Commission
I

\/ Cranfield = @B
= i UNIVERSITY Eumpen

Pre-alignment measurement uncertainty evaluation
and thermal influences
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“Micron level stability/alignment of the
two-meter repetitive modules
constituting the two main linacs is one of
the most important requirements to
achieve the luminosity goal for the CLIC

collider” [F. Rossi, K Osterberg, | . Kossyvakis, D. Gudkov
et all, IPAC 2013]



Pre-alighment, error budgeting state of art

...In general, the uncertainties reported here have to be interpreted in
a loose sense as the best-scenario standard deviation over repeated
measurements of the same object. A rigorous assessment of the
absolute accuracy, involving systematic comparisons with a reference
Instrument, has not been carried out in most of the published cases ...

L. Bottura, M. Buzio, SPauletta, N Smirnov: Measurement of
magnetic axis in accelerator magnets: comparison of methods
and instruments. CERN, TE Department 2006

Upre—alignment

7 State of art

Repeatability
as one of the
index of error

MPEE as
error index

Repeatability
or MPEE

Upre—atignment = 20um (not full error
budgets following GUM Supplement 1)




Pre-alighment, error budgeting state of art

Accelerator Magnet Instrumentation Uncertainty
. . . Axis to Sensor
Institute Machine L | Type Technology Lm Aperture I dB/dr B, T Moves| Magnetic Survey sensor to ref Total | Ref.
[m] [ml _[mm] [A] [T/m] [T] [K] [um] [um] [pm]

BNL RHIC 3862| quad superconducting 1.13 80 5000 71.00 57 45 no Colloidal Cell Theodolite 40 25 47 | 12]
RN RHIC 38621 _quad.___sunerconducting. 1,13 {0 10014 001 300 no Harmanic Cail Theodalite L 25 331 12]
BNL SASE - _lund b - - 0.8 300 no Pulsed Wire Interferometer 10 8 1311 3]
|KEK B-factory 3016 ] quad resistive 30.4% 110 500 1020 1.12 300 ves | Harmonic Coil  Laser Tracker 15 5 16 | [4]
SLAC LCLS  3000| quad resistve 005 12 na. 1500 0.8 300 no Hall Sensor (MM 8 1 811 5]
SLAC LCLS ™ 3000 [undulator  permanent 340 12 - - 13 300 no Hall Sensor CMM 8 15 17 | 6]
SLAC LCLS 3000 quad resisive 015 12 na. 1200 0.14 300 vyes | Vibrating Wire (MM 18 100 21 ]1[7]
JASRI  SPring-8 1436 | quad resisive 064 85 na. 1740 148 300 vyes | Harmonic Coil Laser + CCD 2 10 10 | 18]
SLAC FFTB 3200 quad resisive 046 23 220 83.00 191 300 no | VibratingWire CMM + Micrometer] 4 15 15 ][9]
MIT-Bates SHR 190 | quad resistive 028 35 050 0.02 300 no | Harmonic Coil Theodolite 26 43 51 |]10]
FNAL LHC  26660] quad superconducting 8.00 63 11850 215.00 13.55 4.5 no | Stretched Wire  Laser Tracker 33 50 60 |11]
FNAL LHC  26660f quad superconducting 8.00 63 2 004 000 300 no | StetchedWire  Laser Tracker 33 50 60 |[11]
CERN LHC  26660] quad superconducting 8.00 40 11850 223.00 892 19 no SSw Laser Tracker 5 80 80 |[12]
CERN LHC  26660] quad superconducting 8.00 50 2 004 000 300 no SSw Laser Tracker 20 80 82 |[13]
CERN LHC  26660] quad superconducting 8.00 50 05 001 000 300 no JACHarmonic Coil Laser Tracker 51 80 95 |[14]
Cornell  CESR 768 | quad superconducting 7.50 67 na. 13.00 0.87 na. no | VibratingWire  Laser Tracker 10 51 52 |[15]
Cornell  CESR 768 | solenoid superconducting 0.30 200 n.a. 0.008 300 no | VibratingWire  Laser Tracker 10 25 27 |[16]
CNRS/CEA SOLEIL 354 | quad resistve 046 66 na 2300 152 300 vyes | Harmonic Coil (mech. tol.) 5 30 30 |[17]
ELETTRA SR 259 | quad resisive 049 75 na 2060 155 300 vyes | Harmonic Coil Telescope 5 25 25 |[18]
CERN LEP  26660] quad resistive 155 59 na 970 057 300 vyes | Harmonic Coil Laser + PSD 20 50 54 |[19]

