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Abstract

In this note we present the computation of the mechanical Qs in the test masses of the Advanced
Virgo interferometer and their thermal noise. The losses in the test masses are mainly due to the
HR coatings on their front faces, however the effect of the bonding layers present in wire
attachments systems and in the magnets can give a non-negligible effect that can influence the final
losses of a few percent. We have developed a FE model with Ansys including all the mechanisms
mentioned above. A study of the expected mirror losses with the steel suspension wires is also
presented. In this note we also recall some results obtained during the study of the thermal noise
in the interferometer Virgo+. The results are useful to have some hints for the Advanced Virgo
thermal noise prediction.

1 The Advanced Virgo test masses

The Advanced Virgo test masses have a mass of 42 kg, on their lateral sides there are fused silica
interface pieces called ears which are used for the monolithic suspension system with fused silica
wires (see Figure 1-1). For this reason, the ears have slots which allow the fiber, having a T-shaped
attachment piece at the bottom (anchor), to be slotted in and connected to the ear in compressive
load. The ears are fixed to the test mass sides by silicate bonding (hydroxide-catalysis bonding)
and the anchors are fixed to the ears with same method, forming a quasi-monolithic final stage.
This method of attachment allows the low mechanical loss of the mirror to be preserved by
eliminating the use of higher loss metal wires and the consequent losses due to the frictions and
slippages in the coupling points with the test masses (spacers and break-off points).

ANSYS

R14.5
Academic

Figure 1-1: Advanced Virgo test mass and its clamping system

Because of the failures occurred on the silica suspension, in a first phase, the Advanced Virgo
mirrors will be suspended with steel wires. For this reason, 4 spacers have been attached on the
lateral sides of the test masses in order to allow the steel wires to pass over the ears and to be
positioned at the correct distance (see Figure 1-2). The spacers are attached with the silica bonding
technique, so also the layers of these bonds are in included in the model for the losses computation.



VIR-0494A-17

Evaluation of the quality factors Issue:2
ced of the mirrors in Advanced Virgo Date: 4/2/2019
irgo Page 3 of 40

0.080 (m)
1

Figure 1-2: Detail of the suspension with the steel wires.

1.1.1  The ears and anchors design

The fused silica ears and anchors provide an appropriate interface to couple the fibers to the
mirror lateral sides via the hydroxide-catalysis bonds. The criteria used to make an optimized
design of the interface standoff pieces are that the ears must provide a safe interface between the
mass and the fibers with a minimum safety factor of 3 in strength. Moreover, the thermal noise
level for a single test mass resulting from ears and anchors attachment bonds must be lower than
the mirror thermal noise level due to its internal and coating losses.

In Virgo+ the anchors were attached to the ears with a “soft silicate bonding” (NazSiz07 water
solution)[45] (previously named as ‘water glass’), a solution more similar to a commercial glue in
the bonding procedure, which permits to easily detach them from the ears in case of failure. For
this reason, the geometry of the anchors is optimized for this purpose. Those zones attached in this
way had a lower breaking strength with respect the hard silicate bonded one and can be more
dissipative than that one.

In Advanced Virgo, it has been decided to attach the anchors with the same silicate bonding type
as for the ears, so, although a bigger force is needed to detach the anchors in case of failure, a low
mechanical dissipation is ensured.

We are aware that coating losses dominate in current estimates of the thermal noise, however we
have paid some attention on the losses that can be introduced by the presence of the silicate
bonding zones.

The finite element model is very useful also to understand if the dissipations in the bonded zones
of the ears, anchors and spacers can spoil the test mass and wires loss angles and, in case, to have
indications in the optimization of their design.
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Figure 1-3: Study of the stress (Pa) distribution on the bonds. The optimization was perfomed by designing round
edges on the ears in the Advanced Virgo clamps.

In Advanced Virgo the anchors and ears design were optimized to keep the bonded interface
stresses within the safety levels already experienced and tested for the Virgo+ monolithic
suspensions. To this aim the design of the ears are similar to Virgo+ and are attached with hard
silicate bonding having a breaking strength of about 6 MPa, while the anchors are shaped to allow
an easier detachment in case of wire failure and attached with soft silicate bonding [3][4] (see
Figure 1-3). Also the spacers, adopted in the configuration with the steel wires suspension are
attached softly to allow an easy detachment when we will pass to the monolithic suspension.

2 Dissipation angles and thermal noise calculations using
ANSYS program

The quality factor of the mirror modes can be calculated taking into account all the dissipation
mechanisms present on the test mass. We have that the total loss angles can be written as:

E;
Doveran = Z (of Kot =

_ Ecoat Elayers Emags Espacers
= Gmateriar + Peoar E + ¢layers E + ¢magnets E— + ¢spacers E— +
tot tot tot tot

where E; are the strain energies stored at a given frequency by the dissipative volume with loss
Ei
Etot

angle ¢; so that the ratios are the dilution factors of each loss mechanism.

With aid of the FEM we can calculate the dilution factors for each mechanism in the model, and

then give the prediction of the quality factor at a given frequency. Of course, the accurate
knowledge of the loss angles makes accurate also the prediction of the Qs.

