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O4 NCal uncertainty budget

Parameter Formula hrec/hinj Dear (%] | hrec/hinj far (%]
NCal to NCal distance 46d/d 0.14 0.11
NCal to beam axis angle (¢) d¢psin(o) 0.04 0.04
Positioning | NCal to mirror distance (d) numerical 0.01 0.01
NCal twist (1) numerical <108 < 8l

NCal vertical position (z) 5/2(z/d)? 8 x 1073 b X6~
Rotor induced strain see end of section 4 0.057 0.061

Rotor deformation at 21 Hz numerical 0.03 < 1072
Residual coupling (including magnetic) see section 5 <0l 0.2
Total quadratic sum 0.19 0.24




NCal to NCal distance

Parameter Formula hrec/hing near (%] | hrec/hinj far (%]
NCal to NCal distance 40d/d 0.14 0.11
NCal to beam axis angle (¢) d¢sin(¢) 0.04 0.04
Positioning | NCal to mirror distance (d) numerical 0.01 0.01
NCal twist (v) numerical <1073 <3x103
NCal vertical position (z) 5/2(z/d)? 8 x 1073 5x 1073
Rotor induced strain see end of section 4 0.057 0.061
Rotor deformation at 21 Hz numerical 0.03 <1072
Residual coupling (including magnetic) see section 5 <0.1 0.2
Total quadratic sum 0.19 0.24
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NCal to NCal distance

North to South (N-S) Far reference hole distance

e Results from 2021 and 2023 geometrical surveys
o Surveys provide several measurements per point
o Compute all N-S distances possible
o N-S Far reference hole distance = 4797.57 * 0.23 mm
o Uncertainty is taken as the RMS of the measurements
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Figure 1 from VIR-0029A-24 in TDS 4
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NCal to NCal distance

NCal to reference hole distance

In order to compute the distance between two NCals on the North to South axis we will use the distance
between the North and South far reference holes of 4797.57 4 0.23 mm from the last row of table 3. To this
value we will subtract the distance between the considered NCals rods (slot of the NCal on the suspended
plate) and their associated far reference hole.

IPHC-2021-02804

Plate | NCal | Distance to reference hole [mm]

NN Near 900.24 + 0.37
Far 499.76 + 0.37
Ng | Near 899.96 £ 0.37 - Uncertainty dominated by the setup motion uncertainty of
Far 500.18 & 0.37 0.2 mm and the NCal axis offset uncertainty of 0.3 mm
NS Near 499.94 + 0.37
Far 100.00 £ 0.37

Table 10: Distances between each NCal to the far reference hole of the associated setup.

Table 10 from VIR-0029A-24 in TDS
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NCal to NCal distance

Using the results of table 10 we can compute the distance between two NCals on the North to South axis
shown in table 12. The uncertainty on these distances is taken as the quadratic sum of the North to South
far reference hole distance uncertainty (0.23 mm from last row of table 3), twice the table 10 uncertainty
(0.37 mm) due to the two NCals, and the plane uncertainty of 0.067 mm (see section 3 of VIR-1009C-22 on

a possible horizontal tilt defect) for a total uncertainty of 0.58 mm.

NCals

| Distance [mm]

NNN-NSN
NNE-NSF
NNN-NSF
NNE-NSN

3397.39 £ 0.58
4197.81 + 0.58
3797233 -=0.58
3797.87 £ 0.58

Table 12: Distances between two NCals on the North to South axis.

e NCal to NCal distance uncertainty = 0.58 mm

o  Near NCals (1.7 m) =0.14 %
o FarNCals (2.1 m) =0.1%

Table 12 from VIR-0029A-24 in TDS

Total

Parameter Formula hrec/hinj near [%| | hrec/hinj far [%)]
NCal to NCal distance 46d/d 0.14 0.11
NCal to beam axis angle (¢) d¢sin(o) 0.04 0.04
Positioning | NCal to mirror distance (d) numerical 0.01 0.01
NCal twist (¢) numerical <1073 < 3 %1072

NCal vertical position (z) 5/2(z/d)? 8x 1073 5x 1073
Rotor induced strain see end of section 4 0.057 0.061

