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1 Introduction

This document describes the mechanical mounts that hold the optical components of the Advanced Virgo
Injection Mode Matching Telescope (MMT). After a short description of the telescope design, the mechanical
parts realized at the Laboratoire AstroParticule et Cosmologie (APC) are described - plans are in attached files
- and the validation tests are presented.

2 Mode Matching Telescope Design

The complete description of the Advanced Virgo Injection Mode Matching Telescope is provided in [1, 2]. In
this document, the optical configuration and the telescope requirements are shortly summarized.

2.1 Optical configuration

The MMT, installed on the Suspended Injection Bench, is a catadioptric telescope composed by two parabolic
mirrors and one meniscus diverging lens1. The layout is presented in figure 1. The great advantage of this
configuration is its compactness which is mandatory because of space constraints on the bench. The two
parabolic mirrors form an afocal off-axis parabolic telescope which increases the beam size by a factor 8.5 (i.e.
from 2.6 mm to 22 mm). The diverging lens is used in combination with the Power Recycling mirror to further
enlarge the beam size and match it to the interferometer.

Figure 1: Advanced Virgo Input Mode Matching Telescope layout.

2.2 General requirements

The main requirements of the Injection MMT are given in the table 1. Considering manufacturing errors on
optical elements parameters and alignment errors, the telescope should have the capacity to recover a matching
with the interferometer higher than 99 %.

2.2.1 Requirements on the displacement ranges of the optical elements

Requirements on the displacement range of the optical elements of the telescope have been computed using a
Monte Carlo simulation (ZemaxTM software). We have considered errors on the surface of the optics - radii of

1The Power Recycling Mirror is the fourth element of the telescope.
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Parameter Requirement

Mode matching on the ITF ≥ 99%
Noise coming from diffused and back-reflected light ≤ AdV sensitivity / 10

Telescope dimensions ≤ 800 mm x 350 mm

Table 1: Injection Mode Matching Telescope requirements.

curvature (RoCs) and surface irregularities - and errors on the input beam parameters. All the details of the
study are described in [1]. In this document only the main results are summarized because they have driven
the design of the mechanical mounts and their motorizations.

• Radius of curvature errors

Errors in the RoCs set limits on the translation ranges. The potential error on the RoCs of the telescope optics
considered here is 1%, which is an usual value given by manufacturers. In order to compensate for these errors
and recover an optimal matching (> 99%) on the interferometer 2 compensators can be - alternatively - used:
the distance between the two parabolic mirrors and the distance between the meniscus lens and the PR mirror.
Results are summarized in table 2.

Optical Element RoC Value (mm) MMT M1 / MMT M2 (mm) PR AR / MMT L (mm)

MMT M1 1270 ± 13 ± 6 ± 150
MMT M2 90 ± 1.5 ± 0.8 ± 25

MMT L face 1 1038 ± 11 ± 2 ± 50
MMT L face 2 2900 ± 29 ± 0.7 ± 21

PR AR 3590 ± 36 ± 3 ± 81

Table 2: Tolerancing results of the study: RoC values with errors and correspondent ranges of the compensators.

• Input beam errors

The input beam coming from the Faraday isolator and impacting on the telescope could present errors on the
waist size or the waist position. If we consider - reasonable - errors on the beam waist size of 4 % and errors
on the beam waist position of 500 mm, it is possible to recover a matching higher than 99 % by changing the
distance between the PR mirror and the meniscus lens less than 1 mm.

• Surface irregularities

Typically the manufacturers give an accuracy on the Peak-to-Valley (PtV) surface irregularities of the order of
λ/5 and an rms of λ/50. To compensate for these errors and recover a matching higher than 99 %, the distance
between the two parabolic mirrors should be adjusted by +/- 0.6 mm or the distance between the meniscus lens
and the PR mirror by +/- 15 mm.

2.2.2 Requirements on the motorization of the degrees of freedom

A tilt or a miscentering of the optics of the telescope induce coma and spherical aberrations. The Monte Carlo
simulation has been run considering errors in the alignment of the optics. The maximum tilt and miscentering
allowed to keep a matching higher than 99 % during the alignment phase are presented in table 3. The
motorization should allow a minimum incremental motion much lower - a factor 10 - than the values in table 3.

A first alignment of the mounts will be done by hands with a precision of few - 2 or 3 - millimeters. Then,
motorizations will be used in order to meet the requirements and have reproducible motions. Actuators have
to be compatible in a vacuum level of 10−6 mbar. The most critical degree of freedom is the alignment between
the two parabolic mirrors MMT M1 and MMT M2. Therefore, closed-loop actuators are used. The transversal
position of MMT M2 is less critical and two open-loop actuators are used to center the laser beam. Moreover,
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Defect MMT M1 MMT M2 MMT L

Tilt 300 µrad 425 µrad 17 mrad
Miscentering 100 µm 100 µm 100 µm

Table 3: Maximum tilt and miscentering allowed for the optics of the catadioptric telescope during alignment
phase.

the laser beam is centered on MMT M1 by the angular movements of MMT M2, therefore the control of its
transversal motions is not necessary. For what concern the meniscus lens, it is important to center it in order
to avoid the introduction of aberration, but its alignment is less critical. Therefore, three open loop actuators
are used for its transversal and longitudinal degrees of freedom.

2.2.3 Requirements on the stability of the mounts

Once the telescope is aligned, the maximum tilt and miscentering allowed on the optics in a stable phase (during
science mode) have been computed in order to define requirements on the angular and transversal stability of
the mounts. Results are presented in table 4, setting the requirements for the design of the mechanical mounts.

Defect MMT M1 MMT M2 MMT L

Tilt 0.84 µrad 6.8 µrad 1 mrad
Miscentering 100 µm 10 µm 100 µm

Table 4: Maximum tilt and miscentering allowed for the optics of the catadioptric telescope during science
mode.