Thermal noise can be calculated using the method proposed by Levin[13]. The average dissipated
power, Wiaiss, caused by deformation of test mass by a notional force, Fo, associated with a test
pressure having the same spatial distribution as the laser cross section at measurement frequency
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fand temperature T, is proportional to the thermal noise power spectrum, outside the resonance
zones, through the equation:
Levin 4 kT
Sy (w) = wZ—FOZZ Waiss
The dissipated power can be expressed as function of strain energy, ¢, and loss factor, ¢
WdiSS =274 .[S(X, Y, Z) ¢(X! Y, Z) dv
vol
The finite element analysis package ANSYS Workbench® is used to calculate the strain energy
density g(x,y,z) of elastic deformation of a test mass driven by an oscillating Gaussian pressure of
peak force magnitude Fo. The average dissipated power is then obtained from the integral of this
energy density multiplied by the mechanical loss (which is inhomogeneous) over the volume of
the mass. The thermal noise contribution is thus obtained from the average dissipated power using
the fluctuation-dissipation theorem.

We note that this expression holds in the off-resonances zones and can be used also for the
suspension thermal noise outside the pendulum frequency. To validate the model, we have
calculated the thermal noise of the simple mirror four-wires suspension using the strain energies
of the wires and the mirror given by ANSYS, through the expression:

Equation 2-1

4k,T
w F?

S)I;EM (w) = 2 (¢wires (w) Ewires (w) + (bmirror Emirror (w))

where F, is evaluated using the Ansys meshing on the mirror face as the sum:

2 2 2
F, = YW p, A; where P, = nwzz e 2O +Y{)/Wheam is the applied gaussian pressure on the it
beam
facet at (x;, y;) on the mirror surface meshing with area 4;.

We have compared with the theoretical expression:

Equation 2-2

4 kT Pwires(@)wd 4 kT
S)I(TEM (w) = 2 ( e L )2)= 2 2P mirror Emirror

M w 2\2, (2 w F?
(wz_wp) +(“’p¢wires(w) o

The agreement is very good, so we have used this method for predicting the payload suspension
thermal noise including all the dissipations present in the system.

In the plot shown in Figure 2-1 we can see that the pendulum thermal noise crosses the mirror
thermal noise at a few tenths of Hertz, then it does not affect it above that frequency value. For this
reason, to have an estimation of the overall mirror thermal, we have computed it withoutincluding
the suspension system, and then we added it to the suspension thermal in a second step. This
method is useful to save computing time and memory occupied by the solution.

The detailed mirror model includes the ears, the magnets, the anchors (or the spacers, in case of
the steel wires suspensions) and their bonding layers, which can play an important role for the
losses computation. It is calculated from 10 Hz up to a few kHz.

The suspension thermal is calculated from a few Hz up to about 100 Hz, and includes the mirror
mass and the marionette mass with its wire. A difficulty in the evaluation of the suspension thermal
noise is the estimation of the loss angles of the wire attachment systems both on the test
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Figure 2-1: Thermal noise spectrum of a mirror suspended to four silica wires. The FEM result is compared with
the pendulum thermal noise and the mirror bulk thermal noise. The agreement is optimal.

masses and the marionette. Such losses can affect the violin modes as well as the mirror quality
factors. The measurements of the mechanical quality factors of the violin modes and of the mirror
internal modes are used to make an estimation the loss factors by performing a fit with the Q’s
predicted by the FEM.

Alot of work has been already done in this direction showing some results (see notes [2],[10],[1]),
deduced by a not yet complete FEM and based on the measurements performed on the payloads
of the interferometer Virgo+. Here we want to give a wider and more complete analysis that it
shows to be useful for a better comprehension of the results and to give a realistic prediction of
the thermal noise in the Advanced Virgo suspension system.

3 The quality factors of the test masses.

The model of the test masses in Virgo includes the bonding layers and the HR coating on their front
side. This model was used to calculate the quality factors limits on the mirror internal modes and
the thermal noise limits due to such dissipations. The mechanical properties of the mirrors in
Virgo+ and Advanced Virgo are given in the Table 3-1, Table 3-2 and Table 3-4.

3.1.1 Loss angles evaluations associated to the thin layers

The analysis method used is based on solid elements that, historically, are not well suited to
representing very thin layers.

To this purpose, a preliminary work was carried out using shell elements to simulate the bond.
However, further work showed that shell elements are not suitable for modelling constrained
surfaces because of the inability of shell elements to model shear stresses which are the dominant
effect in the evaluation of the strain energy. This led to the development of a method which can
accurately model very thin surfaces in solid elements.
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Virgo+
INPUT (North, West) END (North, West)
Thickness (mm) 100.40,99.25 99.95,99.90
Diameter (mm) 350 350
Flats height (mm) 50 100
Mass (kg)(£0.02 kg) 21.32,21.07
Material Properties p =2202kg/m?3
Y =723 GPa
o =0.17
Advanced Virgo
ITM ETM
Thickness (mm) 200 200
Diameter (mm) 350 350
Flats height (mm) 50 50
Mass (kg)(£0.02 kg) 42.3 42.3
Material Properties p =2202 kg/m?
Y =723 GPa
o =0.17

Table 3-1: Data used in the FEM of the test masses

The technique used in the note [1] to solve this problem relied on an extrapolation from much
thicker bond regions. By plotting the thermal noise against thickness, it was possible to get and
approximation of the thermal noise at much lower thicknesses than were measurable.

