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1.History of Metrology

2 .Introduction to Metrology
3.Metrology equipment

/4 .Approach to CMM measurement
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History of Metrology

® Up to French Revolution, arbitrary standards based on:

® Local kings or governors such:
® foot,
® inch,

® line:1/22% of inch,

DAN
EXTR

FLAM
OR FATAL IF

® Journal
¢ Pint. V. |
® Non decimal System (12", 60t 64t"-) Y A ﬁo

® But... How to do to understand? D" Afs

.8 Imp. Gallons
® Germany: 19 different feet,

® Europe: 18 others.
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History of Metrology

After the French revolution, the
French scientists began to work
quickly and define the meter

 Understandable

(comprehensible) Jean-Baptiste Pierre-_
* For all for ever Joseph Francois
* Non arbitrary DELAMBRE MECHAIN
standards (2747-1822) (1744-1804)
Charles-Maurice In March 1790, he proposes a

de TALLEYRAND-
PERIGORD

(1754-1838)

System of Unification of the Measurements
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Birth of the Meter

@
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AR e L The green meridian
3 .AWH-:\" A o ‘lc" "'(}Y M‘*n . ‘
e e s On the 26t of March 1791 define the meter as

G [ ) e 1/120 000 000 part of the quarter of the meridian

it B —_— O e
W/ g pedas ek - >
T o Ry of the earth.
- . k iy e d o, - WS
; -’ )( . oot
g | i
»
- 1 .
- -3 iw.‘.urn;u "‘?"':_5.,_»—3;“"

O The idea of the meteris:
O Universal unit

mmmmm

© Not linked to a person

The meter, from Greek "metron" | MQNijc
Which means measurement (BARCELONE):.

La méridienne verte
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Evolution of the definition of the Meter h

1/120 000 000 part of the quarter
of the meridian of the earth.

Fabrication of 10 standards of the meter in Paris

The bars were to be made of a special alloy, 90% platinum
and 10% iridium, have a special X-shaped cross section
used as an international standard.

The 11t General Conference on Weights and Measures (CGPM) redefine the
meter as a length equal to 1 650 763.73 wavelengths in vacuum of the
radiation corresponding to the transition between the levels 2p10 and 5d5 of
the krypton 86 atom.

The 17" CGPM redefine the meter is the length of the path travelled by light
in vacuum during a time interval of 1/299,792,458 of a second

SN

SZ ENGINEERING
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What is the point of measuring ?
® Quantify the physical quantities

TROLOGY

¢ HE'p for decision (conform, non conform, dangerous ...)

False or erroneous results
could lead to serious consequences

* Hence the need for reliable results

* Reliable result minimizes the risk of measurement errors and
thEiI’ consequences Causes Effect

Equipment

O Reliable results can be obtained
by the whole process analysis

o Afishbone (ISHIKAWA) diagram
could help

Management
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Measurement process

® The measurement can be done:

® With measurement instrument
_ _ This gives a number or numbers
® Or with a measurement machine.

® By comparison:
® Length: agraduated ruler,
® Angles: an angle protractor,

® Mass: a balance with masses

® By transformation of a physical phenomenon by an electric current.

Most of modern devices work on this principle
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Types de Metrology

® Separated in 3 categories

® Fundamental or scientific metrology

® Industrial metrology

® Legal metrology
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JCGM 200:2008

’ VIM - International Vocabulary of Metrology

In 1997 the Joint Committee for Guides in Metrology
(JCGM) : International vocabulary of metrology — Basic
and general concepts and associated terms (VIM)

International vocabulary
metrology — Basic and g
concepts and associated
(VIM)

Vocabulaire international
métrologie — Concepts
fondamentaux et-générai
termes associés (VIM)

International vocabulary of
metrology — Basic and general
concepts and associated terms

JCGM 200:2008 (E/F)

(VIM)

4.14
resolution

smallest change in a quantity being measured that
causes a perceptible change in the corresponding

Vocab u l 4 indication

¢ NOTE  Resolution can depend on, for example, noise

¥ (internal or external) or friction. It may also depend on the
m etro l og value of a quantity being measured.
fondame.ss::-

resolution of a displaying device

te rm es a smallest difference between displayed indica-
tions that can be meaningfully distinguished

Mini-CAS  Mechanical and Materials Engineering for Accelerators

4.14
résolution, f

plus petite variation de la grandeur mesurée qui
produit une variation perceptible de l'indication cor-
respondante

NOTE La résolution peut dépendre, par exemple, du
bruit (interne ou externe) ou du frottement. Elle peut aussi
dépendre de la valeur de la grandeur mesurée.