Rotor deformation at 21 Hz numerical 0.03 <1072
Residual coupling (including magnetic) see section b <0.1 0.2
quadratic sum 0.19 0.24



https://tds.virgo-gw.eu/ql/?c=20088

Parameter Formula hrec/hinj near (%] | hrec/hing far [%]
NCal to NCal distance 46d/d 0.14 0.11
[ NCal to beam axis angle (¢) ¢ sin(¢) 0.04 0.04
Positioning | NCal to mirror distance (d) numerical 0.01 0.01
NCal to beam axis angle e e | |
NCal vertical position (z) 5/2(z/d)? 8x 1073 5x1073
Rotor induced strain see end of section 4 0.057 0.061
Table 4 from VIR-0029A-24 in TDS Rotor deformation at 21 Hz numerical 0.03 <102
= Residual coupling (including magnetic) see section 5 <0.1 0.2
Ob_]CCt X [mm] y [Imn] Total quadratic sum 0.19 0.24
North near | -1315.15 + 0.34 | -908.40 + 0.35
North far | -2137.68 + 0.34 | -1477.12 + 0.36
East near | -1319.80 +0.45 | 903.20 + 0.35 )
. East far -2145.33 + 0.45 | 1467.03 +1.10 2
axisg South near | 987.70 680.60 £ 0.98 ,‘%:,
N South far | 1810.70 # 03 1248.13 4 0.98 @ .
g Strain| at ¢p=34/.59°
0=(0,0) -1 7
=, y I Strain variation \.\
dg= 34.59 ~N
; 3 0 iz 6 A w3 512 P
ra
T
Nt 4
_____ + R _(5_y -
1 S South near ™., . . .
i Worst case scenario with South Near reference hole position
v .
-> Uncertainty on ¢ = 0.06° (1.05 mrad) = 0.06 %/sqrt(2) for 2 NCals
Beam axis

Figure 5 from VIR-0029A-24 in TDS
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NCal to mirror distance

Mirror position constrained within 5 mm around the mechanical center

e Using 2 NCals, the strain relative variation is about 0.01 %
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Normalized strain maximum variation within a circle

Parameter Formula hree/Ring near [%] | hrec/hinj far (%]
NCal to NCal distance 40d/d 0.14 0.11
NCal to beam axis angle (&) dosin(o) 0.04 0.04
Positioning | NCal to mirror distance (d) numerical 0.01 0.01
NCal twist (v) numerical <1073 <3x103

NCal vertical position (z) 5/2(z/d)? 8 x 1073 5x 1073
Rotor induced strain see end of section 4 0.057 0.061

Rotor deformation at 21 Hz numerical 0.03 <1072
Residual coupling (including magnetic) see section 5 <0.1 0.2
Total quadratic sum 0.19 0.24
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NCal twist

Beam axis

Figure 1: Top view of a rotor in
the reference frame of the tower.
In black is shown a rotor with no
twist and in red is the same ro-
tor with a positive twist ¢». The
rotor is at an angle ¢ from the
beam axis.

Figure 1 from VIR-0530A-23 in TDS

e Optimal twist y for maximal signal = 12°
o  Minimize the uncertainty

Setup Ymaxatl.7m Ypaat2.1m

North 12:03°2 11.68°
East 11.45° 11.55°
South 12.05° 12152

Table 8: Twist 1max associated to the maximum signal for each setup distances.

normalized strain h/h

Parameter Formula hrec/hinj near (%] | hrec/hing far [%]
NCal to NCal distance 46d/d 0.14 0.11
NCal to beam axis angle (¢) d¢sin(¢) 0.04 0.04
Positioning | NCal to mirror distance (d) numerical 0.01 0.01
NCal twist () numerical <10~ <3 x 10~
NCal vertical position (z) 5/2(z/d)? 8 x 1073 5x 1073
Rotor induced strain see end of section 4 0.057 0.061
Rotor deformation at 21 Hz numerical 0.03 <1072
Residual coupling (including magnetic) see section 5 <0.1 0.2
Total quadratic sum 0.19 0.24
Normalized strain h/h, for twisted rotor
. . yldeg]
Figure 3 from VIR-0530A-23 in TDS
. . . _ °
- Twist uncertainty (mechanical) = 0.1
Setup with ¢ = 12°  Amplitude deviation [%] at 1.7 m  Amplitude deviation [%] 2.1 m
North B 24x1073
East 3.8x107° 32x107°
South (5 e - 118 s =
Table 9: Relative amplitude deviations for different NCal to mirror distances at a fixed 1) = 12° + §yp = 0.1°.
9