L. Bottura, M. Buzio, SPauletta, N Smirnov: Measurement of

magnetic axis in accelerator magnets: comparison of methods
and instruments. CERN, TE Department 2006




Importance of the right decision
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“There was no way, without full understanding, that one could have confidence that
conditions the next time might not produce erosion three times more severe than the time
before..... "

"For a successful technology," Feynman concluded, "reality must take precedence over
public relations, for nature cannot be fooled.”

Feynman, Richard P. (1986) Appendix F - Personal Observations on Reliability of Shuttle



http://history.nasa.gov/rogersrep/v2appf.htm

The Uncertainty in Simple Words

Uncertainty (as a quantitative measure such as standard deviation,
always positive):

An estimate characterizing the range of values within which the true value of a measurand lies
(VIM 1st ed., 1984, entry 3.09).

Physlcal
constants . H
Measurand Con;entru‘onal
Reference N | rUt -
Measuring element of ¢ pDF/v X \\
procedure measlurement ,-’ N |
sauipment ~ Bias due
\_ Systematic
Uncertalnty | effOfS

Definition
of the
characteristic

Measurement
equipment

of the
measured
characterlstlc

|

Systematic unknown +
random errors

Measurlng
object

Measurement
setup

Software
and
calculatlons
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The GUM Supplement 1 Method

1) Quantify all systematic errors and compensate for them

2) Quantify all uncertainty sources with Probability Density functions

3) Propagate all PDF’s trough a virtual model of the pre-alignment with Monte carol
like methods to provide Probability density function of the pre-alignment
Uncertainty




PACMAN pre-alignment

Quadrupole
magnet

Integrate/measure all with the

Beam Positioning
Monitor (BPM)

CMM
assembly bed

Upm= 12 um @ U (68%)
with respect to magnetic axis

Upb =7 pm @ U (68%) with
respect to BPM

Magnetic Axis
Electric Axis

Xy

\
A

X0

Particle accelerator
focusing sub

N assembly

x0 - Assembly reference
coordinate frame

Tunnel reference frame -

stretched wire




Input

parametrs PACMAN uncertainty budgeting

and their
associated
PDF Ag(xg) Ag (x)

— Create virtual pre-alignment
Aﬂ(’fﬂ (x) Ag(m e -
model that can estimate
AT Y- Gy AT -

“Measurement Specific”
uncertainty

CMM + tactil Magnetic
+ tactile = mi below 10, . .
orobe e onejon MPEE measurement Being able to provide Up
uncertainties T
uncertainties \ u statement for each specific
. m
Virtual = micron range (below 5 me_a_surement Sequence_’
CMM : microns) conditions, assembly design
model measured.
L Thermal issues = biggest error
Non-contact : . Magn'et|c _aX's and contributor and uncertainty
head / fiducials source! — up to 200 microns of
cd Final pre-alignment environmental drift thermal deformation of assembly
measure'mc.ent uncertainty uncertainties for gradients of 25 C between
uncertainties metrology and tunnel conditions
= micron range (below A

)\ 5 microns)

(%) |

{
AW A"
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Task specific uncertainty modelling of CMM

Feature
Form Errors

CMM Errors \ /
'j_‘ A
Task-Specific ikt
nvironmental Measurement Uncertainty — !
Factors ali
Sampling
Patterns
s
F =ﬂ,r[wﬁ E(E] +wb’f VQFVQFr a
or or
Probe
System Fitting Algorithms
Errors