4.15 (5.12)
résolution d'un dispositif afficheur, f

plus petite différence entre indications affichées
qui peut étre percue de maniére significative
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Norms

ISO 1 - Standard reference temperature for geometrical product specification and verification"
ISO 286 - System of limits and fits

ISO 5458 - Positional tolerancing % o o ©
ISO 5459 - Geometrical tolerancing @ @

ISO 2692 - Maximum material requirement (MMR),_leq 1t /rement (LMWG qU/rement
(RPR)

Sﬂ

ISO 8015 - Funda r nc:ples andr

ISO 1101 - Geome ‘r cing --Tolerance r t/on locat/on and run-out

ISO 10578 - Tolerancing of orientatio PrOJected tolerance zone
—/1CINg - Cones

ISO 3040 - D/menSIon/n arq o
ISO 1302,- al P tSpeCIflcatlons (GPS) -- Indication of surface texture in technical product

docume
ISO 2768 ~Séneral tolerances

ISO 13715 - Edges of undefined shape
. and many others
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ISO 1 - Standard Reference Temperature

ABOUT NEWS  SCIENCE

® ISO 1is astandard

+tamnaratiira fAr A 1€ TITSUIT, Step Intr i ] p S i :
LHC project leader Lyndon Evans.

There are three parts to the cool down process, with many tests and intense checking in

Aluminium 24 between. During the first phase, the sector is cooled down to 80 K, slightly above the
Copper 17 temperature of liquid nitrggen ' peraty yterial will have seen 90% of the
- : final thermal contractionfla 3 millimetre per metre shrinkagepf steel structures. Each of the
Austenitic Stainless steel 16 , , : .
eight sectors is about 3.3 kilometres long, which means 0 deal

Steel 10.8to 13 with this amount of shrinkage, specific places have been desis= mpensate for it,

Silicon 256 including expansion bellows for pinads—-

done to make sure no L‘.5 mm for

Invar 1.2
The second phase bring Co\d MasS of1

its own refrigerator and rerrriagnets is filled with liquid helium, the coolant of

Glass-ceramic (Zerodur®) 0,01 -0,02

choice for the LHC because it is the only element to be in a liquid state at such a low
temperature.

Mini-CAS  Mechanical and Materials Engineering for Accelerators METROLOGY Ahmed CHERIF 27th November 2020 12

\EE ENGINEERING
DEPARTMENT



|

@
MATERIALS &

MME

ENJ/!

>
o
o
-
(@]
o
~
[
>

ISO 1101 - (GPS) Geometrical Product Specifications

‘haracteristics

nbol Datum needed Subclause
’ - no 181
7 no 18.2
B no 183
. ) no 18.4
I ( ~ no 18.5
o no 18.7
. i yes 189
O L yes 18.10
< yes 18.11
. - yEs 18.6
| ‘ Tolerance - yes 188
Axis line ¥ yes or no 18.12

Measurement plane
. ] yes 18.13
R Measured line
3 yes 18.13
= yes 1814
Tolerance
= yes 186
=1 yes 18.8
i yEs 18.15
Real surface Real surface Cylindrical area 7 yes 18.16
‘ @ Mini-CAS  Mechanical and Materials Engineering for Accelerators METROLOGY Ahmed CHERIF 27th November 2020
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Technical drawings

21017(E)

Tolérances générales ISO 2768 - mK

©| @002 | A

*kk

0 0
3,96—8,02 33,1-0,0 Addit 11 T-nnolg |
; - Itlional symbpo
Value with specific 02 | .02 1Sy
tolerance ’ Oi
] < P %
Value without specific £ o 0
tolerance
’ R max. 0,1
% |
0,\3)‘
Angle Gorge & 13 min. 10 min. .
largeur 2,5 max. : |
: Ll Geometrical
Theoretical value 26 & o008 tolerances
. . 0 (d | ‘ ;
System of limits 103-0,2| “N.| // | 20,02 B ==
and fits tolerances | , . 2 A
o < 2/ | @002
-0,013 ©
10 f7 ~ 0,028 o8
S Roughness General tolerances
Mini-CA ical and Materials Engineering for Accelerators METROLOGY
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Dimensioning and tolerancing

Geometric model of a part form the design office

® The partis considered as elementary surfaces.