2.2.4 Requirements on the weight of the telescope

The weight of the Suspended Injection Bench + opto-mechanical parts has been estimated to 160 kg. This
estimation has driven the design of the Super-Attenuator (filters). The MMT isn’t the only part on the bench,
it has to be lower than 20 kg in order to respect the estimation and meet the requirements.

2.2.5 Requirements on the resonance frequencies: diffused light noise projection

The projection of the diffused light noise by the MMT compared to the AdV sensitivity is shown in figure 2
[6], where the displacement of the mounts is considered equal to the displacement of the bench. In reality the
displacement is amplified by the resonances of the mounts. This set a requirement on the resonance frequencies
and the quality factor of the mounts: the noise coming from diffused and back-reflected light should be a factor
10 lower than the Advanced Virgo sensitivity.
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Meniscus lens: Projection of direct reflection (high 
micro-seism) 
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RAR=100ppm 
 

Figure 2: Scattered light noise projection: direct reflection of the second face of the meniscus lens.

3 Mechanical Mounts Description

In the following paragraph the properties of the mechanical mounts and the requirements in terms of movements
are described. The three mounts are realized in aluminum alloy (AU4G) in order to satisfy the requirements on
maximum weight and vacuum working condition (pressure of ∼ 10−6 mbar). A rotation system using gimbal
joints is used to increase the rigidity of these two mounts and also to decouple the two axis of rotation. On
MMT M1 and MMT M2, one of the parts - the gimbal joints - will be made of drawn bronze (UE9P) and
aluminum alloy to allow the rotation of the mount around the joints without friction.

The motions of the three mounts are provided by a system made of picomotors, rails and springs. The main
properties of the open loop picomotors, model 8301-UHV and 8303-V provided by NewportTM , are summarized
in table 5 (maximum speed, axial load capacity, maximum torque, ...). These picomotors will be installed on
the MMT L meniscus lens and MMT M2 parabolic mirror. The properties of the closed loop picomotors, model
8310-V provided by NewportTM , installed on MMT M1 and MMT M2 parabolic mirrors, are detailed in table
6.

The rails, which allow the guided motion along the three directions, are provided by Axmo PrecisionTM .
Crossed roller rails have been chosen because they are compact, they can support and guide high loads with
high accuracy, repeatability, low friction and they are characterized by a quite high rigidity.

The springs have to produce a force in the opposite direction with respect to the one induces by the picomotors.
They have been chosen to be such that their force is lower than the maximum load capacity of the picomotors,
which is 22 N, (to allow the picomotors to move) but higher than frictional forces and keep the picomotors in
contact with the mount. The characteristics of the springs used for the MMT L meniscus lens, MMT M1 and
MMT M2 parabolic mirrors are summarized in tables 7, 8 and 9.

The installation of two baffles is foreseen on the back of the two parabolic mirrors in order to dump the possible
transmitted light.

For all the mounts ”fake” optical elements in aluminum, characterized by the same weight and center of mass
of the real elements, are produced to perform the mechanical tests.
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Model 8301-UHV 8303-V

Travel Range 12.7 mm 50.8 mm
Minimum Incremental Motion < 30 nm < 30 nm

Maximum Speed 1.2 mm/min @ 2 kHz pulse rate 1.2 mm/min @ 2 kHz pulse rate
Axial Load Capacity 22 N 22 N

Maximum Torque 0.018 Nm 0.018 Nm
Vacuum Compatibility 10−9 Torr 10−6 Torr

Table 5: Properties of the picomotors installed on the meniscus lens and parabolic mirror M2 mounts.

Model 8310-V

Travel Range 12.7 mm
Minimum Incremental Motion < 30 nm

Load Capacity 22 N
Mounting 0.375 in. shank

Table 6: Properties of the picomotors installed on the parabolic mirrors M1 and M2 mounts.

x y z

Stiffness (daN/mm) 0.0562 0.0654 0.0138
Length (mm) 15.7 15.7 45.1

Diameter (mm) 6.2 7.2 9.5

Table 7: Properties of the springs installed on the meniscus lens mount.

pitch yaw z

Stiffness (daN/mm) 0.0654 0.0654 0.0654
Length (mm) 15.7 15.7 15.7

Diameter (mm) 7.2 7.2 7.2

Table 8: Properties of the springs installed on the parabolic mirror M1 mount.

pitch yaw x y

Stiffness (daN/mm) 0.0562 0.0562 0.0654 0.0562
Length (mm) 15.7 15.7 15.7 15.7

Diameter (mm) 6.2 6.2 7.2 6.2

Table 9: Properties of the springs installed on the parabolic mirror M2 mount.
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3.1 Meniscus Lens MMT L Mount

This mount has to hold a meniscus lens with a diameter of 150 mm and a thickness of 25 mm. The total
weight, including the lens, is 5.1 kg. Following 2.2.4, the MMT L mount has to allow translations along the
three orthogonal directions (x, y, z)2. Figure 3 shows a view of the 3D design of the mount.

Figure 3: Meniscus lens MMT L mount design.

The picomotors are 8301-UHV for the movements along x and y and 8303-V for the motion along z. The ranges
in the three directions provided by the picomotors are ∆x = ∆y = ± 6 mm and ∆z = ± 25 mm. The distance
between the PR mirror and the meniscus lens could vary in a range of ±150 mm (2), which is larger than
the travel range of the picomotors (± 25 mm). Therefore, the meniscus lens will be pre-aligned by hand with
a precision of few millimeters and only the final tuning will be made by the picomotor, as explained in the
paragraph 2.3.

Moreover, the minimum incremental motion of the picomotors (30 nm as explained in table 5) satisfy the
requirements for the alignment of the telescope, as described in 2.2.4.

Figure 4 shows two pictures of the meniscus lens mount realized at the APC.

2x and y are defined as the horizontal and the vertical axes orthogonal to the beam propagation and z as the axis parallel to
the beams propagation and, therefore, parallel to the axis of the lens.
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Figure 4: Meniscus lens mount.