Courtesy to PUNDITCMM ™

/

ISO 10360 or ASME B89.4.1 Performance tests done

with tracable measurement artefacts
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Task specific uncertainty modelling of CMM

12672 Position 2574
Uncertainty = 0.0810383

Mean Error = 0.0373942
[Standard Deviation = 0.0218223

Length Units: mm
UMLESS OTHERWYISE SPECIFIED,

ALLDIMENSIQME ARE [M MILLIMETERS
FORM ERRCR: unless otherwise specified; 0.025
CMR: CMR Model & with RT
v Sensar: My Fixed Multi-Tip Probe

x

Sjmulatin

iffidiation =

A simulation | LgInformation

@ |00 - | @ @ @ @ | il | L

Flay Cycles # ChIM Environment Probe  Form Error Histogram HTML Report  Text Report

Feature GDET Tolerance Standard Deviation Mean Error Uncertainty Bandwidth Consumed
<7 Marninal 2510 |7 [0.1] Flatness 2567 0.0442137 0.104402 0.192829 17
< Marninal 2517 <7 |D.005] Flatness 2565 0.00157183 0.00205043 0.00519409 w4 P
A 2568 |01 |CIDIE]  Profile of a Surface 2571 0.00235133 0.00280073 0.00750339 8% |

Ay 2572 # [01|C|D|E|  Position 2574 00218223 0.0373942 0.0810388 i1
f=3 2586 4 [@n1[a]B[C] Pasition 2589

£ 2606 4 [Pu1]G] Position 2608 00244095 00660363 0.122855 122%

Uncertainty for specific measurement tasks can vary from Below
the MPEE to far above it !!!
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Task specific uncertainty modelling of CMM

Curtesy for providing the modelling software (PUNDITCMM™) to METROSAGE

A Fiducialsonly3 % ¥ Nominal bg%: Fosition f11

ncertainty = 0.00224199

lominal 68%: Position 711
ean Error = 000123487

andard Deviation = 0.000503558

LMLESS OTHERWISE SPECIFIED,
ALL DIMEMSI ONS ARE IN MILLIMETERS
3 FORM ERROR: unless otherwise specified: 0.025

CMR: CRML
”b'x Sensor: Sensarl O%D%D

0% %%%%

e% i;; ’%\
Simulation

& simulation | [gInformation

P mm-1 Q@ O O O | il | ]

Play ' Cycles# ' CMM  Environment Probe Form Error '| Histogram | HTMLReport  Text Report

Feature GDA&T Tolerance | Standard Deviation Mean Error Uncertainty Bandwidth Consumed

O Nominal §75 Q} oonG Position 719 0,00046623 000112038 0.00205283 % .

) Nominal 676 | € |001]A B|C| Position 705 0.00047014 000105833 0.00199861 0% .

(= Norninal 663] [ JBODITABIC] | Position 711 | .00050356 000137 ooy [m% T |




The Thermal problem, compensation of effects

A) Pre align at the operational conditions? Be able to perform 7-10 micro
meter traceable to the meter standard pre-alignment at 45 C.

Tunnel 40 C Air; 45 C
Magnet

B) Re-design the metrology frame so thermal effects are significantly
reduced or made highly deterministic?

C) Introduce “real-time” metrology over the metrology frame to
compensate for the thermal effects

D) Use modelling to predict the mechanical behaviour having as input the| =
temperature influences?
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Metrology frame and thermal effects

Drift of:

Fiducial

Metrology loop Magnet (steel) +

fiducial marks

WPS
measuring
stretched
wire

A) Magnetic axis

Beam (Aluminum) B) WPS and reference

How to compensate thermal errors and evaluate the
uncertainty of the compensation?