However, this technique relies on the linear dependency with thickness that is not verified in all
the cases. This could allow a correct extrapolation at the desired values only in those cases where
the bonding area is smaller with respect to the area where it is attached, or in the case of the
coatings where the shear deformation is not dominant.

Recently, with the Ansys Workbench mesh tools it is possible to model the thin bond layers by
using a swept mesh to circumvent this problem. A swept mesh uses a 2-D mesh on one surface
which is then extended through the body, the size parameters for the surface mesh and the number
of layers can be specified by the user so avoiding the usual mesh limitations. Although the bond
area is being modeled using very highly deformed elements, comparisons with analytical
calculations for simpler cases give weight to the simulation results using this novel method [15] .

With ANSYS Workbench® it is also possible to calculate the strain energy density U of elastic
deformation associated to the internal mode shapes to foresee the losses at these frequency values.
The loss angle of a layer, is related to the fractional energy in that volume lost during the mode
oscillation and can be written using the formula:
Ulayer
chayer (Wmodae) = U—¢layer
tot

being Uqy., the strain energy in the layer volume, U, the overall strain energy of the mode and
@iayer the material loss term.

3.2 Coating modal losses and thermal noise

The coating multilayer is treated as a composite material characterized by effective properties
defined in the following formulas [16]:

Y., =
T hy+hy
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Equation 3-1

_ oY h (1= o) + oy Vyhy (1 — 0f)

% T Y b (1= o) + Yyhy (1 — 0)
_ pLhy + puhy
et = ", + hy

Ourr = QLhY, + oyhyYy
eff h.Y, + hyYy

Where the subscripts ‘L’ and ‘H’ refer to the low and high refraction index materials (silica and
Tantala pentoxide) respectively.
The properties of the high index material can be calculated taking into account the amount of
Titania doping in it, through the expressions:

oy =

— YTaYTL‘

Yratri + Yritra ,
_ ra¥ratra(1 — 0fa) + orYritri(1 — 07y)
Yratra(1 = 0fy) + Yritri(1 — o)

Yy

_ Pratra + Pritri

PH
tTa + tTi

Equation 3-2

where the properties of the materials are given in the Table 3-2.
In the model a very dense meshing was used in the bonded zone.
To calculate the thermal noise the beam induced deformation of test mass was performed with a
1 N normalized force and a Gaussian profile with the waist values given in the Table 3-1. The
results are given in the Table 3-3.

Virgo+ Mirrors

Coating Properties

INPUT (North, West)

END (North, West)

Coating Diameter (mm)

200

330

pra = 6850 kg/m3

(Tas02) YT‘; B i4(())263Pa py = 5995.3 kg/m? py = 5995.3 kg/m?
High index material tTT:: 67 % Yy = 214 GPa Yy = 214 GPa
_ ((ZTZ'TBOS Lot i = 4260 leg /3 oy = 0.255 oy = 0.255
Y S Doping material (Ti) Yri =290 GPa
or; = 0.28
tri =33 %

Low Index Material

pL = 2202 kg/m3

pL = 2202 kg/m3

o g LT
¢ =(46%0.1)10"° L= L=
i:Tas02) Thickness . um . um
Ti:Tas02) Thick 0.771 2.699
i02) Thickness . um X um
Si02) Thick 1.210 4.055

Effective properties (See
Formulas) and
calculated losses

pefy = 367823 kg/m?
YIM = 109.7 GPa
oM = 0.194
ol =1.62107*

perf! = 3717.6 kg/m?
YEM =110.7 GPa
o =0.223
o5} =164107*

Table 3-2: Coating properties for Virgo+ mirrors
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INPUT MIRROR END MIRROR
Coating Losses
Frequency Uirn 6 Frequency Ugrm 6
(Hz) —Um Pirm Qirm (10%) (Hz) —Umt PeTM Qerum (10°)
Butterfly (1,2) 3966-3998 4110°° 6.7107° 150 3938-3983 2.6107* 421078 24
Drum 5677 5.21075 8.6107° 120 5647 29107* 461078 22
Butterfly (3,4) 7641-7712 2.010°° 3.3107° 300 7595-7684 2.3107* 3.81078 26
Coating Thermal Noise (1 Mirror)
U Thermal U Thermal
Beam Waist UITM Prrm Noise m/ Beam Waist UETM Perm Noise m/
tot m tot m
@100 Hz (with
Gaussian 225 mhalf= | g4 404 14107 | 1.110720 5:5 cm half- 22107 35107 1110720
width width
pressure)

Table 3-3: FEM results for coating losses in Virgo+ mirrors

Advanced Virgo Mirrors

Coating Properties

INPUT (North, West)

END (North, West)

Coating Diameter (mm)

350

350

pra = 6850 kg/m3

(Tas0) YT‘; = f‘g 263P a py = 5995.3 kg/m? py = 5995.3 kg /m?
High index material ¢ T“__67' % Yy = 214 GPa Yy = 214 GPa
(Ti:Tas02) Lo 202 oy = 0.255 oy = 0.255
9 =(24+04)10™* pri = 4260 kg/m
Doping material (Ti) Yri =290 GPa
o =028
tr =33%

Low Index Material

p, = 2202 kg/m3

p, = 2202 kg/m?