Tables 8 and 9 from VIR-0029A-24 in TDS
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NCal vertical position

Parameter

Formula

rec/hinj near (%]

hrec/hing far [%)]

NCal to NCal distance 46d/d 0.14 0.11
NCal to beam axis angle (¢) d¢sin(¢) 0.04 0.04
Positioning | NCal to mirror distance (d) numerical 0.01 0.01
NCal twist () numerical <103 <3x10-3
NCal vertical position (z) 5/2(z/d)? 8 x 1073 5x 1073
Rotor induced strain see end of section 4 0.057 0.061
Rotor deformation at 21 Hz numerical 0.03 <1072
Residual coupling (including magnetic) see section 5 <0.1 0.2
Total quadratic sum 0.19 0.24

Using the survey measurements of the elevation of the reference plates we
transfer this value to the elevation of the NCals relative to the reference plates.

NCal

| axis elevation [mm]

NNN (1.7 m)
NNF (2.1 m)
NEN (1.7 m)
NEF (2.1 m)
NSN (1.7 m)
NSF (2.1 m)

-3.52 + 0.64
-3.40 = 0.78
-3.87 £ 0.12
-3.35 +£0.12
-8.18 = 0.90
-8.57 £ 0.90

Table 7: Axis elevation of each NCal.

Table 7 from VIR-0029A-24 in TDS

In the worst case scenario (8.57 mm with a 0.90 mm error) the elevation offset for a NCal is below
This offset translates to a signal variation of 9 x 1072% at 1.7 m and 6 x 1072% at 2.1 m, using
the simple analytic formula. The results of a FROMAGE computation are similar: |8 KT 2% at 1.7 m|and

15x1073% at 2.1 m.|

10
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Rotor induced strain

Density of the materia

Parameter Formula hrec/Rinj near [%] | hrec/hin; far [%)]
NCal to NCal distance 45d/d 0.14 0.11
NCal to beam axis angle (¢) dpsin(o) 0.04 0.04
Positioning | NCal to mirror distance (d) numerical 0.01 0.01
NCal twist (¥) numerical <10—3 <3x1073
NCal vertical position (z) 5/2(z/d)? 8 x 1073 5x10-3
Rotor induced strain see end of section 4 0.057 0.061
TRofor deformation at 21 Hz numerical 0.03 <10™
Residual coupling (including magnetic) see section b <0.1 0.2
Total quadratic sum 0.19 0.24
R4-10 rotor parameter advanced model (23°C) NCal 2f signal uncertainty
name mean value uncertainty formula value (%)
Density p (kg.m %) 1442.3 0.2 op/p 0.014
Thickness b left sector (12 sub-sectors) (mm) 104.416 3
Thickness b right sector (12 sub-sectors) (mm) 104.415 exdl abjh 0008
Tmaz left sector (12 ext sub-sectors) (mm) 103.840 oy
Tmaz Tight sector (12 ext sub-sectors) (mm) 103.838 gl 40T maz /Tmaz gL
G (m?kg~ls?) 6.67430 x 1071 | 1.5 x 1071 0G/G 0.002
oh| AT
Temperature 7" (°C 23 143 — = 0.024
emperature 7" (°C) | | h
Modelling Uncertainty 0.001
FROMAGE grid uncertainty 0.005
Opening angle and sector asymmetry uncertainty 0.002
Remaining geometry uncertainty =% 10
Total uncertainty from the rotor (quadratic sum) | 0.034 |