3.2 Parabolic Mirror MMT M1 Mount

This mount has to hold a parabolic mirror with a diameter of 150 mm and a thickness that varies between 15
mm (thin side) and 32 mm (thick side). Its total weight, including the mirror, is about 4.20 kg. It has to allow
movements along one longitudinal (z) and two angular (pitch and yaw) directions. Figure 5 shows one view of
the 3D design of the mount.

The used picomotors are all closed loop 8310-V. The ranges of the movements are respectively ∆θx = ∆θy = ± 85
mrad and ∆z = ± 6 mm. They meet the requirements summarized in tables 2 and 3 to align the mirror.

Figure 6 shows two pictures of the parabolic mirror M1 mount realized at the APC.
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Figure 5: Parabolic mirror MMT M1 mount design.

Figure 6: Parabolic mirror MMT M1 mount.
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3.3 Parabolic Mirror MMT M2 Mount

This mount has to hold a parabolic mirror with a diameter of 30 mm and a thickness that varies between 8 mm
(thin side) and 14 mm (thick side). Its total weight, including the mirror, is about 2.4 kg. The mount has to
allow movements along two transversal (x,y) and two angular (pitch and yaw) directions. Figure 7 shows one
view of the 3D design of the mount.

Figure 7: Parabolic mirror MMT M2 mount design.

The two picomotors used for the angular movements are 8310-V, whereas the two ones used for the longitudinal
motions are 8301-UHV. The ranges of the movements provided by the picomotors are respectively ∆θx = ∆θy =
± 420 mrad and ∆x = ∆y = ± 6 mm, which meet the requirements summarized in tables 2 to align the mirror.

Figure 8 shows a picture of the parabolic mirror M2 mount realized at the APC.
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Figure 8: Parabolic mirror MMT M2 mount.

4 Mechanical Tests

In order to validate the mechanical mounts the following tests have been performed:

• characterization of the displacements (translation and rotation);

• short term and long term stability;

• measurement of the resonance frequencies and quality factors.

Tests have been performed both in-air and in-vacuum in order to study the behavior of the mounts in its final
working condition. A mechanical comparator and a system of two optical levers have been used to check the
movements and the stability. In order to measure the resonance frequencies of the mounts, an electromagnetic
excitation has been used.

4.1 Characterization of translations and tilts

In order to check the right functioning of the mounts, movements in the various degrees of freedom are induced
by picomotors. During the experimental tests, only open loop picomotors - model 8301 - (whose absolute
position is not precisely known) have been installed3. All the mounts movements are measured using both a
mechanical comparator and an optical levers setup. Measurements are performed both in air and under vacuum.

4.1.1 Optical levers system

In order to measure the movements of the mounts and possible couplings among the different degrees of freedom
a system of two optical levers is used. Considering a system composed by one converging lens with a focal length

3For clearness reason and spare number of closed loop picomotors, the Injection Subsystem decided that all the tests will be
performed using open loop picomotors, even for MMT M1 and MMT M2.
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f , the longitudinal displacement x2 and the angular displacement θ2 at the output of the system as a function
of the longitudinal displacement x1 and of the angular displacement θ1 can be described as:

[
x2
θ2

]
=

[
1 d2
0 1

] [
1 0
−1/f 1

] [
1 d1
0 1

] [
x1
θ1

]
(4.1)

where d1 and d2 are the distances between the lens and respectively the input and the output of the system.
Therefore, the longitudinal displacement at the output of the system x2 is expressed as:

x2 =

(
1− d2

f

)
x1 +

(
d1 + d2 −

d1d2
f

)
θ1 (4.2)

From equation 4.2 it could be seen that the quadrant sensible only to the angular displacements should be
installed in the focal plane of the system (Far Field Quadrant, FFQ), whereas the quadrant sensible only to the
longitudinal movements should be placed in the image plane (Near Field Quadrant, NFQ).

A scheme and a picture of the implemented system are shown in figure 9.

Figure 9: Optical levers setup.

A He-Ne laser (model HNL008L-EC by ThorlabsTM ) is used as source of the input beam (output power P = 0.8
mW, beam diameter d = 0.48 mm, divergence θ∞ = 1.7 mrad). After impinging on a mirror held by the mount
under tests, the laser beam is divided by a beam splitter and is sent separately to the Near Field and the Far
Field quadrants. In both the optical levers a converging lens with a focal length of f = 500 mm is installed.
Two quadrant photodiodes of the model PDQ80A by ThorlabsTM are used. They are characterized by a peak
responsivity of 0.4 A / W at 633 nm, a transimpedance gain of 10 kV / A, a bandwidth of 150 kHz and a
sensing area of a diameter of 7.8 mm.

The calibration of the system has been made, first by calibrating the picomotors and then by calibrating the
quadrant photodiodes.

• Calibration of the picomotors

In order to measure a calibration coefficient between steps of the picomotors and radians for the angular
movements of the mounts, a folding mirror has been add on the optical system, just after the mount under test,
in order to send the beam on a screen at a distance of ∼ 2 m. Large movements of the mounts have been realized
in the angular degrees of freedom to visualize macroscopic displacement of the beam on the screen. By measuring
the distance between the mount and the wall it is easy to calculate the calibration coefficient between steps of
the picomotors and radians displacements of the mount. In order to measure a calibration coefficient between
steps of the picomotors and meters, a mechanical comparator is used. Large movements of the mounts have
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been induced in the longitudinal directions and the effective motions have been measured by the comparator
calculating easily the calibration coefficient between steps of the picomotors and meters. The results for each
mechanical mounts are summarized in tables 10, 11 and 12. Note that the incremental motion of the picomotor
quoted by the manufacturer is 30 nm. Since the picomotor is open loop the maximum angular motion for 1
step is 4.10−7 rad for M1 and 2.10−6 for M2, but it can be lower. Moreover, the maximum transversal motion
for 1 step should be 3.10−8 m for the three mounts. This is in agreement with the measurements obtained and
presented in the following tables.