Real time Thermal

measurements XY, Z+

Thermal drift modules

Fiducials and magnetic axis drift
in X, Y, Z + Uncertainty of
modeling

14



Temperature [C]

First thermal characterizations

Ambient Temperature

Settling time = 4.1 hours

Steady state

perturbations = +£0.17 C°

\ A,
Water out
Water in
4 6 8 10 12
Time [h]

Temperature [C]

NTC 10L Thermistors:
Reproducibility of 0.005 K
Sensitivity of 0.0002 K

Ambient T [C]

o nae " Ny Sand i o

WPS Fiducial

Magnet T [C]

Coils T[C]
14

17 WaterinT[C|

0.00 1.00 2.00

Coils — WPS bridge
gradient= 5 C°

3.00 4,00 5.00 6.00 7.00

Time [h]
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Thermal Experiments (4A vs 125 A)

A) Measure fast
B) Wait 24 hours for
stabilisation
C) Apply stable cooling
D) Compensate with software [




Experimental design
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Drift of Magnetic Axis [um]

First experimental results

Magnetic axis drift= 1.9
microns/ 1 Celsius

—@— Drift X1

. Heating of magnet creates

,,,,,,,, Linear (Drift X1) negative horizontal drift

-------- Linear (Drift Y1) .
Uncertainty of model =

function of thermal and drift
measurement
Temperature MBQ [C] Stability/uncertainty

30

—@— Drift X2

—@— Drift Y2
........ Linear (Drift X2)

........ Linear (Drift Y2)

Temperature MBQ [C]

-30
Drift of Magnetic Axis [um] 18



Stochastic Finite Element Modelling
(Input Output parameters)

/

-\

Geometry parameters

from (CAD), Form/real
VS CAD dimensions

A

-

Material
parameters: CTE

A
AU

Boundary condition
parameters: (body
temperatures, or heat
transfer parameters,
assembly contact
definitions)

\_ J

\

Assembly interface
parameters:
Thermal
resistance/conductance
coefficients of
interfaces

FEM solvers + random fields

FEM (ANSYS) Thermal

J/\

r s

-General Randomisation or random fields?
- Mesh design parameters (1,2,3,4)

Smart sampling
algorithm such as
Latin Hyper cube

""""""""" % Erenly ritonsd ANSYS DoE, 6 sigma analysis,

One random sample in
ane region

Result +
FEM (ANSYS) Mechanical U ncertainty
I
/|\—.-7 - I

regions

_________________ interfaced with: Dynardo

(Opti_Slang),
In fiture with Dynardo SoS
packages)




ascen%ing order

MBQ module predicted thermal influences
(CMM to tunnel environment)

ANSYS

R15.0
Academic

Linear Correlation

4
T

2
T

INPUT : E_Steel _
-0.025
INPUT : Temper Magnitude
0.084
INPUT : ConvectionﬁArgtsalent_Temperarure
: He
' 0.488

Parameter vs. Output: Y_max

INPUT : % i
0.85 |

1
-0.75 -0.5 -0.25 0 0.25 0.5 0.75

1

T ——— 4

i
0.000 0.250 0.500 {rm)
L EE— ES—

0.125 0.375

-8

Up to 190um deformation
(excluding macro
alignment bases of
assembly!) Uncertainty
STD: 15.6 pm =1 pm
depending on
Uncertainty of control
parameters

[reeea——

Critical uncertainty input

parameters

1) CTE

2) Hc

3) T (accuracy thermal
measurements)

Non Critical
1) Hw - Not important ...
2) Geometrical tolerance

not important..
20



Current and upcoming work

- Finishing of experimental bench, experimental evaluation of MBQ and WPS
metrology frame drift. Creation of empirical model and it’s uncertainty
propagation with MC method.

