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Standard approach in high sensitivity detectors

* Core intrinsic noise (test-mass and optical
probe) must be reduced enough.

* Noise due to external disturbance must be

reduced to the level of core intrinsic noise. thermal
radiation pressure 2C
s€1®
e Technical noise sources, i.e. disturbance re-
injected in order to operate the machine, are
designed to be negligible in the detection
bandwidth. 23
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Standard layout used in ground-based detectors

I) The optical path where the GW-induced phase shift is accummulated can be enhanced
by means of Fabry-Perot resonant cavities.

IT) Dark fringe detection to reduce read-out noise.

IIT) Recycling of ITF reflection.

Effective path for Virgo ~ 120 km
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The response of the ITF is much
o> steeper => control system needed
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Suspension digital control
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Ground-based detection:
control system is needed

The mechanics of SA suspension is designed to reach 108 m/Hz!/2? at 10 Hz (thermal noise)

—2

10

: seism at the ground
o 107
1S3 (f) = Iz m/~Hz (f >1 Hz)
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e The SA filters off the seismic noise above 4 Hz TOP: Sophisticated control

system for the suspension chain
* Below 4 Hz the mirror moves at the

SA resonances few tens of mm

BOTTOM: Efficient and
* I'TF locking requires resonance damping noiseless payload control
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Virgo “standard-super-attenuator” to allow LF sensitivity

Soft isolator concept:
Inertial 1. very efficient passive
nertia .
: dambin attenuation
ping 2. active controls for
| suspension mode
\ < Inverted damping
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Suspension digital control (9 stations):
~all controls are operated using suspended actuators

I) Local controls apply corrections to mirror IT) Local controls receive error signals from
position using local sensors: swinging interference  global sensors.

ITF Locked, resonant light
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Local Controls: Inertial Damping

e |nertial sensors (accelerometers):
— DC-100 Hz bandwidth
— Equivalent displacement sensitivity: 101t m/sqrt(Hz)

e Displacement sensors LVDT-like:
— Used for DC-0.1 Hz control
— Sensitivity: 10 m/sqrt(Hz)
— Linear range: £ 2 cm

e Coil magnet actuators:
— Linear range: £ 2 cm
— 0.5 N for 1 cm displacement

e Loop unity gain frequency:
— 5Hz

e Sampling rate:
— 10 kHz
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Accelerometers

top ring
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Role of suspension stages and control configuration:
“Divide et impera” means: 1) single point suspension, 2) separation of mechanical DOF,
3) inertial damping, 4) hierarchical control = i.e. only small forces close to test masses.

stage variable actuator ref

SA:
meant

to prevent
external

disturbance

Payload:

meant

to use test masses
as optical elements

Basic requirements: sensing and actuation diagonalization
+

hiearchical control




negative feedback basics (1)

dist(s)

ref(s in(s) out(s)\

\_‘<

(hp:no sensor noise){m(s)=0

In open-loop we have:

out(s) =in(s)G,(s) + dist(s)G,(s)

In order to deduce the effect of the feedback switch block schematization can be used.
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out(s) =ref (s) PGs) 1)

H(s) 1+ T(s)

T(s) =G ()G, (s)H(s)

out(s) B G, ()
dist(s)| 1+ T(s)
in(s)=0

out(s) | P(s) T(s)

+ dist(5)G,(s)

1
1+ T(s)

Loop gain

P(s)

In absence of input driving the disturbance transfer
function is reduced by increasing the loop gain 7(s)

The capability to follow the reference with high-gain

ref(s)| H(s)1+T(s)
dist(s)=0

~

H(s) loops makes the system stuck by H(s)

T(s)>>1

Considering a noise on H(s) out(s) = I’ef(S)P(S) @ T(S) + diSt(S)Gz(S) I

EMIPGC170412
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The example of inverted
pendulum control

1 um relative displacement
0.25 um/sec relative speed

]
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Earthquake detection tests since the beginning
5 May 2002 magnitudo 3.3
Epicenter: Orciano Pisano (~20 Km from VIRGO)

Horizontal Seismic Accelerometer

il

-4000
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Real part

I

I

SP, Lh=127, Nf=1024, log. scale, imagesc, Threshold=0.01%
25

N
Q

Frequency (Hz)

5 10 15 20 25 30 35 40
Time (sec)