NFQ x NFQ y NFQ z

rad / steps - - -
m / steps 2.10−8 2.10−8 2.10−8

Table 10: Calibration coefficients measured for the MMT L mount.

FFQ pitch FFQ yaw NFQ z

rad / steps 3.10−7 2.10−7 -
m / steps - - 2.10−8

Table 11: Calibration coefficients measured for the MMT M1 mount.

FFQ pitch FFQ yaw NFQ x NFQ y

rad / steps 3.10−7 2.10−7 - -
m / steps - - 2.10−8 2.10−8

Table 12: Calibration coefficients measured for the MMT M2 mount.

• Calibration of the quadrant photodiodes

At first, the linearity of the response of the quadrant has been checked in order to define the working range.
Starting from the center of the sensor, some measurements have been made up to the end of the sensible area.
Figure 10 shows an example of the obtained results. The response of the quadrant is linear up to an output
voltage of ∼ 0.65 V.

In order to obtain calibration coefficients in rad / V and m / V small calibrated displacements of the parabolic
mirror M1 mount have been made to measure the angular and transversal motions of the beam in the plane
of the quadrants. According to the tables 10, 11, 12 and considering the motions of the mounts calibration
coefficients for each quadrant photodiodes are calculated: for the Far Field quadrant the obtained coefficient is
3.10−4 rad / V, for the Near Field quadrant it is 3.10−4 m / V.

Note that these measurements have been made with an incertitude of the order of 10%, related to the measure
of the displacements on the screen (for the calibration of the picomotors) or the measure on the plane of the
quadrants (for the calibration of the quadrants).

Finally, an upper limit of the coupling between the two direction of each quadrants (Horizontal and Vertical)
and an upper limit of the coupling between the two quadrant photodiodes (FFQ and NFQ) have been found in
order to have the sensing matrix of the whole system (signals of the quadrant photodiodes are expressed in V,
angular movements in rad and displacements in m).


FFQV

FFQH

NFQH

NFQV

 = 3.3 ∗ 103


1 0.05 0.03 0.03

0.05 1 0.03 0.03
0.03 0.03 1 0.05
0.03 0.03 0.05 1



θx
θy
x
y

 (4.3)

Therefore, the upper limit of the coupling introduced between the two directions of each quadrant is 5 % and
the one of the coupling between the two quadrant photodiodes is 3 %.
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Figure 10: Measured response of the quadrant photodiode used in the tests.

4.1.2 In vacuum system

In order to make a characterization of the mechanical mount in vacuum, a cylindrical vacuum tank, characterized
by a diameter of 50 cm and a height of 30 cm, is used (figure 11).

Figure 11: Optical setup and vacuum tank.

Figure 12 shows the picture of the mechanical mount under test installed inside the vacuum tank together with
the coil system used for the electromagnetic excitation.

The typical trend of the pressure inside the tank is shown in figure 13.
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Figure 12: Parabolic mirror M1 mount installed inside the vacuum tank.
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Figure 13: Pressure trend inside the vacuum tank.
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4.1.3 Characterization of the motions of the MMT L Mount

The movements in the three translations (x, y, z) of the meniscus lens mount are first tested with a mechanical
comparator (see picture 14). For every test, the motion is induced in a single direction by the corresponding
picomotor. Tests for motions of different lengths have been performed (from 0.04 mm to 0.6 mm): in all the
measurements the mechanical mount in both directions (forward and backward) moved of the expected quantity,
confirming the good functioning of the system made of rails, springs and picomotors.

Figure 14: Mechanical comparator used for measurements of the movements of the mounts.

Moreover, motions are tested also with the optical levers. In particular, movements along z produce displace-
ments that are detectable by the horizontal direction of the quadrant. The behavior in air and in vacuum was
the same and, as an example of the obtained results, the displacement measured in air is shown in figure 15.

Figure 15: Test of the transversal of the meniscus lens mount in z direction in air.

In order to check that the mount correctly moves in x and y another method has been used: a tilted plane mirror
is glued on the fake lens held by the mount. In this configuration motions can be detected by the quadrants.
The tilt imposed to the mirror cannot be very large due to the geometrical constraints of the setup and cannot
be measured. The signals on the quadrants are not calibrated and we can only check that the measurements is
repeatable. Obtained results are shown in figure 16 and 17 for motions induced on the mount respectively in x
and y directions.
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Figure 16: Test of the transversal motion of the meniscus lens mount in x direction. In this configuration the
fake mirror is slightly tilted by an unknown amount in order to make the setup sensitive to transversal direction.
For this reason the calibration is not known and the motion is indicated in arbitrary units.

Figure 17: Test of the transversal motion of the meniscus lens mount in y direction. In this configuration the
fake mirror is slightly tilted by an unknown amount in order to make the setup sensitive to transversal direction.
For this reason the calibration is not known and the motion is indicated in arbitrary units.
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In conclusion, the MMT L mount moves correctly in the three (x, y, z) degrees of freedom and
the behaviour is the same in air and under vacuum. Several measurements have been made and
the movements are repeatable. The coupling between z and other degrees of freedom (x and y)
is less than 5 %, the same order of the system sensing noise.

4.1.4 Characterization of the motions of the MMT M1 Mount

Figure 18 shows a motion of the mount in the yaw direction and the corresponding motion in pitch measured
with the Far Field quadrant when the corresponding picomotor is actuated. A tilt with an amplitude of 60 µrad
is measured in yaw; while in pitch a motion less than 1 µrad is measured. The coupling between yaw and pitch
is less than 2 %.

Figure 18: Motion in yaw of the M1 mount: (left) yaw signal and (right) pitch signal.

Figure 19 shows a motion of the mount in pitch direction and the corresponding motion in yaw measured with
the Far Field quadrant when the corresponding picomotor is actuated. The pitch amplitude is 40 µrad and the
yaw is 2 µrad. The coupling between pitch and yaw is 5 %.