T s
@ = (4.0 +0.1)1075 o= oL =5
(Ti:Tas02) Thickness 1.05 um 2.61 um
i02 ickness .64 um .83 um
Si02) Thick 1.64 3.83

Effective properties (See
Formulas) and
calculated losses

pofy = 40163 kg/m®
YITM = 985 GPa
o™ = 0203
oI = 1.45 107

pEFM = 4085.8 kg/m?
YoM = 99.6 GPa
o= 0204
ol =148107*

Table 3-4: Advanced Virgo Mirrors Coating properties

INPUT MIRROR END MIRROR
Coating Losses
Frequency Uirm 6 Ugrm 6
10 10
(Hz) Upa: Pirm Qirm (10%) Upar PETM Qerm (10°)
Butterfly (1,2) 5735-5740 471075 6.8107° 146 1.1107* 1.7107°8 60
Drum 7842 521075 7.5107° 133 1.2107* 181078 54
Butterfly (3,4) 9933-9951 461075 6.7107° 150 1.1107* 161078 61
Coating Thermal Noise (1 Mirror)
Thermal
U, . U Thi I Noi
Beam Waist % Prrm Noise m/ Beam Waist % PETM erm?/H_mse
tot iz tot m/vVHz
@100 Hz (with
Gaussian 4'8%‘;1]}:3” 6.1107° 8.9107° 521072! | 5.8cm half-width 15107 22107® 811072
pressure)

Table 3-5: FEM results for coating losses in Advanced Virgo mirrors

There is a difference between the gwinc code [24] and the FEM outputs. Referring to the Figure
3-1, the gwinc evaluation (using the coating model ) for the Advanced Virgo mirror is about 15%
lower than the FEM probably because there is a difference in the used parameters. We inserted the
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effective elastic properties and loss angle defined in the formulas (Equation 3-1) using the doped
high refraction index material properties (Equation 3-2) with a measured loss angle of 2.4 10-4.

Coating Brownian
107 : :

.............. c i == Coating Brownian noise {(gwinc)
O SO s ——Coating Brownian noise (FEM)

Strain [1/V Hz]

10 10 Frequency [Hz) 10

Figure 3-1: Coating Thermal Noise evaluated with the FEM of the mirror and with theoretical formulas in gwinc.

Wire Attachments

Hard Silicate Bonding
60 nm (phi=0.1)

Soft Bonding
/1\ 100 nm (phi=0.1)

Figure 3-2: Sketch of the wire attachment system in Virgo+ mirrors
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0.100 (m)

Figure 3-3: Advanced Virgo Test mass and the wires attachment system

3.3 Silicate bonded layers losses and thermal noise

The layers formed by the silicate bonded zone in the ears and in the anchors for the Virgo+ and
Advanced Virgo mirrors are described in the Table 3-6 and Table 3-9. In our computation we
have taken the bonding layers properties already presented in the paper [15] and in the note [2].

3.3.1 The case of Virgo+

For the mirror of Virgo+ the results of the simulation are shown in the Table 3-7. The curves are
shown in the Figure 3-4 and compared with the mirror coating thermal noise. In the Error!
Reference source not found. the expected overall quality factors and the overall thermal noise at
100 Hz are shown. In the Error! Reference source not found. the measurements of the Virgo+
mirrors quality factors are listed and in the Error! Reference source not found. a comparison
with the FEM expectations is sketched.

We recall here some conclusions drawn from the analysis performed on the notes [1],[2],[10],
and confirmed by the simulations.

1. The effect of the anchors attached with water glass is negligible in the mirror Qs;

2. The FE analysis results, together with the measurements in the laboratory confirm that
the low Q of the WI mirror drum mode cannot be due to the water glass attaching the
anchors. A possible explanation of such a low Q can be given by the interaction with the
violin modes that can suck energy to the closer mirror mode lowering their Q. In
particular, looking at the behavior of the Q of the violin modes in WI we observe that the
quality factor reaches its minimum values at frequencies around the drum mode resulting
in an accidental reduction of its quality factor. This behavior is present in all the mirrors,
indeed all the drum modes have a quality factor lower than expected by the FE analysis
and very close to the closest violin. In the NI mirror this effect shows up as a double
frequency drum mode, while in the WI mirror it is impossible to resolve any mode
degeneracy because of the very low Q.

3. The effect of the violin modes on the mirror Q was already observed in the past [11].
However, as shown in the case of the NI mirror on [1], the effects on the mirror thermal
noise in the frequency range of 100 Hz are negligible like the interaction with the violins
at those frequencies. For this reason a correct evaluation of the mirror thermal noise can
be given by taking the loss angle extrapolated by the highest measured Q.
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Ears
Layer Thickness 60 nm
Bonded Area 2 X 16 cm?
Anchors
Layer Thickness 100 nm
Bonded Area 4 x 3 cm?
Silicate Bonding
Mechanical Properties p =2200kg/m?
Y =79GPa
o=0.17
¢ =01

Table 3-6: Bonded zones in Virgo+ mirrors

INPUT MIRROR END MIRROR
Bonding Losses
Frequenc Frequenc
FHZ] y Pirm Qirm (106) ElHZ) y PeTM Qrrm (106)
3966 4.5107° 220 3938 1.0 1078 100
Butterfly (1,2) 3998 72107 140 3983 151078 68
Drum 5677 3.2107° 310 5647 5.5107° 180
7641 8.4107° 120 7595 2.11078 48
Butterfly (3,4) 7712 131078 76 7684 2.610°° 38
Bonding Thermal Noise (1 mirror)
U Thermal U Thermal
Beam Waist il Prrm Noise m/ Beam Waist ETM Perm Noise m/
Utor Viz Utor VHz
@100 Hz wir | 2:25 cm half- 55107 55107 | 231072' | 55cmhalf-width | 2.5107® 2.5107° 311072
Gaussian pressure) width

Table 3-7: FEM results for bonding layer losses in Virgo+ mirrors.

