SAC AR WAL gt At AN A g
= e AL O
P-US-A {

m

8h(x - Xg) [um]

20:00h 2200n 00:00h 0200h 04:00h

26.10.2004 | 27.10.2004 5 CERN - TS/SUMTI
18-Nov-2004

Installation of one BT coil (24m long, 100t)

effect on the Bed platesmmeasured with the HLS




HLS — EXTRA PHENOMENA RECORDING — EARTHQUAKES

BEDPLATES HLS measurements [mean plane] (20.12.2004 -31.12.2004)

Sumatra earthquake —_
- | | | T
1 I |
HLS shows the waves created

’g o in the hydraulic network
@
i - e ot A T N D
3 wW
/ /
2 %7 Macquarie Islands i
& Tide effect

-0.04

-0.06

20-Dec 21-Dec 22-Dec 23-Dec 24-Dec 25-Dec 26-Dec 27-Dec 28-Dec 29-Dec 30-Dec 31-Dec
time [UTC]
[—usa_a —us A ——usa_m USM —USA C —USC |

~70 earthquakes seen from Dec 2005 with the HLS installed at CERN
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Instrumentation toolkit

e Determination of the position
e Standard instruments
e Specific alignment systems
* Wire offsets
« BCAM
* Hydrostatic Levelling System (HLS) & applications

* Wire Positioning System (WPS) & applications

e Laser based alighnment systems
* Adjustment
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Wire positioning System (WPS)

Prototype (1990)

Version 1in 1994

Version 2 in 2000

Version 2 CERN

Differential capacitive sensors

B

=

Connector Comnector  Signal conditioner

Cable

V,1,digital:
pos.value

—bd )

e

A capacitive measurement system converts a change in
position, or properties of the dielectric material into
an electrical signal (analog or digital).
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WPS: associated wire

S

Carbon Kevlar Carbon PEEK/PES

Carbon peek wire:

* Diameter: 0.4 mm

* Linear mass: 235 g/km

e Breaking tension: 230 N

e Conductivity > 0.025 m/Q.mm?2

Other types of wires under study:
e Vectran (multifilament yarn spun from Liquid Crystal Polymer)
* Metallization of vectran by silver plasma coating




WPS performances

Voltage: 0-10 V

SUPPORTING SYSTEM

Full Range : +/- 5 mm

R4] Repeatibility : +/- 1 um (10)

Linearity : 2 um / mm (1c)

_+_Fi1 ]
| [Rz]|
LRL] | [RO]I

[Thouzé]

Accuracy : 5 um (10)
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WPS: impact of sag

7
E,

|1i. -
E, «- ¥
' 4 f lh h
f Z=—(X 2
\ / = e 1et
e — 54

12 OM 12

(& B O

Modelisation of the wire sag by using a combination of HLS and
WPS sensors to determine the difference of height on 3 points
along the wire



WPS: two configurations

“Relative” alignment (monitoring)

- Y

“Absolute” alignment (pre-alignment)
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WPS & HLS: alighment of LHC inner triplets

RADIAL ALIGNMENT

UPS14

' — ‘!
IRLT IRLT IRLT
Q1

Ol ! DFBX Q3 Q2

-

LeLi e 1Un s oo suaygiic oo

<
«

LHC EXPERIMENT

1 1 E 2
IRLT IRLT IRLT
Q3

QL Q2

DFBX D1

/=

UPST

ITL - right low beta magnets

VERTICAL ALIGNMENT i

I
$o e \l!

[ Wire Position Sensor ITL Inner Triplet Line

OTL Outer Triplet Line

LHC EXPERIMENT

O Hydrostatic Levelling Sensor THN Triplet Hydraulic Networ

140 r
[

MHN Main Hydraulic Network

o3
=

al

[

DFBX Q3 Q2

Q1

Q3 Q2 01

S

low beta triplet

v

40 m

Courtesy of A. Herty

Ql

Q3
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WPS & HLS: Alignment of LHC inner triplets

@)

7/

-LBOC -J.

Triplet mo

6/17/2016

Morning meetings - J. Wenninger

7/06/2016

IR8 - 2015

a The triplet movement in IR8 revealed for the first time the important
sensitivity to the thermal shield temperature. And by it large amplitude
and fast changes ‘spoiled’ many measurements.

a In IR8 the problem came from a regulation valve that did not move
correctly (not repaired, mitigated by a change of operating point).

ey

: | )

17 TR L N
i jl‘f\f‘/\fl{\‘ hl,\ I I ,’.\\J"[A ‘A‘ It SN " o, Y P
LA 1 1 A i\ G \ I

i 1&{ 4 \‘ 'b wu‘, \;‘)V\ W\ f;'.X/ J%&XM“W\M‘X)‘.K/" i
+ 1] 1 T 13 1 1
Radial WPS R8 Thermal shield \W

{ temperature

Loca_rm

Triplet ‘jumps’

Qa The small position jumps (~ 1 um) that occur periodically on the WPS
readings seem to be correlated to opening of cryo valves.

o Movement of Q1 of ~1 um > beam separation change of ~2 um at IP.
o Cryp team is investigating.