Figure 20 we show a typical displacement measured by the Near Field quadrant for a motion of the mount along
z.

In conclusion, the system of picomotors, rails and springs is working correctly on the MMT M1
mount. It induces a right movement of the mount. The coupling between the angular degrees of
freedom is less than 5 %, a value comparable with the coupling introduced by the sensing system;
it is enough to align the telescope, also considering that the final mount will be controlled by
closed loop picomotors.



AdV INJ MMT Mechanics

VIR-0584A-13
issue : 1
date : December 19, 2013
page : 19 of 39

Figure 19: Motion in pitch of the M1 mount: (left) pitch signal and (right) yaw signal.

Figure 20: Test of the transversal motion of the M1 mount in z.
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4.1.5 Characterization of the motions of the MMT M2 Mount

Figure 21 shows a motion of the mount in the yaw direction and the corresponding motion in pitch measured
with the Far Field quadrant when the corresponding picomotor is actuated. A tilt with an amplitude of 33 µrad
is measured in yaw; while in pitch a motion less than 1 µrad is measured. The coupling between yaw and pitch
is less than 3 %.

Figure 21: Motion in yaw of the M2 mount: (left) yaw signal and (right) pitch signal.

Figure 22 shows a motion of the mount in pitch direction and the corresponding motion in yaw measured with
the Far Field quadrant when the corresponding picomotor is actuated. The pitch amplitude is 53 µrad and the
yaw is 3 µrad. The coupling between pitch and yaw is 6 %.

Figure 22: Motion in pitch of the M2 mount: (left) pitch signal and (right) yaw signal.

In order to check that the mount correctly moves in x and y, the plane mirror held by the mount has been tilted.
In this configuration motions can be detected by the quadrants. The tilt imposed to the mirror cannot be very
large due to the geometrical constraints of the setup and cannot be measured. The signals on the quadrants
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are not calibrated and we can only check that the measurements is repeatable. Obtained results are shown in
figure 23 and 24 for motions induced on the mount respectively in x and y directions.

Figure 23: Test of the transversal motion of the M2 mount in x direction. In this configuration the fake mirror
is slightly tilted by an unknown amount in order to make the setup sensitive to transversal direction. For this
reason the calibration is not known and the motion is indicated in arbitrary units

Figure 24: Test of the transversal motion of the M2 mount in y direction. In this configuration the fake mirror
is slightly tilted by an unknown amount in order to make the setup sensitive to transversal direction. For this
reason the calibration is not known and the motion is indicated in arbitrary units

In conclusion, the system of picomotors, rails and springs is working correctly on the MMT M2
mount. It induces right movements of the mount. The coupling between the angular degrees of
freedom is less than 6 %, a value comparable with the coupling introduced by the sensing system.
Moreover, the mount will be controlled by two closed loop picomotors for the angular degrees of
freedom, allowing to have an absolute reference.
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4.2 Stability of the mechanical mounts

In order to detect any suspect anomalous glitch or drift of the mounts (that would be due to potential manu-
facturing defects), several short time and long time measurements have been done. These measurements have
been compared to the noise and the drift of the setup.

4.2.1 Noise of the optical levers system

The noise of the setup has been measured replacing the telescope mount under test with a standard mount,
similar to the other mounts of the setup (a post, a post holder and a mirror mount). Figure 25 shows the
measured signals.

Figure 25: Typical noise of the experimental setup in the four degrees of freedom: top (left) yaw, (right) pitch;
bottom (left) x, (right) y.

Results obtained for the rms values (on 60 s) are:

• equivalent pitch noise: ∼ 0.2 µrad

• equivalent yaw noise: ∼ 0.3 µrad

• equivalent x noise: ∼ 0.3 µm

• equivalent y noise: ∼ 0.6 µm

At the beginning of the experiment the main source of noise was due to air fluctuations and acoustic vibrations,
caused by the clean air system of the room . In fact, all the long time measurements showed the same behavior:
a small drift and many glitches. In order to solve this problem, the setup has been covers withs boxes. A
comparison between results obtained for the horizontal direction of the near field quadrant in two different
configurations of the setup - with and without boxes - is shown in figures 26 and 27. In particular, figure 26
shows a long time measurement (black curve: no protection boxes on the setup; purple curve: boxes on the
setup) and figure 27 (black curve: boxes on the setup; purple curve: no boxes on the setup) shows a short time
measurement: the level of the noise in the configuration with boxes and covers on the setup is much lower. All
the results presented in this document are obtained with boxes and covers on the experimental setup.

Another important source of noise is the scattered light that can recombine with the optical beam. In particular,
the main sources of scattered light and spurious beams are the two windows of the vacuum tank, the beam-
splitter, which is installed just at the output of the vacuum tank divides the beam in the Near Field and Far Field
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Figure 26: Near Field quadrant long time (16 hours) signal measured for a standard mount: comparison between
the configuration with boxes and cover on the setup and configuration without protections.

Figure 27: Near Field quadrant short time (60 s) signal measured for a standard mount: comparison between
the configuration with boxes and cover on the setup and configuration without protections.
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optical levers, and the protection windows of the quadrant photodiodes. Beams reflected by the quadrant are
dumped with diaphragms on the optical path. Beams back-reflected by the output window of the vacuum tank
and by the beam-splitter are more critical since they can be reflected by the wall of the tank and recombined
with the main optical beam. Therefore, the system is very sensitive to the alignment of the optical elements,
in particular of the optics under test. Figure 28 show the spectrum measured with the same standard mount
under test with two different alignments.

Figure 28: Spectra obtained in all degrees of freedom in two different alignment conditions of a standard mount:
top (left) pitch (right) yaw, bottom (left) x (right) y.

The different level of the noise between 10 Hz and 50 Hz and the short time rms seem to be due to the scattered
light. For this reason the comparison between the short time measurements of the optics under test and the
setup is not representative. Moreover, the spectra on the figure 28 cannot be exploited to conclude on the
resonance frequencies of the mounts, because they are limited by the setup noise. Transfer functions are needed
to measure the resonance frequencies of the mounts, as done in section 4.3.