Table 10 from VIR-0203A-24 in TDS

11
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R4-10 rotor advanced model (23°C) NCal 2f signal uncertainty
name mean value uncertainty formula value (%)
] ] Density p (kg.m ) 1442.3 0.2 5p/p 0.014
Rotor induced strain S e | R | | e | s
reer Gl b | 930 | 2 | | o0
. . G (mPkg'.s2) 6.67430 x 10~ | 1.5 x 1015 5G/G 0.002
Density of the material T | LIS | o
delling Uncertainty 0.001
_ FROMAGE grid uncertainty ] 0.005
VIR-0160A-22 and VIR-0193A-24 on TDS e e ety Sneeay S
Total uncertainty from the rotor ic sum) 0.034 |
Figure 2 shows an outline of the faces and side of the cylinders with each measurement points shown as
colo;ed dots. T.here is a t(:]tla] of 40 .poi;lts of mea.sure; on each cﬁ&)de:fo‘.detlerminefthe voIEJme. P(?ints on Computation method R4-01 | R4-02 | R4-03 l R4-04
one face are mirrored on the opposite face meaning for instance that "z,," point on face up is associated to Weighted density [kg.m=] 2808.0 | 2508.2 | 28082 2808.1
24" on face down. =
Density p,s.. [kg.m~-3] = 2808.1 |
U &
j R » oo Table 8 from VIR-0160A-22 in TDS
@ ]
o) o Measurements [ Column 1 (21.2°C) | Column 2 (21.35°C)
Mean diameter D [mm] 210.028 210.023
o Ie) Mean height /1 [mm] 109.864 109.865
Mass m [kg] 10.6998
e .o Density p (kg.m™3) 2811.0 | 2811.2
[ Density pa3ec (kg.m~) 2810.8
Table 1 from VIR-0859A-22 in TDS

Figure 2: Outline of the faces and side of the cylinders, colored dots represent where the measures will be
taken. From left to right, face up, face down, side.

Average value | Cylinder 1 | Cylinder 2 | Cylinder 3 | Cylinder 4

In figure 2 we notice that the inner points (red colored points) are closer to each other than the outer points D [mm] 211.040 211.047 211.029 211.054
(blue colored points), the perimeter described by the outer points compared to the inner points is larger by h (weighted) [mm] |  114.021 113.987 114.042 114.028
a factor 2. To not bias the density we will then apply a weight of 0.5 on the interior points while computing Mrescaled [kg] 2:7554 27933 2:7562 97054
; _3y. | 21°C 1443.0 1442.9 1443.1 1443.0
the mean height. o [kgm™3]
2C 1442.3 1442.2 1442 .4 1442.3
=> Density know up to 0.2 kg.m”?-3 [ Density p,,.. [kg.mA-3] = 1442.3 [
€ Aluminum density uncertainty = 0.007 % Table 4 from VIR-0193A-24 in TDS

€ PVC density uncertainty 0.014 % 12
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Rotor induced strain

Metrology of machined rotors
VIR-0203A-24 and 9 others on TDS

R4-10 rotor

advanced model (23°C)

NCal 2f signal uncertainty

name mean value uncertainty formula value (%)
Density p (kg.m > 1442.3 0.2 Splp 0.014
Thickness b left sector (12 sub-sectors) (mm) 104.416 e
Thickness b right sector (12 sub-sectors) (mm) 104.415 ke ab/b £:008
Tmaz left sector (12 ext sub-sectors) (mm) 103.840 3
T Tight sector (12 ext sub-sectors) (mm) 103.838 5X1078 | A0fmaz/tmaz | 0.018
G (m kg Ts?) 6.67430 x 10T [ 1.5x 10T 0G/G 0.002
Temperature T' (°C) 23 15 5IAT, 0.024
P : oT| h ;
lling Uncertainty 0.001
FROMAGE grid uncertainty 0.005
Opening angle and sector asymmetry uncertainty 0.002
Remaining geometry uncertainty <5x 10~7F
Total uncertainty from the rotor ic sum) 0.034 |

To determine the geometry of the rotor we will use the same method as for R4-01 (see VIR-0591C-22). The
thickness was measured using 16*2 = 32 points for the sectors and 8*2 = 16 points for the inner part. In
addition we measured the outer diameter using four more points than the previous rotors for a total of 4*3
= 12 points. The measurement points are shown in fig. 1. We will use the drawing values for the inner

diameter.

outer

Down ” P 1, Up
@ (@) (&}
) o o
) e e
O 6 0‘
L

Figure 1: Outline of the faces of the rotor with the measurement points. Left is face up, center is face down
and right is the side view of the left sector. Sectors have been labelled L for left sector and R for right sector.