D. Nisbeth

22

IT.R5 realigned with pilots in at injection

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

Orbit chang ~0.25 mm rms

i3 WTo o 018 VI @O IV VART] W
.. ey

due to H reali

B AR A A A A A A A A A A A g A AR A AR A o

b " = .
1 }
H § .
= an . . e | A |
) 2 @ @
WS s Time Chats
. i
e
\
W
_,_m
-
§ P e om ™ 0 % 123 ies a3 eess eeie  wiee ..
S 1

* LHC sensors readings under the spot line:
used by OP to have a better understanding
of the displacements observed on the
beam

* Triplet 5R realigned with pilot beam on.
First time in the world !!!
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LCLS case (SLAC)

Alignment Diagnostic System (ADS)

B Goal: Monitoring of
m X, Y Position of each Quadruple
m Roll, Pitch and Yaw of each Undulator Segment

Component Monitoring Tolerance Value | Unit

Horizontal / Vertical Quadrupole and BPM Positions 0.7 | um




LCLS case (SLAC)

Alignment Diagnostics System — Sensors

Wire Position Monitor System (WPM)

» Resolution <100 nmin X &Y Direction
* Instrument Drift < 100 nm per day
* Moving Range 1.5 mmin X & Y Direction

« Accuracy 0.1 % of full Scale
» Availability Permanent, no Interrupts
X and Y can be measured Owner: Franz Peters

Hydrostatic Leveling System (HLS)

Capacitive Sensor

* Precision <1um
* Instrument Drift ~1-2 um / month
« Accuracy < 0.1 % of full Scale

CQirassund Senser Owner: Georg Gassner
* Precision <0.1 um

« Instrument Drift potentially no drift
« Accuracy < 0.1 % of full Scale

» Availability: 10 minutes settling

- Y can be measured
period after movement

[LeCocq]



LCLS case (SLAC)

ADS Installation - Hardware

HLS WPM
*Piping *Wire
*CPVC (FM4910) 2" «Stainless Steel
and 1” schedule 40 Gold plated (0.5
*Pipe is supported by mm diameter)
Unistrut® to avoid sag *Frequency
*Bellows -100KHz

-Gortiflex® GF-1008

*Weight
max length 2°,




LCLS case (SLAC)

[LeCocq]
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Alignment systems and gravity

Metrology networks must provide a straight alignment of accelerators linacs.
Reference frames (wire and water surface) are influenced by grawty
v’ Earth curvature, height, latitude
v’ Distribution of masses in the neighborhood

':.'3.['
= dB.m

8500y

v Moon and sun attraction

Moon and sun act as disturbing masses, modifying the gravitational field

Their impact on a given point vary according their position w.r.t the
point.

[CLIC Note]



Alighment systems and gravity [CLIC Note]
Impact on WPS system:

The non uniformity of gravitational field due to combined effects of latitude, height and
deflection of vertical can deform the wire significantly (up to 15 um) but can be correctec
(theoretical result that needs to be cross-checked experimentally).

Impact of HLS system:
HLS is affected by ocean and Earth tides but corrections can be applied [Boerez]
Effect of neighborhood masses must be taken into account

\\ N/“““V”\ Geoid profile of 40 km

23 -21 —13\47 -lSN 7 5 3 -1/1 3 5 7 9 \13 15 17 19 21 23

The uncertainty of the geoid determination must be strictly added to the uncertainty of
vertical alignment. See [Guillaume]. e



Instrumentation toolkit

* Determination of the position
e Standard instruments
e Specific alignment systems
* Wire offsets
* Hydrostatic Levelling System (HLS) &
applications
e Wire Positioning System (WPS) & applications
* Drawbacks of WPS & HLS

‘ * Laser based alignment systems

* Adjustment



Observing diffraction pattern of Fresnel zones plates (SLAC)

“* Laser
Dispersion head
Lens ~
Inlet Pipe m
~ £
@== .
I [ (#‘;‘
CCD array ) \\
on linear stages Target Target Mirror
‘OUT position ‘IN’ position
3158 m
Large number of targets (~300) Repositioning of targets [RU |a nd 2]
Rad-hard

Non compact targets

The Fresnel lens focuses the light on the detector forming an interference pattern

78



Observing diffraction pattern of an iris (Spring 8)

[Zhang]

fiber-coupled diode laser Iris diaphragms CCD camera with

> :22:‘_.{.3 with remote Cameralink I/F
28 control

¢

Close open open
(iris)

Advantages

Static targets Measurement uncertainty depends on
longitudinal position
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Observing diffraction pattern of spheres (DESY)

-T I\/l i7a /l/" -

CCD Plan-convex lenses Targets Achromatic =Aperture Laser Point
Camera lens Source '

Advantages

Static targets Limited number of targets (~16)

Measurement uncertainty depends on
longitudinal position

[Prenting]
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Observing laser spot with open / close QPD’s (KEK)

QPD: quadrant photo-detectors

[Suwadal]
Large number of photo-detectors Uncertainty due to open/close photo-

detectors

The central position at the target can be estimated by measuring the intensity centroid of
the laser based fiducial in the transverse detection of the QPD 81



Laser based system

LAMBDA project: principle

LAMBDIA-sensor

I 1
camera shutter

/ Iaserbeam{,’ i / ’,’1 R
Laser 4 V’ V’
_ O] L) € £ €J Q)
Kinematic
interface Component Component
to be aligned to be aligned

Open/close shutter
Laser spot

Frame Camera

 Compact & compatible with its environment

 Measurement repeatability 1 um, accuracy 5 um

* Low cost

[Stern]
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Comparison of several laser based alignment systems

Wanted Already achieved
accuracy

Observing ...of Fresnel zone 500um (10) Estimated accuracy:
diffraction  plates (SLAC) over 3000m  500um (1o) over 3000m
pattern ..of aniris (SPRING  10um (20) Pointing stability:

8) over 10m 10um (20) over 10m

...of spheres (DESY) 300um (10) Estimated achievable accuracy:
over 150m 100/200 um (1o) over 150m

... of diffraction 10um (1o) Estimated achievable accuracy:
plate (NIKHEF) over 200m 1um (10) over 140m
Observing ...with open/close 100um (10) Pointing stability: 40um
laser spot  quadrant photo- over 500m Estimated accuracy: 100pm
detectors (KEK) (10) over 500m

..with open/close 10um (1o) Pointing stability:
shutters (CERN) over 200m 5um (1o) over 35m



Instrumentation toolkit

* Determination of the position
e Standard instruments
e Specific alignment systems
* Wire offsets
* Hydrostatic Levelling System (HLS) &
applications
* Wire Positioning System (WPS) & applications
* Drawbacks of WPS & HLS
* Laser based alignment systems

* Adjustment




Standard means of adjustment

Wedge jack &= Push-push screw adjustment

>

N

%

—————
e ——

i

% ot
N\\\\\\\\\\\\\ AN

—— Push-push screw arrangement.