4.2.2 Stability of the optical levers system

In order to characterize the stability and the drifts of the experimental setup, long time measurements (8 to
10 hours) have been made, using the standard mount. Figure 29 shows the long time measured signal in the
angular - pitch and yaw - and in the transversal - x and y - degrees of freedom.

Results on x, y, pitch and yaw drift are of the order of 5 µrad and 5 µm, probably limited by temperature drifts
(the installation of temperature probes is in progress to improve the system) and laser beam pointing stability.
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Figure 29: Typical signals of the experimental setup in the four degrees of freedom over 10 hours: top (left)
equivalent yaw, (right) equivalent pitch; bottom (left) equivalent x, (right) equivalent y.

4.2.3 MMT L mount

Figure 30 shows a comparison between long time (10 hours) measurements made respectively with the meniscus
lens mount and a standard mount (purple curve) under test. It can be noticed that the drift induced by the
meniscus lens mount and the rms are comparable with the ones of the setup. Then, no suspect drift are induced
by the meniscus lens mount and the stability seems to be limited by the experimental conditions. Moreover, no
suspect glitches are measured.

In conclusion, the stability of this mount have been studied. No suspect glitches (which could
be responsible of a mechanical problem in the mount) have been highlighted. Moreover, the
drift of the mount is compatible with the drift of the setup (4 µrad). The final mount will be
placed on a suspended bench, under vacuum, with a control of the temperature better than 0.1
degree (not the case in our experiment) which can improve the stability of the mechanical mount.
According to the table 4, during science mode the maximum tilt allowed for MMT L is 1 mrad
and the maximum shift is 100 µm. Previous results show that the MMT L mount respect the
specifications.



AdV INJ MMT Mechanics

VIR-0584A-13
issue : 1
date : December 19, 2013
page : 26 of 39

Figure 30: Ten hours measurement of the meniscus lens mount stability in the plane mirror configuration (black
curve) compared to the stability of the setup (purple curve): top (left) yaw, (right) pitch; bottom (left) x, (right)
y.

4.2.4 MMT M1 mount

Figure 31 shows a comparison between long time (10 hours) measurements made respectively with M1 (black
curve) and a standard mount (purple curve) under test. It can be noticed that the drift induced by M1 mount
is comparable with the one of the setup (of the order of 2µrad and 4 µm).

In conclusion, the stability of this mount have been studied. No suspect glitches (which could be
responsible of a mechanical problem in the mount) have been highlighted. Moreover, the drift of
the mount is compatible with the drift of the setup (4 µrad). As for the meniscus lens, the final
mount will be placed on a suspended bench, under vacuum, with a control of the temperature
better than 0.1 degree (not the case in our experiment) and using a stabilized laser beam. All
these improvements will allow to decrease the drift of the mount by a factor 3 or 4.
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Figure 31: Ten hours measurement of the MMT M1 mount stability (black curve) compared to the stability of
the setup (purple curve): top (left) yaw, (right) pitch; bottom (left) x, (right) y.

4.2.5 MMT M2 mount

Figure 32 shows a comparison between long time (12 hours) measurements made respectively with M2 (black
curve) and a standard mount (purple curve) under test. The drift of the M2 mount is compatible with the drift
of the setup which mean that we are also limited by the experimental conditions.

In conclusion, the stability of this mount have been studied. No suspect glitches (which could
be responsible of a mechanical problem in the mount) have been highlighted and the drift of
the mount is compatible with the drift of the setup (4 µrad). According to the table 4, during
science mode the maximum tilt allowed for M2 is 6.8 µrad and the maximum shift is 10 µm. The
previous results show that the M2 mount respect the specifications.
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Figure 32: Twelve hours measurement of the MMT M2 mount stability (black curve) compared to the stability
of the setup (purple curve): top (left) yaw, (right) pitch; bottom (left) x, (right) y.

4.3 Vibrational Study

The resonance frequencies and the quality factors of the telescope mounts are measured for two reasons:

• to make a catalog of the resonance frequencies useful during the commissioning for peak identification

• to evaluate the impact of the scattered light

In the tests, an electromagnetic actuator is used for the excitation of the mounts. The transfer function
between the quadrant signals, which depends on the movement of the mounts, and the voltage applied to the
coil has been measured4. These tests have been made in air and under vacuum. In order to measure resonance
frequencies and to estimate their quality factors, a simple theoretical model, which fit the obtained curves, has
been implemented.

4.3.1 MMT L Mount

In all the tests, a swept sine signal has been sent to the coil. The coherence has been measured in order to better
understand frequency ranges in which applied force has induced a true motion on the mount: only the results
obtained at frequencies with a high level of coherence have been considered. Figure 33 shows the measured
coherence for pitch and yaw in air and under vacuum (residual pressure p = 4.5 ∗ 10−5 mbar).

Moreover, transfer functions have been measured in different vacuum conditions, in order to understand if the
amplitude of the resonance peaks could vary in function of the residual pressure. Figure 34 shows a zoom in the
frequency range of the resonance peaks of the transfer functions measured in different conditions (air, vacuum
p = 3.4 ∗ 10−4 mbar and vacuum p = 4.5 ∗ 10−5 mbar, respectively in pitch and yaw).

4Tapping tests using an accelerometer were initially used but with results of lower quality and without the possibility to go
under vacuum.
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Figure 33: Meniscus lens mount: coherence measured in air (left) and under vacuum (right).
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Figure 34: Meniscus lens mount: measured transfer functions in different vacuum conditions respectively in
pitch (left) and yaw (right).
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The same results have been obtained in different experimental conditions (in air and under vacuum) for what
concerns both the frequency and the amplitude of the different peaks.