- Focus on calibration of the stochastic Finite Element Methods for
comparison against experimental evaluations.
- Experimental and modeling evaluation of all critical parameters

- Crosscheck of Stochastic Finite Element Method against:

A) CMM thermal drift measurements







BACKUP Thermal Experiments (self-calibration

0 1 2 3 a 5 3 7 8 9 o 1 2 3 4 B 3 7 8 9

——Air PT ——Air NTC ——High pt 100 —— High pt 100 —— High pt 100 ——low 10K NTC ——Low 10K NTC —— Low 10K NTC ——AIrPT ——AIrNTC ——Highpt100 ——Highpt100 ———Highpt100 ——Ilow 10KNTC ——Low 10K NTC

-> Performed self calibration at metrology laboratory
of existing setup: STD of Correction coefficient =
0.013 K max to min 0.00092K (3 days of testing)

- Putted together a new setup and send it to NPL for
calibration and absolute uncertainty analysis against
ITS-90: 23 Sensors (10 NT 5k and 13 PT 100) together
with Agilent DAQ (to be returned by Friday 29t of
April)

NPLE  uonaon

nnnnn

U of total thermal measurment
=+/- 0.03 °C [Square shape]




Table Uncertainties stated In state of art

Accelerator Magnet Instrumentation Uncertainty

. . . Axis to Sensor

Institute Machine L | Type Technology Lm Aperture I dB/dr B, T Moves| Magnetic Survey sensor to ref Total | Ref.
[m] [m] [mm] [A] [T/m] [T] [K] [um] _[pm] [um]

BNL RHIC 3862] quad superconducting 1.13 80 5000 71.00 57 45 no Colloidal Cell Theodolite 40 25 47 |12
BNL RHIC 3862] quad superconducting 1.13 80 10 014 0.01 300 no | Harmonic Coil Theodolite 25 25 35 |12]
BNL SASE - lundulator  permanent  4.00 6 - - 08 30 no Pulsed Wire Interferometer 10 8 13 | [3]
KEK  B-factory 3016| quad resisive 040 110 500 1020 1.12 300 ves | Harmonic Coil  Laser Tracker 15 5 16 | [4]
SLAC LCLS  3000| quad resistive 0,05 12 na 1500 0.8 300 no Hall Sensor CMM 8 1 8 | 5]
SLAC LCLS 3000 Jundulator ~ permanent 340 12 - - 13 300 no Hall Sensor CMM 8 15 17 | 161
SLAC LCLS  3000| quad resisive 0,15 12 na 1200 0.14 300 vyes | Vibrating Wire CMM 18 100 2|17
JASRT ~ SPring-8 1436| quad resisive 064 85 na. 1740 148 300 vyes | Harmonic Coil Laser + CCD 2 10 10 | 8]
SLAC FFTB  3200] quad resisive 046 23 220 83.00 191 300 no | VibratingWire CMM + Micrometer] 4 15 15 ][9]
MIT-Bates SHR 190 | quad resisive 028 35 0,50 0.02 300 no | Harmonic Coil Theodolite 26 43 51 |]10]
FNAL LHC  26660] quad superconducting 8.00 63 11850 215.00 13.55 45 no | Stretched Wire  Laser Tracker 33 50 60 |11]
FNAL LHC 26660 quad superconducting 8.00 63 2004 000 300 no | StretchedWire  Laser Tracker 33 50 60 |11]
CERN LHC 26660 quad superconducting 8.00 40 11850 223.00 892 19 no SSw Laser Tracker 5 80 80 [12]
CERN LHC  26660] quad superconducting 8.00 50 2 004 000 300 no SSw Laser Tracker 20 80 82 |13]
CERN LHC 26660 quad superconducting 8.00 50 05 001 000 300 no JACHarmonic Coil Laser Tracker 51 80 95 |[14]
Cornell  CESR 768 | quad superconducting 7.50 67 na 13.00 087 na. no | VibratingWire  Laser Tracker 10 51 52 |[15]
Cornell  CESR 768 | solenoid superconducting 0.30 200 na. - 0008 300 no | VibratingWire  Laser Tracker 10 25 27 |16]
CNRS/CEA SOLEIL 354 | quad resisive 046 66 na. 2300 152 300 vyes | Harmonic Coil (mech. tol.) 5 30 30 |[17]
ELETTRA SR 259 | quad resisive 049 75 na.  20.60 155 300 ves | Harmonic Coil Telescope 5 25 25 |[18]
CERN LEP 26660 quad resistive 155 59 na 970 057 300 vyes | Harmonic Coil Laser + PSD 20 50 54 1[19]




f(Measurement value +

The Right decision = Uncertainty certificate)

Traceability allows to ensure that the measurement uncertainty is within the limits of
required for a certain task.