Wedge jack adjuster as used in APS.  Horizontal plane adjusted by the height of 3

_ vertical rods
The upper .wedg.e IS pu.shed UP OF < One or two sliding plates to adjust the
down by displacing horizontally the horizontal

lower wedge. * Adjustment: pull/push the top plate sliding on
[Ruland2] the plate below. 5




Standard means of adjustment

Roller cams Struts

3 (Y) Vertical Struts
2 (X) Lateral Struts
1 (Z) Lateral Strut

Kinematic suspension.

ALS 5-ton machine screw jack strut.

ALS 20-ton machine screw jack strut.

L Struts are length-adjustable rigid members with
Magnet positioning mount with roller cams. Spherlcal joints at each end.

[Ruland?] 86



Standard means of adjustment

Polyurethane jack «Indian» LHC jack

Iz
y CONTROLLEEIJDM!O\IWESAENT RANGE
glg TOF BEARING !
7, %
@-\7\ 1/&\\) \\,__,’ \\\>“§x  ANNAN
E s | % __" %*‘ ) s | 3

O ’ .
N e » . L
/7 / / A

3-94
7633A3
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Motorized jacks

Different cases:

- Remote alighment in severe environment

- Active pre-alignment

Beam of f

NC

«Final alignment/ Stabilization
~ 1 nm (Beam Based) Interval: hours & <

“+Active pre-alignment
(Beam Based) Interval: hours

+Active pre-alignment
(Movers) Dof.: 5; Interval: weeks

«Mechanical pre-alignment
Dof: 6; Interval: year
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LHC motorized jacks

"Short" magnets : Q1. Q3

"Long" magnets : Q2

<>
,§= o

(209.25)

| s

wertical adjustment

Longitudinal adjustment
No adjustment (free)

Radial adjustment

wertical adjustment

Horizontal adjustment
No adjustment (free)

Radial adjustment

Stepping motor
+

Reducer
*
Angular encoder

Towards
the

Vertical
Adapter

Stepping motor control
i / command
system

Reducer

4

Angular encoder
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Cam movers

Structure

o ML
1 __ |
e
=

Z
____'__':""::'_T_

(Base View)

Depressions underneath the girder...

Cam follower

& o S
4

Conical support

* ' Flat support

' 3

Cylindrical cam

7N
Sz

Conical chamfer support
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Case of the LHC

91



Tunnel empty




Determination of underground geodetic network

93



Marking on the floor
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Positioning of jacks

Heads of jacks (mid
of stroke) aligned
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Initial vertical allgnment

< W..t the geodetic
network: 0.2mm/km
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Initial Iongltudmalallgnment

Longitudinal

TDAS005  for
distances

0.3 mm
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Initial radlal allgnment

network

gt

Radial
Offset w.r.t wire

W.r.t undergrou

0.2 mm
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Current challenges on HL-LHC

* Internal monitoring of cold masses
* Full Remote Alignment



HL-LHC: introduction

CIVIL ENGINEERING “CRAB” CAVITIES (& . .
2 new 300-metre service tunnels and 16 superconducting ,.crab® . ‘/ New IR-quads Nb3sn (Inner trlpletS)
2 shafts near to ATLAS and CMS. cavities for each of the ATLAS |
and CMS experiments to tilt the | H
bsa:(ns beforecollis‘:ions. ‘/ New 11 T Nbssn (Short) dlpOIes
v/ Collimation upgrade
TU““EL -
e ' .
W v/ Cryogenics upgrade
A R
S v Crab Cavities
v" Cold powering
v/ Machine protection
2
FOCUSING MAGNETS
12 more powerful quadrupole magnets
for each of the ATLAS and CMS
experiments, designed to increase the
ATLAS concentration of the beams before
collisions.
SUPERCONDUCTING LINKS BENDING MAGNETS
Electrical transmission lines based on a COLLIMATORS 4 pairs of shorter and more s
high-temperature superconductor to carry 15 to 20 new collimators and 60 replacement powerful dipole bending magnets &
current to the magnets from the new service collimators to reinforce machine protection. to free up space for the new 3
tunnels near ATLAS and CMS. solbiators: §
z
]

Major intervention on more than 1.2 km of the LHC




HL-LHC: introduction

LHC / HL'LHC ; HL-iuoLc PROJECTi!