Data elaborated by Lee Holloway at Urbana (Il)
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Earthquake dampmg robustness

dataDisplay : started by losurdo on May 9 2002 13:57:47 UTC

Sa_BS_F0_xIP.vs.Sa_BS_F0_zIP_ 2D
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-40 -20 0 20 40

dataDisplay : started by losurdo on May 9 2002 13:59:26 UTC
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IP displacements relative to the

external frame just before the eartquake

EMIPGC170412

IP displacements relative to the
external frame during the eartquake




Actuation on the test masses: Local hierarchical control

P T T TT e ! Corrections sent to the
TIDAL CONTROL Marionette coil/magnets
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0.01-8 Hz . \ mirror coil/magnets
= . P [
5 8-50 Hz .
. RE-ALLOCATION OF THE FORCE | .
Magnetic actuation force on the mirror reduced | | R R R R
Switch to low noise coil drivers Dhr TRt B TR




The position seen by the LVDTs of a suspension top stage driven by the lock is the tide
monitor (V. N. Rudenko’s talk).

| Simulation results using ETGTAB prediction (1)
@ Prediction and Lvdt Data from North arm

|) Predicted strain with ETGTAB and Data from zLvdt (NE)

T

Long

—— Data

operation is | — Prediction |

needed to do
tide FFT ., ﬁ

)

Deformation
drifts are | .
caused by : \ V
many v

overlapped
efects " GPS time: 931132815

Elongation (microns)

| | | 1
10 2 30 40
Time (hours)

Matteo Passuello Earth tide study at VIRGO system



Object

Use of the strain prediction
Lock and Unlock

Adaptive Filtering

Use of the strain prediction

Simulation results (2)

@ Prediction and Lvdt Data from West arm

Predicted strain with ETGTAB and Data from zLvdt (WE)

—— Data
— Prediction

Elongation (microns)

-40-GPS time: 931132815

30
Time (hours)

Matteo Passuello Earth tide study at VIRGO system



Object
Use of the strain prediction U?e 9f i Str?'_? B
Lock and Unlock

Adaptive Filtering

Use of the strain prediction

Additional
Adaptive Law (7L Détd

GPS Time —————
Moon-Sun-Earth Ephemeris ———— Prediction ;9 3 Error

VIRGO Coordinates —————»

- Measure
(if locked)

Tidal Strain ———

Figure: Strain prediction system scheme

Matteo Passuello Earth tide study at VIRGO system




Suspension dedicated work :
further “cost”
of LF sensitivity demand



Mirror-Suspension Control (MSC): enjoying the practice of digital control

Sensing defects: Global Inverted Pendulum Control (GIPC)
in closed loop seismic attenuators VS
useismic/wind re-injection EarthQuakeGuardian (EQG)

UT@G@@%@‘@OW@@W T D@Jfﬁ%y cycle




Sensing defects:
in closed loop seismic attenuators

useismic/wind re-injection

EMIPGC170412



Position/Acceleration pre-filtering and blending for top-stage control

LP(s) (x—x )+ s HP(s)- a =Xx

LP(s)+ HP(s)=1
X, =X—LP(s)" X,

qi

X, a, = position and acceleration Laplace’s Tr.
x, = seism driven sensor reference
qi = “‘quasi-inertial”

/\

Increase LP(s) slope

Reduce Position/Acc crossover frequency

“Reduce” X

on-tly tuning using two different blending filters (digital)

EMIPGC170412

HPw

LPw
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uSeism disturbance attenuated downstream
(=>the concept of Global Inverted Pendulum Control)

, Ground to TopStage longitudinal transfer function (NI) | Equivalent motion of the payload
10 p ; : . 10 p . .
. marionette FFT
i L A — ground FFT
TRFCT(MIz&ce Vs MizLvdt Y2 | L /"l \\/kvhr'w"""“\\f'\q marionette rms
]0° r~‘ ) "h,k T ground rms
0 b = '
=
c
= @
:
&
-2
0 7]
5
: : : [ Effective attenuation
attenuation at the suspension point . :
i : e 4w p o pw s | of useism at the payload
r o 10 ' ' —_—
10 10 -1 0

10 10

frequency [Hz] freauency THz]

ITF lock force applied to the marionette is used to correct the residual payload motion,
whose rms above 100 mHz is ~ 1 order of magnitude smaller than the ground motion.