=> Rotor dependant

13
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Rotor induced strain : Temperature

VIR-0203A-24 and 9 others on TDS

Operating temperatures at f = 21 Hz in the NE building: T=23+1.5°C

Signal uncertainty due to temperature uncertainty
Aluminum rotors = 0.007 %

o
o

PVC rotors

Tdeg.C

T deg.C

=0.024 %

dataDisplay v10r1S : started by syx on Nov 20 2023 14:09:44 UTC

R4-10 rotor advanced model (23°C) NCal 2f signal uncertainty
name mean value uncertainty formula value (%)
Density p (kg.m ) 14423 02 5p/p 0.014
Thickness b left sector (12 sub-sectors) (mm) 104.416 o
Thickness b right sector (12 sub-sectors) (mm) 104.415 ke ab/b £:008
Tmaz left sector (12 ext sub-sectors) (mm) 103.840 =
Fman Tight sector (12 ext sub-sectors) (mm) 103.838 5X1078 | 40fmaz/rmaz | 0.018
G (mikgls?) 6.67430 x 10~ | 1.5 x 10°15 5G/G 0.002
Temperature T' (°C) 23 15 O5[AT, 0.024
P : T h ;
I ncertainty 0.001
FROMAGE grid uncertainty 0.005
Opening angle and sector asymmetry 0.002
Remaining geometry uncertainty =5 =100
Total uncertainty from the rotor ic sum) 0.034 |

NCal_NEF_motor_T_mean |

1383436800.0000 Nov 7 2023 23:59:42 UTC

NCal_NNN_motor_T_mean |

NCal_NNN_box_T_mean
26
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1383436800.0000 Nov 7 2023 23:59:42 UTC
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R4-10 rotor advanced model (23°C) NCal 2f signal uncertainty |
name ‘mean value uncertainty formula value (%) |
[ [ u Density p (kg.m2) 144233 02 5p/p 0.014
[ ] Thickness b left sector (12 sub-sectors) (mm) 104.416 3
Rotor induced strain : Modellin jor st IO B B PR
n Tmaz left sector (12 ext sub-sectors) (mm) 103.840 s
Pz Tight sector (12 ext sub-sectors) (mm) 103.838 5X1078 | 40fmaz/rmaz | 0.018
G (mPkg s 6.67430 x 10711 | 1.5 x 10-15 5G/G 0.002
VIR-0203A-24 and 9 others on TDS Temperaure T (O » 15 | [BAT ] oo
O\ h
Uncertainty 0.001
FROMAGE grid uncertainty 0.005
Opening angle and sector asymmetry uncertainty 0.002
" Remaining geometry uncertainty <5x 107
Total uncertainty from the rotor ic sum) 0.034_|

Rotor modelling uncertainty = difference between a simple and a more refined geometry in FROMAGE*
-> Rotor dependant

0O 8%
Dla

Advanced rotor geometry, sub-sectors with different thickness and

Simple rotor geometry, averaged values for sectors _ _
radius, opening angles...

e Each block is made of 8x17x14 sub blocks (grid size) for both cases

Figures 2 and 5 from VIR-0203A-24 in TDS 15

*FROMAGE is a simulation tool developed for gravitational effects induced by rotating masses using a Finite Element Analysis (FEA) and written in C/C++ (see VIR-0759B-20 in TDS)
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R4-10 rotor advanced model (23°C) NCal 2f signal uncertainty
name mean value uncertainty formula value (%)
" " ] Density p (kg.m *) 14423 0.2 olp 0.014
L] Thickness b left sector (12 sub-sectors) (mm) 104.416 s
Rotor induced strain : Opening angles == = o0 = -
L[ ] Tmaz left sector (12 ext sub-sectors) (mm) 103.840 =
Tmas Tight sector (12 ext sub-sectors) (mm) 103.838 PR e || GO0
G (m*kgLs?) 6.67430 x 1011 | 1.5 x 1015 5G/G 0.002
VI R_O203A_24 and 9 Others On TDS Temperature T (°C) 23 T3 g—;|A—hT 0.024
delling Uncertainty 0.001
FROMAGE grid uncertainty 0.005
Opening angle and sector asymmetry uncertainty 0.002
Remaining geometry uncertainty <5x 10~7
Total uncertainty from the rotor ic sum) 0.034
e  Opening angles and asymmetry uncertainty (rotor dependant) [1 0.002 %
Figure 15: Method used to determine the
uncertainty on the opening angles using
the video microscope. In red are shown
the points used to determine the two lines
for the opening angle computation, the red
dotted circles represent their uncertainty
(+ 2 pm). The theoretical angle e, is
equal to /2, ay and «_ are the maxi-
mum and minimum values of the error on
this angle. The proportions have been am-
plified for the visualization. This method
combines the uncertainties in the most pes-
simistic way making them conservative.
e Remaining uncertainty geometry < 5e-4 %
L, Up K — - 5 & "R,
D& Down
oz I: 1
3 o s . . .
Video Measuring microscope
Figure 19: Offset of the centers of the centers to the axis center in mm. Left is face up, right is face down. L 1 6