LHC
Run 2 I Run 3 =
13 TeV BEH 15514 ev 14 Tev 14 TeV e
splice consolidation Inm P:Inu gt;?n'-{\;l
i I
7Tev B8TeV button collimators DS collimation p :r':a'skn HL-LHC luminosity
—— R2E project m‘: ; ;’_&} regions installation

—
radiation
i) experiment
7o ool romnaumocsy W 4 [ESSEEEERES . ————— 1 |fupgrade phass 2

‘“ﬂ'ﬂv)“"v l E_—
120 fb! 300 fbL 3000 fb! [

Lay-out, permits, . o
& - Excavation Surface buildings
tenders,

preparation st

Components Prototypes/Spec Installation

Specifications Installation

Tech Infrastructure



HL-LHC: internal monitoring system

 From the LHC experience: we know at the micron level the position of the
cryostat, but not what happens inside = difficult to correlate with beam.

e Displacements up to + 0.5 mm (30) seen on the LHC dipoles after
transport

e Strong interest from physicists to know more accurately than in the LHC
the longitudinal position of the cold mass

Measured distance

| |
I—I

| |

Fibre mount ! . I

\ ! Collimator A/\/spherfc lens !

| |

Optical fibre | Eocal d'/ jD
__ oint
§ ,_‘ Retro-reflector
\ (CCR 1.5)

Connector




HL-LHC: internal monitoring system

Decision to include in the baseline the internal monitoring of the inner triplet cold masses
using laser interferometer (less «invasive» solution)

Validation of the commercial solution based on Frequency Scanning Interferometry (FSl),
providing absolute distance measurements

2
* APhase (meas.) = Tn * Ly * Av APhase (meas.) Ly

. APhase(ref.)=27n*LR*Av APhase ( ref.)  Lg

The FSI distance measurement is deduced from the ratio of the phase change induced in an
interferometer reference (stable reference in the form of absorption peaks of an integrated gas
cell) and the interferometer measurement (to the reflective target) by frequency scanning



HL-LHC: internal monitoring system

Validation on independent benches Validation on Crab Validation on a test magnet
Performance of one line FSI & study of cavities in SM18 & SPS (Dipole)

an alternative ‘ Performance target at ‘ Validation of performance

- Irradiation tests warm, vacuum, cold, - Accuracy and precision

- Thermal tests and cross-comparison - Long term stability

- Precision, accuracy,... with other systems - Cryo-condensation issues

10 MGy

~5000mm ~S00mm Ry WY
2 5 mm
= O, 5mm/500mm oo Rz
@O.5Smm (<Amrod) J _ e 0
S 2 X
RX -
Cavity 2
Cmira i Rz <0.3°

axis of the cavity
- - axis of the cryostat

[Mainaud Durand2]



HL-LHC: internal monitoring system

From the LHC experience

Cryomodule

Thermal shielding

Cavity

* Pressure: ambient
* Temperature: ambient

* Isolation vacuum
* Temperature: 2 K

F5l head positions

. in external referential

coordinate system

F5l distance
maasurements
+
Position calculation
algorithms

Object/CCR targets
geomatry
measuramants (T

OBJECT POSITION/ORIENTATION

[Rude]



HL-LHC: internal monitoring system

20 -

Crab cavities monitoring with FSI

m'__'-l IJ.__[—-m—r-'r"r-u-

R

o !\! 40K[ '[}.lﬂmm
i

o | 1“

120 I
|

Temperature (K) (%)

ertical translation

e Successful cross-comparison with other systems at warm, at cold, under
vacuum

e Accuracy of the absolute position of crab cavities using FSI : £0.05 mm
e Relative position: a few micrometers



HL-LHC: internal monitoring system

IT quadrupole monitoring with FSI

[Mainaud Durand3]

Z o +  Vacuum : Ambient
#e «  Temperature : Ambient

Cryostat

Thermal shielding

+ Vacuum : 10 mbar
*  Temperature : 4 K

Cold mass



HL-LHC: internal monitoring system

How can we achieve a “heating” of the probes up to
~200K ?

Permanent heating — by making sure that the probe stays
at >=200K, no cryo-condensation should ever take place
in principle. This could be achieved using the power
radiated from the vacuum vessel (which is 300K “hot”).

«— Vacuum vessel — 300K heat sink

S «— Thermal shield — ~60K heat sink
. ———— Reflective prism
,—u—,, __——— Radiation interception plate

/ Insulator support

+«— Cold mass — 1.9K heat sink

[Rude]



HL-LHC: internal monitoring system

Cryostat

COLD mass

03 04 05 06 0.7
Radial [mm]

Position calculation



HL-LHC: internal monitoring system

-

Section 1
71.8
E'H.?
o,
%?15‘ 'Il'( \\"
Cold1 o' | -}I
']J‘ ! &
Z 115 N
714
03 04 05 06 0.7
Radial [mm]
T1.8
E‘?‘I.? @
E
Cold2 ©&''F
5
2 715
71.4
03 04 05 06 07
Radial [mm]

Section 2

Wertical [mm)

22 23 24 25
Radial [mm)]

Wertical [mm)

@

2.2 2.3 2.4 2.5
Radial [mm]

Section 3
76.2
—76.1
E
£ (o)
E 76 e
=
> 759
75.8
38 4 4.1 4.2 43
Radial [mm)]
76.2
E?EJ
E
® 76 ®
=
= 759
75.8
39 4 41 42 43

Radial [mm)]

Ewlon (convergentbeam) + Window + Newport reflecor

Fr
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Towards Full Remote Alighment

HL-LHC alignment requirements:

I

Estimation of the deviation of the magnets from a laser straight line, with a quadratic sum
of the following independent contributions: + 0.27 mm:

Fiducialisation: mechanical axis vs external fiducials: £ 0.1 mm

Smoothing :
Mechanical axis of quadrupoles included in a cylinder with a radius of 0.1mm
Left / right mechanical axis included in a cylinder with a radius of 0.15 mm.