Profile any surface

3D CAD Model

Elementary surfaces

® Dimensioning: To define, by a 2D drawing or a 3D CAD, the shape, the size, the position with respect
to other surfaces of all the elementary surfaces of the part.

® Tolerancing: To define, with tolerances, the maximum deviations of the reel surfaces with respect to
theoretical surfaces (perfect surfaces).

Mini-CAS  Mechanical and Materials Engineering for Accelerators METROLOGY Ahmed CHERIF 27th November 2020
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Traceability — Chain of measurements

True Value

Iinternational Calibration Laboratory

National CalbBration itaborarory.

s Reference Standard
Plant s Working Standard

Plant’s Process Instruments

Picture from beamex.com
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Measurement uncertainty

The GUM (Guide to the Expression of Uncertainty in Measurement) defines
measurement uncertainty as a "parameter, associated with the result of

a measurement, that characterizes the dispersion of the values that could
reasonably be attributed to the measurand” L=321.32 £ 0.05mm

Measurement Z true value

Deviations are called errors
2 sources of errors:

Random errors Systematic errors

AN Vil

’

True value True value
Mini-CAS  Mechanical and Materials Engineering for Accelerators METROLOGY Ahmed CHERIF 27th November 2020 17
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Accuracy vs Precision

Accuracy Precision
How close are the measurements How reproducible are
to the true value. the measurements?

Both Accurate ACCUrate, FPrecise, Meither Accurate
and Precise but not Precise but not Accurate nor Precise

Mini-CAS  Mechanical and Materials Engineering for Accelerators METROLOGY Ahmed CHERIF 27th November 2020
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Dimensional measurement at CERN

SURVEY

+ 0.1 mm
+ 0.2 mm

4+ 0.0003 mm
+ 0.010 mm
+ 0.100 mm

i ‘ = S
METROLOGY Ahmed CHERIF 27th November 2020 19
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MAHR and TRIMOS Linear
height gages

Measuring range: 600 mm

and 1000 mm
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) O-INSPECT 863
) MULTISENSOR CMM X
@ Measuring Range: @
800 x 600 x 300 mm3

MPE;,  (3D) = 2.2+ L/150 pm

12.24.10 & 12.18.10 Profiles projector
SEXF-T::..‘. Measuring Range: anrin': nJ- : @
00+ S0 70D mmercs 1200%2400/1800 x 1000 men3 400 x 300 mm2 %
Rotary table 900 mm  MPEm = 1.2 +1/500 um X5, %10, x20, x50 and x100

Rotary table 630 mm magnification @

Max Load: 2000 kg

Screen diameter 800 m

s ; m METROTOM
MITUTOYO CVS-3100 X t z Neasuring Range: ' @)
Mechanical Profiling and G ! B N T . ‘

Max. spatial resolution- 4 pm
Roughness system imape processing: 16-bit
Measuring Range: max. tube voltage = 225 KV, max.
tube current = 3000 pA

ROMER Arm
Measuring range: 36 m

>
O
@)
P
e
o
—
R
=

TERIALS &

Hewlett Packard Laser

Interferometer
Measuring Range:

Different kind of instruments:

. Measuring range : From 0 to few meters

- Caliper
*  Micrometer
* Comparator
* Gages
O

LEITZ PMM-C Infinity

Measuring Range:
1200 x 1000 x 700 mm3
Max Load: 1000 kg

External Rotary Table

MAHR MMQ 400

Measuring Range:
280 x 500 mm2 ,
Rotary table @ 300 mm

Max Load: 70 kg

Roughness measurement

VEECO NT 3300 3D Optical profiling and roughness

system - -. e —"..77

Measuring Range:

Table: 200 x 200 mm2 < = Rl
Height: VSI 2 mm & PSI 150 nm x oo I
X1,5;%2,5 ; x5 and x20 lenses LS b

Max Load: 30 kg g (5

MIRAU & MICHELSON Interferometers

Opfbcal Profiling and Ronginess Hacilae

20
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® Conventional measurement instruments
® CMMs (Coordinate Measuring Machines)
® Portable CMMs

® Polyarticulated arm

® 3D Scanner
® Contact profiles and roughness devices
® Non contact topog |
® Form and shape m: |
® Interferometry

Tomography...