sector is shown in blue and R sector in red.

Figures 15 and 19 from VIR-0591C-22 in TDS
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Rotor deformation at 21 Hz

PVC is expected to undergo more deformation than aluminum
e Compute the rotor elongation
o Using simple analytical model (spring and mass)

o Using FEM of rotor geometry to confirm
e Impact on signal for a 21 Hz rotation

o Aluminum rotor = < 1e-2 %

o PVC rotor =0.03 %

Elongation of a PVC rotor sector

elongation [um]

fot = 50 Hz : max elongation = 32.1um

.= 21 Hz : max elongation = 5.7 um

Parameter Formula hrec/Ninj near (%] | hrec/hinj far (%]
NCal to NCal distance 46d/d 0.14 0.11
NCal to beam axis angle (¢) d¢sin(¢) 0.04 0.04
Positioning | NCal to mirror distance (d) numerical 0.01 0.01
NCal twist () numerical <103 <3x103
NCal vertical position (z) 5/2(z/d)? 8x 1073 5x1073
Rotor induced strain see end of section 4 0.057 0.061
Rotor deformation at 21 Hz numerical 0.03 <1072
Residual coupling (including magnetic) see section 5 <0.1 0.2
Total quadratic sum 0.19 0.24
= Rotor
£
E .
N ] N =
0.06 4 Y S
0.04 2 - _
13 , 3
0.023
0
-0.02—
10.04— S5 T
-0.06 —
0.0 — o
T I T
¥ 3,004 41 -0.05 0 0.05 0.1
'my x [mm] 17




Residual coupling

e Rotate the rotor about 90°
o  Actually 89.7° due to rotor/mirror size
e Expect cancelation of NCal signal
e Measured residual signal : 0.1 %
o Aluminum rotor
o Partis due to alignment/twist uncertainty
o  Other part from parasitic coupling : residual magnetic field

Hrec_hoft_20000Hz_Gated_500Hz__ FFT

)
=1
3 //V
g
5107
7]
10%
102
e~ WMMM
-23 L | N L 1 L | L 1 . L | X
107 405 a1 415

Hz

1387602100.00 Dec26 2023 05:01:22 UTC dt:4000s nAv:43

Parameter Formula hrec/hing near (%] | hrec/hing far [%]
NCal to NCal distance 46d/d 0.14 0.11
NCal to beam axis angle (¢) d¢sin(¢) 0.04 0.04
Positioning | NCal to mirror distance (d) numerical 0.01 0.01
NCal twist (v) numerical <103 <3x103

NCal vertical position (z) 5/2(z/d)? 8x 1073 5x1073
Rotor induced strain see end of section 4 0.057 0.061

Rotor deformation at 21 Hz numerical 0.03 <1072
Residual coupling (including magnetic) see section 5 <0.1 0.2
Total quadratic sum 0.19 0.24

18




O4 NCal uncertainty budget

PVC rotors Aluminum rotors
Parameter Formula hrec/hinj Dear (%] | hrec/hinj far (%]
NCal to NCal distance 46d/d 0.14 0.11
NCal to beam axis angle (¢) d¢psin(o) 0.04 0.04
Positioning | NCal to mirror distance (d) numerical 0.01 0.01
NCal twist (1) numerical <108 < 8l

NCal vertical position (z) 5/2(z/d)? 8 x 1073 b X6~
Rotor induced strain see end of section 4 0.057 0.061

Rotor deformation at 21 Hz numerical 0.03 < 1072
Residual coupling (including magnetic) see section 5 <0l 0.2
Total quadratic sum 0.19 0.24
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