Misalignment between alignment campaigns: + 0.17 mm (integrating ground motion,
mechanical stress encountered during vacuum and cool-down phases)

— " +0.15 mm
a1l —— | —
P I i
g T )

Remote adjustment of the position of the main components from Q1 to Q5 (5DOF)

[Mainaud Durand4]



Towards Full Remote Alignment

Alighment strategy I I I I

‘TAXN‘ D2 Hcc1‘cc2 ‘
— [ || — = :

Q1 | Q2A st‘ Q3‘ cP H D1 |_
|_
q_

TII

Qs H Q4 ‘ ‘ccz‘cm‘ D2 |[TAXN| | D1 ‘ cp H Q3 | Q2. ‘QZA P
=== ———e == == === :::. e -
— — ——> > > —> > —> —> —> —> — — — — — — — —
stretched wire (or alternative) PN Py s+ < distance alignment system hydraulic network
- sensors (radial reference for the cavern) —> longitudinal monitoring system * HLS sensors
= sensors (vertical + radial measurements) @® reference point | inclination sensor
® LJIL ® L L ® @ L L LA e @ LY eoe ® IP L J L L LR LI LN e e ] L] L] L L JIL L ]
Qs°® Qa® ‘ | D2  * | D1° CP® Q3® Q2B®°Q2A°® Q1 *a1 *Q2A ‘qer_'qs ®cp |*p1 | *® 'Dz ®Q4 |*Qs5

Combined with an internal monitoring of the position of cold masses in the Inner
Triplet cryostats using FSI system
* Motorized jacks supporting all main components.



Towards Full Remote Alighment

Development of low cost sensors

) Sensor TOP alu block
Sensor TOP/BOTTOM /

fitting with $4mm // .1
precise pins Fe

" Kapton foil with electrodes

- Sensor BOTTOM alu block

and connector soldering points

Kapton WPS (kWPS)

- Based on flexible Kapton polyamide PCB with electrodes

printed on the surface and covered with a layer of gold

* Sensor assembly consists of:

2 aluminium blocks including connectors & screws
* A Kapton foil glued during a simple assembly process

° First tests performed on the prototype show a

micrometric repeatability of measurements over + 5 mm
of range

* Irradiation tests under way

* Next steps: accuracy and long term stability of the sensor.



Towards Full Remote Alighment

«Standardized» adjustment platform

OPERATOR EASY
ACCESS ONLY FROM
ONE SIDE

Why a 5 DOF adjustment platform?

- More than 40 000 DB gquadrupoles to be aligned 2 per 2 on a
common support within a budget of error < 20 um

SPACE BETWEEN TOP OF THE GIRDER
AND BOTTOM OF THE DBQ ~15mm

- First tests used shims for the adjustment: the alignment took more
than 1 day per quadrupole!

' i AVAILABLE
'==== " FOR PLATFORM

wewer - Decision to develop a specific platform, with all adjustment knobs
on the same side, in a limited volume.

Requirements:
* Stroke: £ 1 mm in translations, rotations adjustment within + 4 mrad

* Micrometric adjustment for X and Y translations, 20 prad for angular
adjustment




Towards Full Remote Alighment

«Standardized» adjustment platform

Longitudinal support

Vertical support,
wedge actuatol

“
.
-aj\' i

o4
SO~y
o)

DBQ platform

Trans-

missions

l

{ Position ﬂ

feedback
Horizontal support, Motors
diff tial-thread
N ctuator | Girder mounting et g Controller |
frame | )




Towards Full Remote Alighment

«Standardized» adjustment platform




Towards Full Remote Alighment

«Standardized» adjustment platform

Universal adjustment
solution - permanent

Universal adjustment platform

B

| DISTANCE

universal adjustment solution - concept of use plug-in motors:
a) Platform measurement from distance using 2 laser tracker;
b) Installation of plug-in motors in less than one minute;

¢) Remote adjustment from distance.



Towards Full Remote Alighment

«Standardized» adjustment platform

Joints / actuator pattern to be kept as in
horizontal / vertical ,Stewart"-like platform

How
Longitudinal support = *
e ol . ,
DBQ platform :
s . - R,M,,\m o Standardized
s Standardized vertical/radial ; . way of
. Standardized regulation joints design
actuators mechanics

and blocking interface

(1) Spherical joints
(2) Flexural joints: Nitinol joints and flexible shaft



Towards Full Remote Alighment

O T

sSmzZ

IP1 and IP5 HL-LHC
Synoptic of adjustment system only
Baseline vs Full Remote Alignment

I i : 19 45K
01 Q24 Q28 03 || CP D1 02 i 0 a7 |
TAS 4O MO WD M0F) | VA [ W |k [ ! IF
P5 3 " — EI e ]_} "m_'] R F13 i
i "_ L UL | ouror st . | Ik =l
_m%m—h ' sl “ P ~5A— l12] w_ L -.ﬂl
28 L] S1.4T L] 1706 L] | = nli ] 240 | 168 58214 2,167 | 2
e S i N iy S gy Sp———

. |_|Motorized adjustment system, remotely controlled : adjustment during run, from CCC

Manual adjustment system: adjustment during LS,YETS, TS, personnel in the tunnel, access in front of
element (special for TAXS)

. |]Rremote alignment compatible

P5

T [0
Q1 Q24 028 Q3 || CP D1
TAXS  DMFA  MOIFB MOFB WA"V NEF
o =1 [T,

IRRINE N

Courtesy P. Fessia



Towards Full Remote Alighment

Vacuum lay-out analysis and reconfiguration

After study: the full remote alignment can @ deployed

Fixed

Single bellow VM with
1 DRF TAXN tai Bl (520 i) VVG - DN 100/1D 100
NN (273) /1N 250