Mini-CAS  Mechanical and Materials Engineering for Accelerators
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® Architecture of CMMs

Horizontararm
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® Architecture of CMMs

® Operation

® Air bearings

‘ @ Mini-CAS  Mechanical and Materials Engineering for Accelerators METROLOGY Ahmed CHERIF 27th November 2020 23
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TROLOGY

CMM (Coordinate Measuring Machine)

® Architecture of CMMs

® Operation

® Air bearings

® Scales bars

~~
o = <& 0.004 um = 4 nanometer —~—

e e

0.1 um = 0.0001 mm

& )

— i

M AU A \\3\\\\\\“
W

Scale pitch 20 pm
Thermal expansion 0.02 pm/m/K

Mini-CAS  Mechanical and Materials Engineering for Accelerators METROLOGY Ahmed CHERIF 27th November 2020
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CMM (Coordinate Measuring Machine)
Measurement head

ETROLOGY

® Architecture of CMMs

SCANNING HEADS POINT BY POINT
DEFORMABLE PARALLELOGRAM TRIGGER HEAD

FIXED HEADS ROTATIVE HEADS

@‘ Mini-CAS  Mechanical and Materials Engineering for Accelerators METROLOGY Ahmed CHERIF 27th November 2020 25
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CMM (Coordinate Measuring Machine)
Measurement head

SCANNING HEADS
DEFORMABLE PARALLELOGRAM M

|

A Deflection

O \)

‘ i i i ds

Time

«Measuringh®

Move-in Retract

Dynamic Single-Point Probing

METROLOGY Ahmed CHERIF 27th November 2020
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CMM (Coordinate Measuring Machine)
Measurement head
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® Architecture of CMMs

® Operation
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CMM (Coordinate Measuring Machine)
Stylus calibration

Mechanical and Materials Engineering for Accelerators METROLOGY Ahmed CHERIF 27th November 2020
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CMM (Coordinate Measuring Machine)

"

o |
» "M‘ﬁ.

< 0

b 1000049904009 ON

Tl Covigwanin WMT Fageun CAO Darert hisger daconc Faper

FHIS M VY S N

o
Frogaree Weale: Gued) e ©

=) & [srome <IN 0

Slyer -euw

METROLOG

i G
£, K5 A0 D

p Goomerc oo
175 Geomerc 2 Abgment s

£ boecicn Group )

b

oL
x 2

Metrology software

SCIET [0
~121XI g e gt Yew tomares Took irdew eb

| A e & [cmtomere | [Master purt

At
0

TP 70 Comrpe € Con e e G- ST TWETL
kg s You Sparsn Mosars Camvation, Totbrmces Tobimess 0. CNC. CAD v Phsrer Fonbwe 1
JED P JIH B RIS (283 B O VU x 3

Fohwr G Fontre Robsicne

SoctosGooup Dkon Anct YO | Ve A0

Wivirioghes | frndag | Wesseiaw

Dr@HE@E -~ A X Y/

* Cobe v
® Compeiozze

P Cotevzionze

¥ Coute Y158 app LA putpt
& Coube VS5 opp LA popt
o Coute VITZS app LA palpt
P Coute VIZ s WA potst
¥ Coune V2100 gy WA palst
W Coute VI app A

P Cote YO app A

PE—

ENGINEERING
DEPARTMENT

Mini-CAS

Mechanical and Materials Engineering for Accelerators

dstance 12 XDistance
dstance 13 XDistance
dstance 14 XDistance
astance 15

astance 16

cicle 21

circle 21

cs3m2)

cs3 ()

es3(t-2)

angle 16

circle 23

circle 23
sngle 16 3IDAngle 3
beacket distance 1 X Distance
beacket distance 1 Y Distance

67689 008

Totak 145 Measured: 145 Fail: 15 Waming: 13

METROLOGY

Ahmed CHERIF
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: Legend ' vr ‘

e==e CERN existing LHC
Potential underground siting :

eses CLIC 380 Gev
# esees CLIC1.5TeV
esee CLIC 3 TeV

Accelerating structure

Mini-CAS

DRIVE

DRIVE BEAM LOOPS

“_TURN AROU

CLIC —Compact LInear Collider

syl Copper Disk

€~ INJECTION DES(

BEAM INJECTOR

\

\

o

ND

COMBINEA

,’

rb//

Limestones

CLIC SCH

EMATIC

Mechanical and Materials Engineering for Accelerators
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Leitz PMM-C Infinit

i

'00 mm3

oducts, USA
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Leitz PMM-C Infinity

g

AN
Tl

Grid scan

35578 Wetziar
Tel, +49 6441 2109 0
Jindos de.

4 HEXaGoN

Mo vemum devation |

e J;.é;,,j
e it
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Beam Screen
Tl '.";_‘ /