To evaluate the resonance frequencies and their quality factors, the transfer functions have been compared with
a simple model, which is the sum of three harmonic oscillators and can be described as:

F (ω) = A1
ω2
1

ω2
1 − ω2 + jω ω1

Q1

+A2
ω2
2

ω2
2 − ω2 + jω ω2

Q2

+A3
ω2
3

ω2
3 − ω2 + jω ω3

Q3

(4.4)

where A1, A2 and A3 are three coupling coefficients, f1 = ω1/2π, f2 = ω2/2π and f3 = ω3/2π are the frequencies
of the resonance peaks and Q1, Q2 and Q3 are their quality factors.

The parameters used in the simple model in order to adjust the transfer function measured for pitch are the
following:

• f1 = 75 Hz, f2 = 172 Hz, f3 = 305 Hz

• Q1 = 40, Q2 = 20, Q3 = 40

• A1 = 1, A2 = −0.03, A3 = 0.02

A comparison between the measured transfer function and the model is shown in figure 35.
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Figure 35: Meniscus lens mount: comparison between measured transfer function and simple model for pitch.

In the estimation of the values of the quality factors, a precision of a factor 2 is enough to understand the
behavior of the mount in the amplification of the scattered light noise. In order to validate the accuracy of
the model, measured transfer functions have been fitted with the same model, varying the parameters. As
an example, figure 36 shows the main resonance frequency measured for pitch fitted with the same model but
different values of the quality factor Q; Qs equal to 20, 40 and 60 have been used. It can be noticed that the
best comparison is obtained for Q = 40 and, for the other values, the amplitude of the peak of the resonance
frequency is not well fitted, confirming the validity of the adopted model.

The parameters used in the simple model in order to fit the transfer function measured for yaw are the following
(the third resonance frequency is not considered since the level of the coherence is very low around 300 Hz):

• f1 = 75 Hz, f2 = 172 Hz

• Q1 = 40, Q2 = 20

• A1 = 0.65, A2 = 0.3
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Figure 36: Meniscus lens mount: comparison between measured transfer function and simple model for pitch
with different values of the quality factor.

A comparison between the measured transfer function and the model is shown in figure 37.
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Figure 37: Meniscus lens mount: comparison between measured transfer function and theoretical model for
yaw.

4.3.2 MMT M1 Mount

The induced motion of the mount has been measured in the two angular degrees of freedom, pitch and yaw, using
the Far Field quadrant. In all the tests, also the coherence has been measured in order to better understand
frequency ranges in which applied force has induced a true motion on the mount: only the results obtained at
frequencies with a high level of coherence have been considered. Figure 38 shows the measured coherence for
pitch and yaw in air and under vacuum (residual pressure p = 1.9 ∗ 10−4 mbar).

Moreover, transfer functions have been measured in different vacuum conditions, in order to understand if the
amplitude of the resonance peaks could vary in function of the residual pressure. Figure 39 shows a zoom in the
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Figure 38: Parabolic mirror M1 mount: coherence measured in air (left) and in vacuum (right).

frequency range of the resonance peaks of the transfer functions measured in different conditions (air, vacuum
p = 1.9 ∗ 10−4 mbar and vacuum p = 4 ∗ 10−5 mbar, respectively in pitch and yaw).
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Figure 39: Parabolic mirror M1 mount: measured transfer functions in different vacuum conditions respectively
for pitch (left) and yaw (right).

Figure 39 shows that the same resonance frequencies have been measured in air and under vacuum but the
amplitude of the peak measured in air is lower than the ones measured in vacuum. Moreover, it can be noticed
that the amplitude obtained in the two tests performed in vacuum is the same.

In order to better understand the behavior of the mount, in particular in order to measure resonance frequencies,
to estimate their quality factors and to understand the difference between the results in air and under vacuum,
the measured transfer functions have been compared with the same theoretical model described in equation 4.4.

The parameters used in the theoretical model in order to fit the transfer function measured for pitch in air are
the following:

• f1 = 116 Hz, f2 = 252 Hz, f3 = 357 Hz

• Q1 = 20, Q2 = 20, Q3 = 20

• A1 = 0.9, A2 = 0.009, A3 = −0.02

A comparison between the transfer function measured in air and the model is shown in figure 40.
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Figure 40: Parabolic mirror M1 mount: comparison between measured transfer function and simple model for
pitch (air condition).

The parameters used in the theoretical model in order to fit the transfer function measured for pitch in vacuum
are the following:

• f1 = 116 Hz, f2 = 252 Hz, f3 = 365 Hz

• Q1 = 40, Q2 = 40, Q3 = 20

• A1 = 0.9, A2 = 0.02, A3 = −0.02

A comparison between the transfer function measured in vacuum and the model is shown in figure 41.
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Figure 41: Parabolic mirror M1 mount: comparison between measured transfer function and theoretical model
for pitch (vacuum condition).

It can be noticed that resonance frequencies are the same in air and under vacuum condition, while estimated
quality factors are different. In particular, considering the first main frequency, the value of the quality factor
measured under vacuum is double with respect the one measured in air.

The parameters used in the theoretical model in order to fit the transfer function measured for yaw in air are
the following:

• f1 = 116 Hz, f2 = 252 Hz, f3 = 355 Hz

• Q1 = 20, Q2 = 20, Q3 = 20
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• A1 = 0.76, A2 = 0.15, A3 = 0.03

A comparison between the transfer function measured in air and the model is shown in figure 42.
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Figure 42: Parabolic mirror M1 mount: comparison between measured transfer function and simple model for
yaw (air condition).

The parameters used in the theoretical model in order to fit the transfer function measured for yaw in vacuum
are the following:

• f1 = 116 Hz, f2 = 252 Hz, f3 = 365 Hz

• Q1 = 40, Q2 = 40, Q3 = 20

• A1 = 0.85, A2 = 0.2, A3 = 0.006

A comparison between the transfer function measured in vacuum for yaw and the model is shown in figure 43.
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Figure 43: Parabolic mirror M1 mount: comparison between measured transfer function and theoretical model
for yaw (vacuum condition).