Main advantages: | | |

It will allow the reduction of radiation dos mote aligne« _ =3 (). 8 Fixed

It will increase the window for machine o

It will put less pressure on orbit corrector

DN 150/1D 80 DN 150 /1D 80
HC=8.2 /VC=8.4 HC=7.1/VC=7.4

It will provide a higher machine flexibility D VWG ~DN 100/1D 100

HC=6.7 / VC=6.9

It opens the possibility to re-optimize the éHlLUﬂ\W@

§ff HL — LHC integration team: dreams that shape the reali

Courtesy P. Fessia



R&D: case of CLIC project



CLIC: introduction

* CLIC= Compact Linear Collider

SN Po] 1/ Vrd - j I,’: ik AL .
Compact Linear Collider (CLIC) /i” :..‘.,’.;;/‘l‘/' Y

* Project Implementation Plan under preparation for consideration by the [==7wnrccs o
European Strategy Update Process in 2020. ' e A

Q’ Compact Linear Collider
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CLIC: introduction

Beam off

Beam on

~0.2-0.3 mm over 200 m

Active pre-alignment

Mechanical pre-alignment

14 -17 um over 200 m

Beam based Alignment & Beam based feedbacks

-

\_

pass through

~N

Make the beam

J

-

\_

Optimize the position of
BPM & quads by varying

One to one Dispersion Free Minimization of
steering Steering AS offsets

N\

the beam energy
\_

Using wakefield
monitors &
girders actuators

~N

/

J
— Minimization of the emittance growth
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CLIC: introduction

* Considering the number of components to be aligned, ground motion, such tight tolerances can not
be obtained by a static on-time alignment system.

* Active pre-alignment: we associate movers and sensors to the components to maintain them in place.

Total budget error allocated to the associate positioning of the reference axes of the major accelerator
components can be represented by points inside a cylinder over a sliding window of 200m.

Vertical axis

Along BDS:

Radius equals to 10 um over sliding windows of 500 m

" Longitudinal axis

Along Main Linac: over sliding windows of 200 m — - - —<

Component type mm MB Quad DB quad

Radius (um)




CLIC: introduction

Components to be aligned:

Number of components ~ ~ 140 000

4000 4000
Budget of error 14 um (‘?9 um 17 um

[ ua |
BPM | Quad] [[ as | as [ as |[ as H

2 steps:

Strategy:

- Fiducialisation & initial alignment of the components and their support
- Transfer in tunnel and alignment in tunnel



Fiducialisation:

IO OI
(@) (0]

o)
\ /I

CLIC: alighment strategy

Vadlll'y
Pre-alignment sensors support -Pre- allg%ment sensors support
00 00
Initial alignment: Transfer in the tunnel:

S N e P M e e W

L Stabilization J R o o R o ° R o
Nanopositioning Pre alignment support| |Pre- allgnment support| |Pre- allgnment support
re-dlignment support o ° ° °

L

Tunnel floor

[Mainaud Durand5]



CLIC: alighment strategy

Absolute alignment using overlapping reference lines

Alignment reference : Wire length =200 m

- |

IL
L

Metrological
plate

Overlap : 100 m

MRN = Metrological Reference Network

Very good correlation between
simulated data and TT1 results

Radial precision for TT1 plates compared to simulation

Plate 3
~Plate 4

—— Simulated radial precision
—=—Computed radial p(ecision‘

002 004 006 008 01 012 014
Distance [km]

Propagation error over the CLIC collider simulated using
the variance-covariance matrix as estimator of
parameters:

- For a sliding window of 200m, the standard deviation
of the transverse position of each component w.r.t. a
straight line is included in a cylinder with a radius
below 7 um

- Maximum standard deviation of 1.1 mm computed
along the 25 km of linacs

[Mainaud Durand6]



CLIC: alighment strategy

Fiducialisation & alignhment on common support

== Sl T T T 1

v Results achieved in the PACMAN project:

Sub-micrometric repeatability to determine the magnetic axis of
guadrupole, the electro-magnetic center of the middle cell of
AS, the electrical center of BPM

Relative position of BPM versus quadrupole determined within
an uncertainty of measurement below 5 um.

Fiducialisation (determination of the position of the reference
axis w.r.t. external targets) for the 3 types of components < 5
um.

Referential frame of the pre-alignment sensors determined
w.r.t. references axes within an accuracy of 2.5 ym

[Caiazza]



CLIC: alignment strategy SPN = Support Pre-alignment Network

Relative alighment of the components
v Determination of the position: sensors associated to each

CERN @ [l | '{i“_

3. Conclusion on estimated precision \

S ENGINEERING
DEPARTMENT

2 wires
Precision < 15 um
8 observations (each sensor gives 2 values)
5 parameters to define (2 translations and 3 rotations of
the girder)
Difficult access between MB and DB girders — small
distance, a lot of components which connect the two sides

1 wire + tilt meter (10 prad)
¢  Precision < 14 um
5 observations (2 cWPS + angle from the tilt meter)
5 parameters to define
No redundancy

Shorter distance between sensors (-80 cm) 1 wire + tilt meter (60 prad)
@ Precision < 25 um
Lower precision of the axis’ position (+2 ptm) * 5 observations

5 parameters to define
No redundancy

CLIC Workshop 2018
22-26 January 2018 Anna Zemanek EN-ACE-SU 8




CLIC: alighment strategy

Relative alighment of the components: adjustment = 2 cases

Articulation point + linear actuators (3DOF):

 Snake configuration kept for the DB side,
allowing a natural smoothing

e Adjustable articulation point, controlled by FSI
measurements within an accuracy of 5 um

e 3 linear actuators supporting the master cradle
will perform the alignment

* Ves replaced by adjustable platforms

Cam movers (5 to 6 DOF):

5 DOF configuration validated for 2
lengths of quadrupoles: 0.5m and 2m
(sensors offsets below 1 um and roll
below 5 prad), met in one movement
using feedback from alignment sensors.
Proposition to add a 6th cam mover