EM-MSC-251007 31



uSeism disturbance attenuated downstream
(=>the concept of Global Inverted Pendulum Control)

Equivalent motion of the payload

marionette FFT
— ground FFT

marionette rms

7 ground rms

The reconstruction provides an
answer to the question:

what would be the

payload (test-mass) displacement

displacerment fum)

due to sea pseism
without SuperAttenuator ? 1

. Effective attenuation
| of useism at the payload )

%) 0
10 10

freauency [Hzl

Controlling IP using passively isolated test-mass as reference position is a method
to reduce the impact of seismic re-injection through LVDT sensors placed at the
top-stage, i.e.

=>» safe increase cross-over between position/acceleration sensing

=>» evasion of tilt re-injection through accelerometers at LF
EM-MSC-251007 32
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uSeism-Free platform: Global Inverted Pendulum Control

IlIlIlIlIlllllIlIl_ll:llllllIlllllllllllllllllllllll.
Wy | END-INPUT position,
: | deduced from lock force

useism is incoherent
along the arm baseline

=>USeism reduced at
END suspension top-stages

by using position referred to

EEEEEEEEEEEEEDR IIII.IIIIIIIIITeconStruCted
]

! ....... T —| by local DSPs

PR

useism is coherent
in the central area

uSeism-Free control signals
reconstructed with respect to

INPUT mirrors (uUSF)

GlobalControl (lock signal)

INPUT TOWERS USED AS REFERENCE
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nSeism evasion strategy: an example

INPUT mirror suspensions used as reference

dataDisplay v9r1lps5 : started by virgorun on Oct 22 2007 22:16:48 UTC

¥1:Sa_PR F0 zLvdt 50Hz FFT
V1:5a PR uSFR zLvdt 50Hz
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875144600.6329 : Sep 22 2007 23:43:06 UTC dt:163.84s nAv:42
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875144600.6399 : Sep 29 2007 23:43:06 UTC dt:163.84s nAv:42
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¥1:Sa_BS F0 zLvdt 50Hz FFT
V1:5a BS uSFR zLvdt 50Hz
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T
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local LVDTs, used
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noise
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875144600.6399 : Sep 29 2007 23:43:06 UTC dt:163.84s nAv:42
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—
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Combined channels:
USFR (uSeism-Free
Reconstruction, the
noise 1s coherent
because central area
suspensions are close
each other)

+
GIPC (Global-
Inverted-Pendulum
Control, for 3-km-
separated susp.)




useism: rejection VSR1start-VSR1stop

voltsisqrt{Hz)

umfsqri{Hz)

INPUT mirror suspensions used as reference

dataDisplay vIr11pd : started by virgorun on Oct 22 2007 15:21:19 UTC
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875064440.6399 : Sep 22 2007 01:27:06 UTC dt:163.84s nAv:42
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875064440.6399 : Sep 29 2007 01:27:06 UTC dt:163.84s nAv:42
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local LVDTs, used
in-loop sense and
re-inject Useismic
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Combined channels:
USFR (uSeism-Free
Reconstruction, the
noise 1s coherent
because central area
suspensions are close
each other)

+
GIPC (Global-
Inverted-Pendulum
Control, for 3-km-
separated susp.)




EMIPGC170412

Global Inverted Pendulum Control (GIPC)
VS
EarthQuakeGuardian (EQG)




Before implementing the use of differential acceleration in global IP contral,
the system was more fragile as waves from far EQ reached the site.

As long as the disturbance is at low frequency and localized, GIPC is very

effective (cars, jumping visitors, “bombing”, wind...)

As the disturbance becomes “common” (earthquakes...), non perfect GIPC may play a
negative role ....

dataDisplay v9r11p3 : started by virgorun on May 23 2007 05:58:54 UTC I

Earthquake -> Unlock

Counts.

20 i A ....m .E

T
e anggrrneae

0 1|
r ] ‘ I U ---------- V1:Pr_B5_DC_mean__TIME
| V1:Sa_MC_F0_xLvdt_500Hz_mean

I il V1:Sa_NE_F0_xLvdt_500Hz_mean
=20 V1:Sa_NI_F0_xLvdt_500Hz_mean

V1:Sa_WE_F0_xLvdt_500Hz_mean

V1:Sa_WI_F0_xLvdt_500Hz_mean
V1:Sa_PR_F0_xLvdt 500Hz_mean

A R R
04h50 05h00 V1:Sa_BS F0 xLvdi 500Hz mean

863930521 : May 23 2007 04:41:47 UTC 180" 150" -120° -90° 60" 30" O 30" 80" 90" 120" 150" 180"