Also for the yaw degree of freedom, resonance frequencies are the same in air and in vacuum conditions. The
estimated quality factors are different with the values measured in vacuum that is double with respect to the
one measure in air. Since mounts will be used in vacuum, in the following only quality factors estimated in
vacuum will be considered.
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4.3.3 MMT M2 Mount

The induced motion of the mount has been measured in the two angular degrees of freedom, pitch and yaw,
using the Far Field quadrant. The experimental setup used for the tests on M2 was the more critic to implement:
in fact, the radius of the coil was a bit larger than the one of the mirror mount, therefore the available room to
induce the excitation was a bit small. The magnet has been glued not in the center of the fake mirror and some
coupling could be present in the experimental results. In all the tests, also the coherence has been measured in
order to better understand frequency ranges in which applied force has induced a true motion on the mount:
only the results obtained at frequencies with a high level of coherence have been considered. Figure 44 shows the
measured coherence for pitch and yaw in air and in vacuum (residual pressure p = 1.6 ∗ 10−4 mbar) conditions.
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Figure 44: Parabolic mirror M2 mount: coherence measured in air (left) and in vacuum (right) conditions.

A comparison between the measured transfer functions in air and under vacuum for pitch and yaw is shown in
figure 45.
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Figure 45: Parabolic mirror M2 mount: measured transfer functions in different conditions respectively for pitch
(left) and yaw (right).

It can be noticed that the first and the second resonance frequencies and their amplitude are the same in air
and in vacuum. In yaw degrees of freedom measurements in air and in vacuum are slightly different for what
concerns both the flat part at low frequencies and the higher resonance peaks. Since measurements were a bit
noisy and the coherence was not very good in all the spectrum, the two first resonance peaks have been chosen
as reference. In order to better understand the behavior of the mount, in particular in order to measure the
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resonance frequencies and to estimate their quality factors, measured transfer functions have been compared
with the same theoretical model described in equation 4.4.

The parameters used in the theoretical model in order to fit the transfer function measured for pitch under
vacuum are the following:

• f1 = 145 Hz, f2 = 232 Hz, f3 = 331 Hz

• Q1 = 20, Q2 = 30, Q3 = 30

• A1 = 0.14, A2 = 1.36, A3 = −0.1

A comparison between the transfer function measured in vacuum and the model is shown in figure 46.

10
2

10
−1

10
0

10
1

10
2

Frequency [Hz]

T
F

 M
a

g
n

it
u
d

e

Pitch Transfer Function

10
2

−4

−2

0

2

4

Frequency [Hz]

T
F

 P
h

a
s
e

 

 

measurement (vacuum: 1.6e−4 mbar)

model

Figure 46: Parabolic mirror M2 mount: comparison between measured transfer function and theoretical model
for pitch (vacuum condition).

The parameters used in the theoretical model in order to fit the transfer function measured for yaw under
vacuum are the following (also the fourth resonance frequency is considered since its amplitude is higher than
the third in the measurement):

• f1 = 116 Hz, f2 = 232 Hz, f3 = 288 Hz, f4 = 331 Hz

• Q1 = 40, Q2 = 20, Q3 = 30, Q4 = 50

• A1 = −0.15, A2 = 0.9, A3 = 0.1, A4 = −0.2

A comparison between the transfer function measured under vacuum for yaw and the model is shown in figure
47.

It can be noticed that the main resonance frequency is at 232 Hz, with a quality factor that is slightly different
in pitch and yaw, respectively 30 and 20.
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Figure 47: Parabolic mirror M2 mount: comparison between measured transfer function and theoretical model
in yaw (vacuum condition).

4.3.4 Summary of the MMT resonance frequencies

In tables 13 and 14 a summary of the resonance frequencies measured in vacuum, respectively for pitch and
yaw, for all the Mode Matching Telescope mounts is shown.

Meniscus Lens Parabolic Mirror M1 Parabolic Mirror M2

Frequency 1 (Hz) 75 116 145
Q 40 40 20

Frequency 2 (Hz) 172 252 232
Q 20 40 30

Frequency 3 (Hz) 305 365 331
Q 40 20 30

Table 13: MMT mounts resonance frequencies measured for pitch.

Meniscus Lens Parabolic Mirror M1 Parabolic Mirror M2

Frequency 1 (Hz) 75 116 116
Q 40 40 40

Frequency 2 (Hz) 172 252 232
Q 20 40 20

Frequency 3 (Hz) - 365 288
Q - 20 30

Frequency 4 (Hz) - - 331
Q - - 50

Table 14: MMT mounts resonance frequencies measured for yaw.

5 Diffused Light Noise

In order to calculate contributions to the scattered light noise of the mounts we multiply the noise projection
shown in figure 2 by the quality factor for each resonance frequency. We remark that the level of the scattered
light noise always remains below h/2000. This estimation is even more conservative for MMT M1 and MMT M2
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since curve in figure 2 is computed for the meniscus lens, which is the most critical element. Therefore, it can be
concluded that the mechanical mounts of the mode matching telescope are not a limiting factor for the scattered
light noise.

6 Conclusions

• The calibration factors between radians and steps of the picomotors and between meters and steps of the
picomotors have been measured for all the mounts. They are in agreement with the expected values.

• The system made of picomotors, rails and springs works properly in vacuum for the three mounts.

• Upper limits of the coupling between rotations and translations have been found and are of the order of
5 %.

• No strange glitches have been observed with all the mounts under test.

• Upper limits on the drifts of the mounts are of the order of 5 µrad and 5 µm over 10 hours (drifts of the
optical levers system used for the measurements).

• Resonance frequencies have been measured for all the mounts in vacuum. They are in a range between 75
Hz and 400 Hz. Quality factors measured in vacuum are between 20 and 50.

• Considering all the measured resonance frequencies and quality factors, the diffused light noise projection
remains below h/2000.
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