In the Figure 3-4 we show a comparison between the thermal noise of the mirror coating and that
one due to the bonding layers on the mirror. The computation was performed with the Levin
method explained in the paragraph 2, using the calculation of the strain energy vs frequency
obtained by the FEM model.

A technical remark is that in this kind of calculation we do not use the modal expansion method
because it is limited by the number of modes previously computed with the modal analysis, but we
used the full method.
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22

Thermal noise

= Coating 1IN
= Coating END

Strain 1/sgrt(Hz)

Frequency [Hz]

Figure 3-4: Virgo+ coating and silicate bonding layers thermal noise in comparison.

INPUT MIRROR END MIRROR
Total
Frequency (Hz) Qi (10%) Frequency (Hz) Qerm (10°%)
3966 87 3938 19
Butterfly (1,2) 3998 67 3983 17
Drum 5677 83 5647 19
7641 80 7595 16
Butterfly (34) 7712 53 7684 15
Total Thermal
Beam Waist Thermal Noise m/vVHz Beam Waist Thermal Noise m/VHz
@100 Hz (with 225 cm half- 1110720 5.5 cm half-width 1210720
Gaussian pressure) width

Table 3-8: Overall quality factors and thermal noise at 100 Hz for the Virgo+ mirrors



(@=

Evaluation of the quality factors
of the mirrors in Advanced Virgo

VIR-0494A-17
Issue:2
Date: 4/2/2019

Page 14 of 40

3.3.2

Advanced Virgo

We have computed the quality factors and the thermal noise for the Advanced Virgo test masses.
Only the modes with a frequency below 10kHz are shown in the tables however a more extensive
calculation has been performed up to 80kHz (see paragraph 6). The results are useful for study the

coupling between the mechanical modes and the optical modes and have an estimation of the of
the parametric instabilities in the interferometer.

Ears

Layer Thickness 60 nm

Bonded Area 2 x 12.5 cm?
Anchors

Layer Thickness 60 nm

Bonded Area 4 x 1.6 cm?
Magnets

Layer Thickness 60 nm

Bonded Area 4 x diameter 6 mm
Soft Silicate Bonding
Mechanical Properties p = 2200 kg/m?
Y =79GPa
o=017
¢ =0.1

Table 3-9: Bonded zones in the Advanced Virgo mirrors

Overall Bonding Layer Losses

F i Qru (10°)

Butterfly (1,2) | 5701-5704 100,1600
Drum 7797 760

Butterfly (3,4) | 9856-9866 142-73.6

Layers Thermal Noise (1 Mirror) @ 100Hz

Overall
(magnets+anchors+ears)

1.210"2'* m/vVHz

Overall for steel susp.
(magnets+spacers+ears)

1.0 1072 m/VHz

Ears 0.9 1072 m/v/Hz
Anchors 0.6 1072 m/vHz
Magnets 0.36 1072 m//Hz
Spacers

0.34 1072 m/vHz

Table 3-10: Calculated losses and thermal noise related to the bonding layers on the Advanced Virgo Test Masses.

If the steel suspensions are adopted the anchors are not present but the spacers layer losses must be included. In
this case the overall thermal noise is slightly different.
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Thermal noise

0 f y i
F [ N ==Coating IN
~Coating END

T T
[ —Layers (monolithic)
\ Layers (steel wires)

== Anchors
Ears

~~ Spacers

~~ Magnets

[m/sqrt(Hz)]

10

2 3 4
10 10 Frequency [Hz] 10 10

Figure 3-5: Plot of the thermal noises generated by the layers and the coatings in the test masses of AdV.

10" T T T

IN Coating 1
- END Coating
10 =

107 = =

| 1 1 | 1 Il |
1 2 3 4 5 6 7 8
Frequency [Hz] 10¢

Figure 3-6: Q of Advanced Virgo mirrors due to the coating losses.

3.4 Suspended test masses FE model

The finite element model of the payload last stage suspension includes the marionette, the
monolithic suspension of the mirror and, in the case of Virgo+, also the reaction mass. The clamps
on the marionette are included in detail to evaluate the thermal noise contribution of these
elements.

3.5 Virgo+ payload

The model was used to calculate the quality factor of all the modes of the overall system and then
to compare them with the measurements on Virgo+. The results of such a comparison were very
crucial to make an extrapolation of the dominant losses in Virgo+ and were helpful for an
optimization of the payload design in Virgo Advanced.
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Figure 3-7: FEM model of the Virgo+ payload and upper clamp details of the simulation.

We have simulated the complete payload of the Virgo+ mirrors including the bond layers, the
coating and the upper clamps detail as shown in the figure. The reaction mass geometry was
simplified as we are not interested to its internal modes, and to the violin modes of its suspension
wires. In the Figure 3-7 the fiber upper clamps model is shown in detail.