Mini-CAS  Mechanical and Materials Engineering for Accelerators
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METRASCAN CREAFORM 3D SCANNER

Final focalization Magnets
Called Inner triplet

New Inner Triplet for the
focalization of the beam
around ATLAS and CMS
experiments

New Beam Screens

EN/MME in collaboration with
BE department

Production of 51 beam screens
in total

About 650 mincluding spares
Segments number : 227
Segment length : 2800 mm
Length welded BS : up to 14 m

METROLOGY Ahmed CHERIF 27th November 2020
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s Beam Screen
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1. Measure the geometry of
the beam screen (BS)

2. Straightness after welding
of the segments

3. Guarantee the entrance of
the assembled BS in the

1 7 —a = - cold bore tube

e - £ ~ e R [, Control the aperture for

— e , ' - - T — the beam |

nnnnnn

CERN

Mini-CAS  Mechanical and Materials Engineering for Accelerators METROLOGY Ahmed CHERIF 27th November 2020 36
EEEEEEEEEEE
DEPARTMENT




'.
IM'
2
E|
=
2
F1

@
MATERIALS &

CRAB CAVITIES DQW & RFD

Double Quarter Wave & Radio Frequency Dipole

—i
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y(m)

0.02+

0.00

_ v

-0.02

0.02

o® 4 CRAB CAVITIES

@‘ Mini-CAS  Mechanical and Materials Engineering for Accelerators METROLOGY Ahmed CHERIF 27th November 2020
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Complex process...

\ upper Cryogenic r algnment system
| |

I ne
r— FSl system (2 x 8 heads)
cryogenic jumper =

- radio-trequency wave pude

mﬂ | @ : ’ / cavty assembly
\ LAY oz | Taylor Hobson
\ <= TV

vaive support
—— valve box
RF gate vave
cold/warm
\\BCJMWcm
thermal screen
5K
mmmmr:::«w" T asgnment jacks (13)
/ [ M eold” (2K)
warm magnetic shied HOM extraction lines (x6)
MU “warm® (S0 K)
¢ Design
®  FEM calculations
® Magnetic simulations
% °  Vacuum
¢ Cryogenics
® Radio Frequency
¢ Metrology
¢ Alignment
® Mechanical test
°
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W CRAB CAVITIES DQW & RFD

Deviation [mm]
0.200

| 0.160

0.120A

0.080

0.040

0.000

-0.040

-0.080

1 -0.120

-0.160

-0.200
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Microfocus X-Ray system

ZEISS METROTOM 1500
Delivered
December 2017

* FDD: 1500 mm

* Max. voltage 2225 kV, max.
* Focal spot size <7 um;

* Imager: 2048 x 2048 pixels,
* Max. pixel size: 200 pm,
PR * Image processing : 16-bit;

Sample holder

" Rotary table 65 535 grey levels
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Micro Tomography
METROLOGY APPLICATIONS

Mini-CAS
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HF- RFQ PROTON THERAPY

Follow up of all the fabrications steps (ﬁ S ————

Tolerances +0,005 mm was obtained (f
ora . p—— |

Verification of each part after machining process

Check if before and after brazing
Final check to confirm the results obtained by the radlo frequency tests

X/ X/ X/ X/
0’0 0’0 0’0 0’0
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CMM : Prismo Ultra

ZEISS PRISMO ULTRA

Measuring Range

18.12.10 1800 x 1200 x 1000 mm3 (RT)

24.12.10 2400 x 1200 x 1000 mm3

Accuracy (according to 1SO 10360)

MPE EO 1.2 + L/500 pm
MPE RO 0.8 um
MPE THP 1.2 um/45s

With Rotary Table (RT)
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Thank you for your attention

Ahmed CHERIF
EN/MME-MM, CERN - 27" November 2020

Ahmed.Cherif@cern.ch
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