CLIC: alighment strategy

If you combine long & short systems

= ——————————

b3

0 0
or - ! -
[ (] [ (| | [ [ [ | | [ [ [ | | [ [ [ ----i|
Adjustment configuration
Degrees of freedom:3/5t0 6
43 Girder H3 Girder H3 Girder H3 Girder
Girder 5/6 5/6| | Girder 5/6 Girder 5/6 5/6| | Girder 5/6
MB quad MB quad
support support



CLIC: alighment strategy

Sensors configuration for 380 GeV DB option

DB side
M S M S M s M S M Nire
W N N
= H= = |
— I " | [ o Wire
o Wire

MB side
. . . M . S
® Articulation point Master cradle: Girder Slave cradle:
== WPS sensor - 2WPS P = - 2WPS
: Metrological plate (MRN) - 3 linear actuators

Sensors configuration for 380 GeV Klystrons option

Top View

. Wires

2 WPS 2 WPS 2 WPS 2 WPS 2 WPS 2 WPS 2 WPS 2 WPS
4 WPS

Section View

ﬁ:



PACMAN NETWORK

PACMAN project J:;e(CmAN cenn, cH

Cranfield University, UK

Delft University of Technology, NL
ETH Ziirich, CH

IFIC,ES

. LAPP, FR

Web site: http://pacman.web.cern.ch/ University of Sannio, IT

SYMME, FR

University of Pisa, IT

9 academic partners DMP, ES

. . ELTOS, IT
8 industrial partners ETALON, DE

4 years project: 1/09/2013 - 31/08/2017 Hexagon Metrology, DE

METROLAB, CH

National Instruments, HU
SIGMAPHI, FR

TNO, NL

PACMAN = a study on Particle Accelerator Components’ Metrology and Alignment to

the Nanometre scale
It is an Innovative Doctoral Program, hosted by CERN, providing training to 10 Early

Stage Researchers.


http://pacman.web.cern.ch/
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PACMAN: a few interesting results

Even if your BPM and quadrupole quadrants were manufactured
at a micrometric accuracy, the electric / magnetic axes are not so
close from the mechanical axes.

TABLE V. Mechanical, magnetic, and eclectric axcs center

offset.
X Y Uncertainty
[um]  [pm] [um]
MBQ (magnetic vs mechanical) —21.6 409 +10
BPM (clectric vs mechanical) 17.3 40.6 +4
BPM/MBQ (electric -23 =75 +1.2

vs magnetic)

TABLE 11I. Offset between the mechanical axis and the
magnetic axis at 126 A.

Horiz. center Vert. center Yaw Piich
32.2 pm 20.2 pm —75.9 prad —57.4 prad

TABLE II. Offset between the magnetic axis at 4 and 126 A.

Horiz. center Verl. center Yaw Pitch

2.9 um 3.1 um —2.3 prad —5.1 prad

[Caiazza]




PACMAN: a few interesting results

Determination of the position of the stretched wire, w.r.t. external targets:

3 methods:
 Coordinate Measuring Machine measurements (+wire measured using  confocal  sensor

plugged on the CMM head): uncertainty ~ 2 um
* Frequency Scanning Interferometry (absolute distance measurements)
* Micro-triangulation (angle measurements)

FSI demonstrated a very high accuracy: difference between FSI & CMM measurement on
coordinates < 2.5 um. Portable & self calibrating

Micro-triangulation: after comparison with CMM measurements, 85% of the measured coordinates
<15 um, 75% < 10 um, 42 % < 5 um, in a not optimal configuration.



PACMAN: scenario 1 Strategy also applicable in the tunnel, after transport

All components individually fiducialised (PACMAN process using stretched wire)
Alignment on a common support using plug-in system, knowing the position of the targets.




PACMAN: scenario 2

* All components installed roughly on a common support

* Installation of a stretched wire to align all the components reference axes at a theoretical
position on the common support (PACMAN process + 5 DOF adjustment system)

- Determination of the position of the alignment targets once all the components are at the
theoretical position







PACMAN & summary

(eeni| Quad | [2asy[CAs;[oAsy [(cas?[oas:[tasy) (2as?[oas [oas g

[ Stabilization J o s o) (o . o) (o . °
Nanopositioning Pre-alignment support| |Pre-alignment support| |Pre-alighment support
[Pre-afignment support) . ° . o e °

L8

o

Tunnel floor
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CLIC: alighnment strategy

Summary of the results achieved

Components type __AS, BPIVI (um) [ IVIB quad (pm) [ Db quad (um) |

YEAR 2012 2012 _ 2012
Fiducialisation 5 (TBC) 10 (TBC) 10 (TBC)
Fiducials to pre-alignment sensor interface 5 5 5
Pre-alignment sensor accuracy 5 - 5 - 5
Straight reference 10 (TBC) 10 (TBC) - 10 (TBC)
Total error budget 14 11 17 11 20

BUT... Active pre-alignment strategy validated only at 20°C, not at 30°C!