The overall quality factor is calculated by the formula:

Equation 3-3

1 1 1 1 1
Qror = + + + +

QTMwires QRMwires QUpClamps QDownClamps Qmario

Each term influences also the frequency behavior of the Qs, and it is given by the expression

-1
Q= (¢i %)

¢, are the loss angles of each payload component. The influence of the reaction mass is mainly due
to its recoil via the suspension wires and is present only in the pendulum modes of the payloads.
For this reason, in this analysis we kept only the loss term due to the steel wires suspending the
reaction mass and we have neglected its mass term. Its values were extrapolated from the Q of the
pendulum modes.

U; and U,,; are the taken by the output of the FEM analysis.

The quality factor of the lower clamps contains the bond layers on the mirrors used to attach the
anchors and the ears. For the bond layers we have used the loss angles shown in the Table 3-6.

With this model we were able to compute the Qs of the violin modes up to the 20th order.

During the measurements campaign on the violin modes of the Virgo+ payloads, a deep analysis of
the results were performed and from the FEM model we were able to extrapolate the loss angles
of all the contributors for each payload. The results are shown in the Table 3-11.
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The comparison with the measured ones in shown in the Figure 3-9 (NI case). We notice that from
the violin modes is also possible to extrapolate the effective loss angle of the marionette

Wire Attachments

Hard Silicate Bonding
60 nm (phi=0.1)

Soft Bonding

{I\ 100 nm (phi=0.1)

Figure 3-8: System of clamping of the silica wires to the lateral side of the mirror. The T-shaped wire ends are
attached to the ears through the soft silicate bonding. The ears are attached to the mirror flats with hard silicate
bonding. Their properties are summarized in the Table 3-9

body which is of the order of 10-3. The marionette can influence the violins Q frequency behavior
above 5 kHz.

[ Wi NE WE
Pmario 8103 | 1-510° | 4103 110*
Pupciamps 1.110* | 110* | 1.310* 510*
PrMWires 110° 210" 210° 410*

Table 3-11: Extrapolated loss angles in the Virgo+ payloads.

This role of each payload suspension part is shown in the Figure 3-10 where the quality factors of
the bond layers (orange dots) and of the silica wires (green dots) are plotted in comparison with
to the overall Qs (red dots). It is evident that the bond layers Qs are higher than the wires ones and
then their contribution is negligible. The agreement between the violin modes measurements
(blue dots) and the prediction can be found if the main dissipative mechanism in the
suspension system is attributed to the clamps on the marionette.
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Figure 3-9: Plot of the predicted Q of the violin modes compared with the measured ones (NI payload case). The
pendulum Q (below 1 Hz is useful to extrapolate the losses of the RM suspension wires)
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Figure 3-10: Q prediction of the violin modes in Virgo+: comparison between the various dissipative terms. An
higher Q indicates low mechanical dissipation. The effect of the bond layer losses is negligible with respect to the
other main dissipative element which is the clamping system on the marionette.

4 The coupling of the bulk modes and the violin modes

If a given mirror frequency is close to a violin mode, a coupling between them can be possible. This
coupling occurs through the wire attachment point on the mirror lateral side. In this condition
there is an energy transfer and the resulting mirror (and violin) Q can change with respect to the
uncoupled status.

When there is a strong coupling between the modes, i.e. the two frequencies are equal, two normal
modes appear, having a Q closer to the lowest one. In the note [1], paragraph 1.1.4, this effect was
treated by using the double oscillator formalism and used to explain the behavior of the NI double
drum mode (see the Figure 4-1). In that case the Q of the double coupled modes was around 3 105
like the violins Qs around that frequency and much lower than the expected drum Q of about 8 107.
Despite the very low Q, it was demonstrated that such a coupling does not influence the thermal
noise level in the frequency range below the affected bulk mode which then is already due to the
mirror losses.

To better give an interpretation of the coupling between bulk and wire modes, we have performed
a more detailed study using the FEM.

As a first step we have studied the Q behavior of a Virgo+ (100mm thick, 21 kg) mirror bulk modes
by varying the four wires lengths (from 0.75m to 0.85m), consequently shifting the violin mode
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frequencies of a few Hertz. We have supposed ¢,;,; = 107° and ¢, = 2.5 1072 as uncoupled
loss angles.

In the Figure 4-2 we have plotted the Q of the drum mode vs the frequency of the nearest violin
mode. As soon as the frequency of the wire approaches the mirror drum the energy exchange
becomes more and more strong so that the Q of the drum decreases until they are the tuned. This
effect starts to be evident already at a few tenth of Hertz from the violin mode, and it shows up as
a reduction of the mirror Q.

The mirror frequency shifts are normally observed in the interferometer and are correlated to the
temperature changes in the towers, this behavior was also useful to identify the mirror lines in
Virgo+ interferometer (see in [1]). Although the temperature is controlled and kept in the
suspension halls within + 1 °C, this small variation can result in modifying considerably the
coupling between the mirror and the wire modes.