NORTHERN MID-ATLANTIC RIDGE (mag 5.7)

This was the trigger point that pushed to develop a more robust interferometer

EMIPGC170412



Earthquake Guardian (EQG) implementation (I), VSR1 (2007)

MG6.5 Coherent excitation
GIPC instabi]jty during | dataDisplay v9rllp4 : started 9 2007\5:53:06 UTC |
. . ——— V1:Horizon NSNS Average TIME ¥1:Sa NE_F0_xLvgf 500Hz mean_ T —— V1:5a_WE_F0_xLvdt 500Hz mean_T
coherent excitation over I R | L—u— Y1541 Fo 3Lk Soots e S\ T e e |
50F ° 4
s—
3-km base (far EQ) Mpc| win / \
aF i wm
‘ !  reco oo
of I
An automated Tehat —"""“77ho0 “T7hog LT BV 1TV
Guard to disable 872873401 : Sep 3 2007 16:49:47 UTC . Sep 32007 16:49:47 UTC 872873401 : Sep 3 2007 16:49:47 UTC
GIPC: EQG e | A e T — e
S0F F
V[
Top-stage cort. [l
from locking 0
T — T — Y T —T 1T E— B E— T
872873401 : Sep 3 2007 16:49:47 UTC 872873401 : Sep 3 2007 16:49:47 UTC 872873401 : Sep 3 2007 16:49:47 UTC

4-min to recover the lock instead of 30-40 min without EQG

EMIPGC170412
(*MSC talk at LSC-Virgo May07, plenary):



Earthquake Guardian (EQG) implementation (II), VSR1 (2007)

Comparison of two EQ) events with similar local amplitude

| dataDisplay v9r11pd : started by virgorun on Sep 20 2007 10:41:55 UTC |
V1:8a_NI_FO_zLvdt_50Hz__ TIME V1:S¢_NE_zM_50Hz_ TIME V1:Sc_NE_zDACIn_50Hz__TIME
£ 40 2 2
40 wm peak - s $

s_‘

Before making GIPC stable
we had mirror control

saturation as IP 20 sidual lock
approached 20 um . e _scorrectlon (~7 )
10h46 l 10h48 I 10h50 I 10h52 l 10h46 10h48 10h50 10h52 10 10h46 10h48 10h50 10h52
874315289.199 : Sep 20 2007 09:21:15 UTC 974315289.199 : Sep 20 2007 09:21:15 UTC 874315289.199 : Sep 20 2007 09:21:15 UTC
Th e Syste m 873715530.48 : Sep 13 2007 10:45:16 UTC 873715530.48 : Sep 13 2007 10:45:16 UTC 873715530.48 : Sep 13 2007 10:45:16 UTC
is much more V1:Sa_WI_FO_zLvdt_50Hz__ TIME V1:S¢_ WE_zM_50Hz__TIME V1:Sc_WE_zDACIn_50Hz__TIME
2 8 10F
robust . : s 10

s_‘

Correction
dynamics more
than doubled.

0 | L | 1 | 1 | 1 | L | L | " | " _1 i |
10h46 10h48 10h50 10h52 10h46 10h48 10h50 10h52 10h46 10h48 10h50 10h52
874315289.199 : Sep 20 2007 09:21:15 UTC 9874315289.199 : Sen 20 2007 09:21:15 UTC R74315289.199 : Seb 20 2007 09:21:15 UTC
87371553048 : Sep 13 2007 10:45:16 UTC 873715530.48 : Sep 13 2007 10:45:16 UTC 873715530.48 : Sep 13 2007 10:45:16 UTC

EMIPGC170412
(*Indonesia M6.8, Sep-20-08.31):



Lock robustness against EQs improvements during first run

Local seismometric SA response Vs ITF lock

10°*

O no unlock
e no unlock through GIPC disabling (EQG)

v unlock

Since fall 2007 c f
(end of VSR1) =0 M E : : :
EarthQuakeGuardian is vivy v

used as an alarmed 100 _? ..................... ., ....... ' ............... :. ........................ ......................... ........................ .; ......................... .;. ........................

on-line seismometer 5 o

v e
10__' ........... 8 - 2 A @ | S - ‘o ..... C O - - S

uSFR_full | ©

| uSFR_partial +GIPC_noAcc uSFR_full
+GIPC_noAcc | +EQG +GIPC_stable

|
1 | | | | | | 1
0 20 40 60 80 100 120 day 140
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Magnitude 8.5 SOUTHERN SUMATRA, INDONESIA

Wednesday, September 12, 2007 at 11:10:26 UTC . .
Typical candles for testing

Historic Seismicity the response of the system

EQ producing at the site shakes

S comparable to those due to far

o sources with M>6.5 are critical for ITF
operation.