Principle applied to achieve traceability
in CMM : the comparator principle

&
v -

Atomic lodine Metrology Artifact
Clock Stabilized Laser Calibrator
Laser

CMM and
Probing Errors

Conventional

A Measuralhd PDf:

0
X truth:
CMM Workpiece Measurement
Calibration Measurement Thermal Traceability
Point Sampllng o Errors
St’a‘egy Uncertainty Bias due

Statement Systematic errors

- i . —

Application of Simulation Software to Coordinate Measurement
Uncertainty Evaluations Jon M. Baldwin et all \ - }
|
Establish this tractability link to the Systematic unknown + random
national standards!? errors
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PACMAN Thermal error

compensation and uncertainty
estimation

PARAMETER Min Max Mean value STD CoV
Hc 2.871954766 7.128045234 5 0.995831099 0.19916622|
CTE_AL_ 1.81E-05| 2.79E-05 2.30E-05 2.29E-06 0.09958311,
CTE_Steel_ 9.45E-06 1.46E-05| 1.20E-05) 1.19E-06) 0.09958311,
Temperature_Magnitude 44.78719548| 45.21280452] 45 0.09958311 0.002212958
Convection_Ambient_Temperature 39.78719548 40.21280452] 40 0.09958311 0.002489578
Y_max 9.70E-05| 0.000147282 0.000122964 1.26E-05 0.102465159|
Z_max 6.01E-05| 9.84E-05 8.11E-05| 9.41E-06 0.116078923
Y_min -0.000137259 -9.02E-05 -0.000114545 1.18E-05| -0.102714291
Z_min -4.59E-07 2.96E-05| 1.81E-05 7.27E-06) 0.401840307
Total_Max 0.000171743| 0.000230495 0.00019609 1.56E-05 0.079632237|
Ynos_Maximum 8.16E-06) 1.31E-05| 1.07E-05 1.15E-06 0.107543103
Ynos_Minimum -1.32E-05 -8.13E-06 -1.08E-05 1.17E-06 -0.109242892
Z_nos_Minimum 0.000128909, 0.000182301, 0.00015371 1.35E-05| 0.087911705
Z_nos_Maximum 0.000136117 0.000188317 0.000159563 1.35E-05 0.084672691
Y_max_cv 9.65E-05| 0.000147167 0.000122957 1.26E-05 0.102415704
Z_max_cv 5.99E-05 9.83E-05] 8.11E-05 9.41E-06) 0.115995879|
Y_min_cv -0.000137187 -8.98E-05 -0.00011454 1.18E-05| -0.102670001
Z_min_cv -6.37E-07 2.91E-05| 1.81E-05 7.27E-06) 0.402155492
Total_Max_cv 0.000170523| 0.000230463| 0.000196078| 1.58E-05 0.080656935
Ynos_Maximum_cv 8.26E-06 1.32E-05 1.07E-05 1.15E-06 0.107230442
Ynos_Minimum_cv -1.33E-05 -8.26E-06 -1.08E-05 1.17E-06 -0.108823732
Z_nos_Minimum_cv 0.000127297 0.000184004 0.000153694| 1.34E-05| 0.087356282]
Z_nos_Maximum_cv 0.00013565 0.00019009 0.000159563 1.34E-05 0.084272797

Input parameters sensitivity:

1) CTE - Important, can be controlled

to...

2) Hc-Important, can be controlled to

3) T-Important, can be controlled to

4) Hw - Not important ...

5)

Tolerancing not important..
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