The elastic properties (E, = 72.2 GPa, o, = 0.17) modify with the temperature. For the fused
silica we have that: YA% =1.84- 10‘4% for the Young modulus and GA% =25-10"* %for the

dataDisplay v9r12p10 : started by virgorun on Jul 15 2011 09:32:32 UTC I

V1:Pr_B1_d2_ACp_40K.over.V1:Ca_lnj_Qs_Mir__ TRFCT

voltsivelts

5650 5660 5670 5680

V1:Pr_B1_d2_ACp_40K.over.V1:Ca_lnj_Qs_Mir__ TRFCT

Phase {rad)
N

n_=5671.8Hz; n = 5676.2 Hz 0 n. N, s
n-n _n 2

n =--__-=_9° P v '
b 2 2 5650 5660 5670 5680 -
_ _ _ 992864131.07 : Jun 23 2011 11:35:16 UTC dt:52.435 nAv:6

no_ nXHI - ndrum - 5674 HZ
— — -7 . .

m=M,, My, = 6x10 XIII violin - NI drum mode degeneracy

P. Rapagnani: Il nuovo Cimento v5, n4, 1982, p385 The lOWGSt Q dom]nates

Figure 4-1: Case of the input test mass of the Virgo+ interferometer, North Arm. The coupling with the violin mode
splits the drum mode into two frequencies. Their quality factors are lower. The XIII violin in the x direction is also
present.

Poisson ratio giving [1] a shift coefficient of 0.6-0.8 Hz/K for the drum mode and much smaller
for the wires (about 0.02 Hz/K).
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Figure 4-2: Q of the drum mode vs the frequency of the nearest violin mode. The minimum value is approached
when the two mode have similar frequencies.

We have studied the coupling effect between the drum mode and the nearest violin mode by
varying only the Young modulus for the Suprasil of the test mass, with the aim to reproduce a shift
like that one observed in a Virgo+ suspended mirror. We have set different wires with slight
difference in the diameters (250 um,260 um,270 um,290 um). This set up was useful to study the
coupling with only one wire and see this effect better. Moreover, this can be consistent with the
real setup where the wires diameters are not completely equal.
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Figure 4-3: Evolution of the quality factor (lower plot) of three modes (drum (red dots) and two violins (blue
squares and green triangles)) vs the Young Moduluss and their frequency evolution (upper plot).

We focused our attention to the case of the drum mode (5645 Hz with an uncoupled Q of 40 10¢)
near the two XVth violin frequencies (5667.0 Hz, 5671.0 Hz with uncoupled Q of 109). In this study
the wire loss angle is 10-6 and the bulk loss angle is 2.5 10-8. The Young modulus varies from 71
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GPa to 72 GPa. In Figure 4-3 the Q evolution of the three modes vs Y is plotted (zoomed around the
tuning conditions). As soon as the Y value increases, the drum frequency increases approaching
one violin. The quality factor of the drum (red dots) decreases (from a starting value of 5 107) and
the violin mode Q (blue squares) increases till they coincide. After the first resonance the drum
increases until it joins the other violin (green triangles) in a second resonance condition. At
resonance the Q's coincide and are equal to about 2 10°¢. In the Figure 4-4 the evolution of drum Q
is plotted vs the difference between its frequency and the first uncoupled violin frequency. In this
case the three modes have similar mode shapes and they are undistinguishable. We notice that
also when the difference between the uncoupled modes is of few tenths of Hertz (see Figure 4-4)
the quality factor of the drum mode is lower than its nominal value. This aspect suggests that we
must be careful in using the measurements of Q of the mirror bulk modes to draw their loss angle.

3107

2510

1510
1107

5 10° . ., et N

b Z
-2.510' -210' -1.510' -110' -5 10° 0 510"
dv(Hz)

Figure 4-4: Q of the drum mode vs the difference between its frequency and the closest violin mode. When Dnu=0
we have the tuning condition. Here we have two resonance conditions because there are two violin frequencies
very close to the drum one.

The thermal noise of the coupled system (case B, blue curve) near these frequencies is shown in
the Figure 4-5 compared with the uncoupled case (red curve). The blue plot is similar to the real
case measured in the input mirror of the North arm in the Virgo+ interferometer.

Strain Thermal Noise Curves
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Figure 4-5: Thermal noise in the uncoupled and coupled case (B)

As shown in the Table 4-1 the quality factors of the three coupled peaks are 1.7 106, 1.2 109, 1.7
106 (case B, blue curve), while for the uncoupled case we have 40 106, 1.0 106, 1.0 10¢. In Figure
4-6 we shown the thermal noise curve for the two cases. The evaluation is done in the case of the
coupling between the drum mode and the violin mode (case B) and compared with the predictions
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using the bulk loss angle (uncoupled case) and the loss angle drawn by coupled drum mode Q. The
agreement is with the thermal curve computed using the bulk loss angle.

Vdrum (HZ) Vvioll (HZ) Vviol2 (HZ)
erum(106) Qvioll(loﬁ) QV1012(106)
Uncoupled 5645.0 40 | 5667.0 5671.0
1.0 1.0
A. drum coupled with 5668.9 1.9 | 5666.1 5671.2
violl 1.9 1.1
B. drum coupled with 5670.8 1.7 | 5666.9 5670.3
viol2 1.2 1.7

Table 4-1

Strain Thermal Noise Curves

Erm T T T T T T T T T T T T T 1

—~Foreseen Thermal with phi=2.5e-£
op ——Foreseen Thermal with phi=1/Qdrum
—Thermal Mirror (FEM) : : Lo : : ; H

................ i

10" L i I F | L \\\iuu

Frequency [Hz]

Figure 4-6: Mirror thermal noise, computed in the whole frequency range. The evaluation is done in the case of the
coupling between the drum mode and the violin mode (case B) and compared with the predictions using the bulk
loss angle and the loss angle drawn by coupled drum mode Q. The agreement is with the thermal curve computed
using the bulk loss angle.