98" 100° 102° 104°
SOUTHERN SUMATRA, INDONESIA
2007 0912 11:10:26 UTC 4.50S 101 .36E Depth: 34 km, Magnitude: 8 4
Seismicity 1980 to Present
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Maior Tectonic Boundaries: Subduction Zones -purple., Ridaes -red and Transform Faults -areen



(@

Top-stage control strategies involving suspension operation as-a-whole
improve disturbance rejection capability.

EQ GUARD is a monitor of the coherent response of far suspensions

EMIPGC170412




Differential acceleration

==

Standalone optimization

ITF optimization:
A — usesim/wind noise reduced

ITF optimization:
A - usesim/wind noise reduced
B — robustness against coherent disturbance
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2D and 3km-long

Standalone optimization

ITF optimization:
A — usesim/wind noise reduced

ITF optimization:
A - usesim/wind noise reduced
B — robustness against coherent disturbance
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automated-alignment (AA). Local control signals (optical levers) at low frequency read
corrected orientation applied by AA

BS

Q82

)\ B8

> INPUT mirrors under angular local control
+

Cavity axis centring on END mirrors
> ALL the others under automatic alignment

WI

—
m
o
@
-
RFC
EOM - < @
S5 73" PR
Q21 D}ﬂ >|:| D
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CoE . \_ 1B - > B7
% ’
8 MHz g0 2 OMC [&—H>—»
B2 <D l l
y
T T U .
Qip2 Qip Bip Bi B5 Q51 Q52
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Relative position of the test masses, concerning the longitudinal
displacement (z) and the orientation of the mirror surfaces (0x,
Oy), are completely disconnected from the ground motion.

Selsmometers in,

e{sm?? S?r(sl in
FIIC:)I%FI ta?k)

The transversal position (x, y) is connected
to the ground, but a shift of the terminal
mirror drives a rotation of the FP input
mirror

typically the system is stable (locked) for
e one day or more, and the data taking is
repeated for several months during the

scientific runs, with a duty cycle > 80%
EMIPGC170412



Example (I) of seism measurement using the ITF (detection horizon worsened)

dnmizha -aru= : started ba viﬁor\m on Oct 22007 13:3245 UTC

§

V1:Alp Det AlpHorizon_ TIME I

V1:Horizon NSNS Avm'w

V1:Sa NI F0 xLvdt 500Hz mean

Counts.

18#20 18#{40 19I|1'00 19[%20

875383220 : Oct 22007 18:00:06 UTC 875383220 : Oct 22007 18:00:06 UTC

V1:Sa_NE_F0_xLvdt_500Hz mean_ TI}

Counts.

V1:Sa_WE_F0_xLvdt 500Hz mean__T
V1:Sa WI F0 xLvdt 500Hz mean

18#20 18#40 19#00 19#20

875383220 : Oct 22007 18:00:06 UTC

Tue Oct 2 19:00:37 UTC 2007
22 earthquakis on this map

Even if the ITF lock is maintained,
It undergoes to lower sensitivity

period during which GW detection
horizon is lower.
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Counts.

Counts.

Counts.

V1:HorizonTF_NSNS__TIME

III|IIII|IIII

IAOTINN

The horizon drops

Seismometers in
Central Blds. (I.
Fiori talk)

Seismometers in
terminal Blds. (I.

7
0418 —04-18h B 17 =) | S VT )
MISSING FRAME
991233800.0000 : Jun 42011 14:43:05UTC
- V1:Em_SEBDCE06_50Hz rms_1_4Hz TIME
}/
ol / 16:24:46 _ / 18:06:50., .
- g Hag. 3.3 22.18:37, Mag. 3.3
~ 17:16:18 N
= ”agl 3.1 1 19:20:26,
— / Hag 2.8
0 —
— | | 1 1 1 | 1 1 1 I
04-T6h 04-1h 04-20n 04-22h
MISTING FRAME
991233800.0000 : Jun 4 2011 14:43:05 UTC
107 V1:Em_SEBDNE03 S0Hz s 1 4Hz_TIME
_ V1:Em_SEBDWE03 S0Hz yms_1 dH>
0.02 —
0.01—
0 _— . | | ’ : \ | ) x ’ |
EMIPGC1 70410, 0o 04-18h 04-20n 04-22h
Qmﬂom!