CLIC: alighment strategy

common with HL-LHC

common with FCC

Study of MRN Study of SPN

Relative determination
of vertical deflection

New methods for
vertical deflection
measurements in pits

Impact of gravitational
fields on wires

Modelisation of a wire
using Eigenfrequencies

Development of
corresponding least
squares algorithms

Sensors configuration
optimization,
simulations over long
distances

Development of a new
wire

Development of a laser
based solution

Study of low cost
sensors and
industrialization

Development of low
cost linear actuators
and industrialization

Impact of an operation
at 30°C on alignment
systems

FSI R&D on sensors

Development of a WPS
with 2 wires

Development of 6 DOF
cam movers

PACMAN studies on AS
structures

Development of a FSI
bench for in-situ
fiducialisation

Development of low
cost adjustment
platforms and
industrialization

Improve adjustment
solution for the BPM
on the quadrupole



FCC alignment

Future Circular Collider (FCC)
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FCC alignment

* Absolute tolerance
e As no real values obtained, we are going to do the best we can (few mm)

* Relative tolerance

Accelerator

collider

LEP(e+e-)
LHC (hh)
CLIC (e+e-)
FCC-hh
FCC-ee
HE-LHC

Radius/
Circumference

gkm/27km
gkm/27km
2%25 km
16km/100km
16km/100km

gkm/27km

* All errors included

Vertical (mm) | Transversal
@10 (mm) @10
0.2-0.3 0.2-0.3 0.1
0.15 0.15 0.1

17 microns radially*

0.2 (0.5%) 0.2 (0.5%) 1.0
0.1% 0.1% 0.1
0.2 (0.5%) 0.2 (0.5%) 0.17
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Conclusion

Do not forget Survey & alignment in your project, you will gain:
- Time

- Accuracy

- Efficiency

Lines of sight in tunnel, geodetic networks on surface, pits, coordinate systems and
geodetic reference frames, must be defined asap

Tolerances of alignment of all the components have to be defined asap to establish a
clear strategy of alignment and chose the most appropriate solutions and
instrumentation.
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The Micron World, in which steel acts like butter and in which temperature excur-
sions are like Gulliver’s Travels, has been tamed and industnialized 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 1n 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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Monitoring of ATLAS detector closure

Context: ADEPO= ATLAS DETECTOR POSITIONING SYSTEM, a

, _ ATLAS-SURVEY collaboration
* Regular maintenance and shut-down periods

* Implies open/close movements of large sub- Technical requirements:
detectors of up to 900 t, more particularly: * Relative measurement system to measure
* 2ECT(240t), 2 SW (103 t), 2 EB (900 t) «run» position at the beginning and end
 Manual adjustment and survey is iterative of the maintenance period
and time consuming « Measurement range ~ 50 mm in X, Y, and

e YR m CoEe FaTA Z directions

* Accuracy: 0.1 mm in dX and dZ

* Measurement time: less than 30’
25 m

Environmental constraints:

* 1T magnetic fields

* 2 Gy of radiation dose over life time

* Limited space in existing detectors

[Gayde]



Monitoring of ATLAS detector closure

Solution = BCAM camera (Brandeis CCD Angle Monitor)

BCAM:

v'Viewing window = 30%x40 mrad;
v Precision = 5 yrad;
v'"Non-magnetic;

v'Accept a total of 400 Gray

Bilateral observation Unilateral observation

* Optical measurement system
* Measurements on passive glass corner cubes

* Already used in ATLAS
[Gayde2]



Monitoring of ATLAS detector closure

System based on:

- 28 BCAMSs on feet/rail system

* 44 passive targets (corner cube Reflectors)
« 1 driver & 4 multiplexers

» 24 protections

« Application of IRLS (Iteratively Reweighted
Least Square) for the data adjustment. « BCAM on feet//rail systems (fixed parts)

* Passive targets on sub-detectors (moving parts)

Integration and installation were a challenge as well.




Monitoring of ATLAS detector closure

Results during ATLAS closure

* Intensive use of ADEPO during closure (TS 2015-2016)

* Six detectors closed with an average of 3 iterations using BCAM measurements
Maximum of 7 iterations
Average time for mechanical corrections~ 20’

* Average difference of ADEPO results to reference position : 0.3 mm along monitored
X and Z directions

* Results for each detector confirmed by Laser Tracker measurements (single iteration)

Medium term results over 1 month:
* Average repeatability over 1 month: 2-3 um

* BCAM lines of 1.5 — 3.0 m measure the stability of a detector within £ 0. 15 mm

Substantial gain of time (25%) and relative precision, for all YETS!

A BCAM system installed in LHCb to monitor the positions of the Inner Tracker stations
during the LHCb dipole magnet cycles






Remote determination of collimators position

Standard alignment measurements no longer possible in collimators area (IP3 and IP7 due to the high
level of radiations)
- Development of a remote measurement system: design of a survey wagon on the TIM train.

[Bestmann]



Measurements campaign in 2012:

* 26 reference magnets } over 500 m

* 35 collimators

Repeatability < 60 um in altimetry and planimetry

Comparison with classical methods (levelling and wire offset measurements): 0.22 mm rms

Duration in the tunnel: a few hours (train) / 4 days at 3 persons (classical method)

Current objective: mechanical optimization and control robustness improvement for a smooth
operation during LS2

Next steps: upgrade of the train for remote measurements in the LSS during LS3 for the HL-LHC
project and remote measurements in the arcs for LS4.

[Charrondiere]



Remote determination of collimators position

From the survey point of view: use of photogrammetry to measure the position of the wire:

[Mergelkuhl]



Remote determination of collimators position

0.040
— 0.035
Fiducial
Encoded —
target : Back a4 ’ =5 0.030
= pointon ...~
/o ‘the bar*¥ (e
y "‘L QE Fiducial . % = 0.025
‘ poy ' B .
f . 3 oint on £ 0.020
= S
, N . (o)
==k = s 0.015
Stretched 5 :
wire . : Ll 0.010
S | Il 0.005
= 0.000

Fiducial on the bar Fiducial Front point on the bar  Back point on the bar

3 photos m4 photos 5 photos ™6 photos ™ All photos

Configuration with 4 cameras is a good compromise.

Precision of the 3D offset distance with respect to a stretched wire at a level of +£15 pum
to +£20 um for the fiducials

From the survey point of view =» next steps:
* 4 cameras to be implemented in a carbon frame
* 2 bi-directional inclinometers added to provide link to gravity

* Chain of calculation to be automatized.