We can conclude that to evaluate the thermal noise of the test mass, only the intrinsic losses
of the of the bulk and the coating must be used. Any energy loss coming from a resonance
mechanism exchange (like for the suspension wires) will affect only the quality factors
around the involved resonances but will have negligible effect elsewhere.
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Figure 4-7: Silicate bonding layers between anchors and ears

5 Effect of the thickness of the bonding layers on thermal

noise
One of the variables during the monolithic assembly procedure is the thickness of the bonding
layers between the anchors and the ears. For this reason we have studied what can be the effect
on the mirror and pendulum thermal noise by varying such a thickness.

Thermal@s@hicknesspl

Coating END 25mme //
Coating IN S.SIIIImE':,/(/
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10 100 1000 10* 10°

10—25

Figure 5-1: Strain thermal noise at 100 Hz of the anchors layers vs their thickness. As a comparison the ear
bonding and mirror coating thermals are plotted.

In the Figure 5-1 the thermal noise at 100 Hz of the anchors layers is plotted vs their thickness.
These results are compared with thermal levels of the ears silicate bondings and the coating layers
on the test masses. It is shown that if the thickness is greater than 8.5 pum, the thermal of the
anchors bondings starts to dominate on the overall thermal noise of the mirrors.



VIR-0494A-17

Issue:2

Evaluation of the quality factors
ced of the mirrors in Advanced Virgo Date: 4/2/2019
irgo Page 24 of 40

We have done a similar study at 10Hz, where the thermal of the anchors bonding can influence the
pendulum thermal. In this case the pendulum thermal is reached at a thickness of about 4 pm.

The conclusion of this study is that, to be in a safe condition it is crucial that the anchors
layers thickness does not exceed a thickness of 1 um.

107
5 Wires pendulum thermal 3.8lihmE">/
I
=
o
9
1023 SiBo to attach Anchors
102 Thickness of the anchors bonding (nm)
10 100 1000 10*

Figure 5-2: Strain thermal noise at 10 Hz of the anchors layers vs their thickness. As a comparison the pendulum
thermal is plotted.

5.1 Effect of the ears damages on the contact zones of the anchors

Due to the several breaking accidents occurred on the Advanced mirrors [5][6][7], some damages
are present on the mirror ears, at the level of the attaching points of the anchors. These damages
are a kind of small holes on the ears having various shapes and depth. As a consequence, the
polishing of some zones in the ears is compromised and it could happen that during the bonding
procedure an excess of glue can fill these holes. For this reason, the thickness of the silicate bonding
layers can increase in some zones. We have evaluated if the small zones of thicker deposits can be
effective on the thermal noise of the test masses.

From an accurate inspection of the damaged ears we have seen that the defect holes can extend up
to 10% of the overall bonded area of the anchors and can be about 100 um deep. So, we have
studied three different defects geometry as shown in the picture.

Case 1: This defect has an area of 4 mm? which is about 0.7% of bonding area between the anchors
and the ear (580 mm?)(Figure 5-3), the predicted thermal noise at 100Hz is 2.5 10-22 m/Hz1/2. For
several defects of this shape, covering 10%(58 mm?) of the bonding area we have:

9.7 10-22m/Hz1/2

Case 2: This defect has an area of 19 mm? (Figure 5-4), the predicted thermal noise at 100Hz is 5.8
10-22 m/Hz!/2. For several defects of this shape, covering 10% of the bonding area we have:
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10 10-22m/Hz1/2

Case 3: This defect has an area of 19 mm?2 (Figure 5-4). In this case we have considered three
possible configurations:

a. all the glue filling the defect and attached to the ear

b. all the glue filling the defect but detached from the ear

c. all the glue filling the defect but attached only on the lateral surface of the cylinder.
The predicted thermal noise at 100Hz for defects covering 10% of the area we have:
a.7.7 1022 m/Hz1/2

b. 2.3 10-22 m/Hz1/2

b. 3.7 10-22 m/Hz/2

These results the following comments:

1. A recommendation is not to fill the holes with the glue;

2. Thermal noise is depending not linearly with area, as the presence of other thinner glue on
the hole border is better.

N
§
§
N
§
§
N

SN

Figure 5-3. On left: anchor layers, where a defect can be present. Rigth: case 1. The defect is a hole in the ear
having a squared area (4 mm?2) and 0.1 mm thick.
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Figure 5-4. Left: case 2. The defect has a rectangular area with a dept of 0.1mm. Right : circular defect.

6 Bonding layers loss effect on the quality factors of the
modes. Evaluation up to 70 kHz.

The silicate bonding losses must be included in the computation of the overall Q of the mirror
because they give a non-negligible loss contribution especially at frequencies above 20kHz.

We have already shown which are the quality factors associated to the layers (see Table 3-10) and
(Table 3-5)

The main contributions of such losses come from the ears bondings (see Figure 6-1, yellow dots)
which play a crucial role in reducing the overall mirror Q with respect to the expected one only
due to the coating (see Figure 6-1, blue and red dots).
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Figure 6-1: Contribution of the losses of the various silicate bonding layers.
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