991233800.0000 : Jun 4 2011 14:43:05 UTC

Fiori talk)



Counts

Counts

Counts

dataDisplay v9r12p9 : started by virgorun on Jun 6 2011 18:18:10 UTC

0.04

0.02

-0.02

0.1

4
EMIPGE

-
U
-

dataDisplay v9r12p9 : started by virgorun on Jun 6 2011 17:29:03 UTC

V1:Em_SEBDCE(4_max_ TIME |

Vi:Eim SEBDCEL4 mean V1:Pr_B1_ACp_ FFTTIME

V1:Em SEBDCEM»-min

= 1 =
- sy <
— =
— 3 10
= Seismometers (l. Fiori talk) __- I
10 ! ' ' T6hZ0 ' ' ' ! Tt - ]
991239015.0000 : Jun 42011 18:10:00 UTC !
-9
V1:Gc_Al_DiffEnd_tx_max_ TIME i 10
V1:Gc_Al_DiffEnd_tx_mean
V1:Gc Al DiffEnd tx min 16h20 16h30 16h40
[ — S—————————————————— sec

991239015.00 : Jun 4 2011 16:09:59 UTC dt:4.10s nAv:20

~ | Challenging Automatic alignmentsgmuring EQ
1 1 I h | 1 1 1 1 1 1 1

16h20 16h40

991239015.0000 : Jun 42011 18:10:00 UTC

VIHAMPNTE HAWAWL TIMG

VI HAMPN HANL AW

_ Detection horizon affected by the EQ

[
-5
o
e
'_\:
N

16h20 16h30 ' ' ’ 16h40
991239015.0000 : Jwn 42011 18:10:00 UTC



Example (I1) of seism measurement using the ITF

| dataDisplay v9r12p10 : started by virgorun on Mar 27 2012 14:57:33 UTC

V1:Sa NE_F0 xLwvdt S0Hz_TIME
V1:Sa NI F0 xLwvdt 50Hz
g - ‘
20—
0
20—
]_ 1 1 l 1 1 I 1 1 I
05h30 06h00 06h30 07h00
997767000.0000 : Aug 19 2011 05:29:45 UTC
V1:Sa WE_F0 xLvdt S0Hz_TIME
V1:Sa WI F0 xLwvdt S0Hz
% [
20—
0 v
20—
: 1 1 I 1 1 I 1 1 I 1
05h30 06h00 06h30 07h00

EMIPGC170412
997767000.0000 : Aug 19 2011 05:29:45 UTC



Example (I1) of seism measurement using the ITF (zoom)

| dataDisplay v9r12p10 : started by virgorun on Mar 27 2012 14:57:33 UTC

V1:Sa NE_F0 xLvdt 50Hz TIME
V1:Sa NI F0 xLvdt 50Hz
5 -
ol y
20—
.i— 1 1 1 1 I 1
06h20 06h30
997770011.7800 : Aug 19 2011 06:19:56 UTC
V1:Sa WE_F0 xLvdt 50Hz_TIME
¢ V1:Sa WI F0 xLwvdt S0Hz
=

1
06h30
EMIPGC170412

997770011.7800 : Aug 19 2011 06:19:56 UTC



EQG method analyses correlation at 3 km so that, very close seismic events (< 10-20 km)

causing incoherent excitation are not detected by EQG
=» correlation with other enwronmental sensors (l. Fiori)

FrETIGIE] U SUI ACaSaney
ecchi

| dataDisplay v9r11p2 : started by v B £ de tefnéva nebMor_ .
s i T i AR chio' fiflozze) - p9a10

V1:Sa_WE_F0_zLvdt_500Hz__ TIME

V1:Sa_NE_FO0_zLvdt_500Hz__ TIME

Ponovene?e*';l

;
!
2
4
:
:

1

; i ;
53s 51s 5 135 523 5235 53s

865176904.88 : Jun 6 2007 14:54:50 UTC | ] e -
X i Tirrenia?
Leghon1

L KD, o
/ ~$

Mf;'d.lieaduecm .Sed

i i i i
51s 51s5 52s 5235
865176204.88 : Jun 6 2007 14:54:50 UTC

V1:Sa_NI_F0_zLvdt_500Hz__ TIME V1:Sa_WI_FO_zLvdt_500Hz__ TIME

i i
5235 538 ~

i i
51s5 52s

Slls
865176204.88 : Jun 6 2007 14:54:50 UTC
V1:Sc_WE_zM__TIME

53s

i
5235

i
52s

i i
51s 51s5

86517690488 : Jun 6 2007 14:54:50 UTC

V1:Sc_NE_zM__ TIME
- . . ] u ina o
: : : pl N g, s h ........
o1 H All llgfllbl l:.'neu
Data UTC: 06 giu 2007
Ore UTC: 14:52:40
c : Longitudine: 1047
: : : : : 1% B3 o000000008h00000000080000000006000000 Profondita': 11.6
0-2 1 1 1 L o | 1 L 1 L
51s 5‘35 52s 5285 538 S1s  51s5 525 52sb 533 Evento sismico di magnitudo MI: 2.3 .
865176904.881 : Jun & 2007 14:54:50 UTC 8$65176904.881 : Jun 6 2007 14:54:50 UTC Provinee interessate: LIVORNO PISA
Comuni Interessati:
< . Orciano Pisano<I2Km LIVORNO

COLLESALVETTI<3Km Fauglia<6Km Lorenzana Crespina<9Km LARI
CASCINA Casciana Terme PONSACCO Santa Luce<ISKm VICOPISANO PONTEDERA PISA CALCINAIA
r
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Example of standalone seism measurement using a single
suspension (Sumatra 11 Apr/2012, NE suspension)

dataDisplay v3r13p 10 : started by vivgorun on Apr 15 2012 18:13:11 UTC

V1:Sc_NE_txCorr_S50Hz__TIME

[ E N S
08h50 08hS5 09h00 09h0S
1018169377.3200 : Apr 11 2012 08:49:22 UTC

V1:Sa_NE_FO_LvdtV_50Hz_ TIME

yohts

0o - S C O

1018169377.3200 : Apr11 2012 05:49:22 UTC

V1:Gx_NE_tx_50Hz__ TIME

1018169377.3200 : Apr11 2012 08:49:22 UTC

V1:5a_NE_FO_xLvdt_50Hz__TIME

-2000f

IV AN I T |
08hS0  08hSS 09h00  09hOS

1018169377.3200 : Apr11 2012 05:49:22 UTC

V1:Gx_NE_ty 50Hz__TIME

,mE .............. ............... .............. ...........
750:2

7001

1018169377.3200 : Apr11 2012 08:49:22 UTC

V1:Sa_NE_F0_zLvdt_SOHz__TIME

_§'°°°E ................ _______________ .............. ____________

s00F

-500fF

-1000} ; i :
08h50  08hS5 0900  09h0S

1018169377.3200 : Apr11 2012 05:49:22 UTC

1
V1:Gx_NE_z S0Hz__ TIME
§ Le H e s
moo.é
08h50" 'n’srins's' 'n'sliao'n' 'n'miuo's' '

1018169377.3200 : Apr11 2012 08:49:22 UTC

V1:Sa_NE_F7_zLvdt_SOHz__TIME

yohts

T U S

-1500}-

(I N T T
08h50 08h55 09hOO  09hO5

1018169377.3200 : Apr11 2012 05:49:22 UTC



ARP
Interesting tilt studies can be perforr&%
1) by comparing Automated Alignment signals with respect to local control

2) through tilt correction signals

Disentanglement between local tilt due to local deformation/drifts and gravimetric
Vector orientation is difficult (see V. N. Rudenko) but it deserves some dedicated study.

Tiltmeters are a key feature of next generation of suspensions at least to cleanup
acceleration sensing.

Tilt sensors : the Gyrolaser VIR-0255A, INFN Pisa
G record of Earthquake in Japan 11.03.2011, M=8.9
o0 Observation of th
Wettzell, H ser-vatlono the

o 5 Reyleigh wave
: | produced by an

s T = Earthquake

-10x107

5561';1 25 . — Y ’ 5552;1_30 . . . 5563:.35

2011 Time, MJD



Interesting tilt studies can be perforﬁ @
men

1) by comparing Automated Align

2) through tilt correction signals

signals with respect to local control

Disentanglement between local tilt due to local deformation/drifts and gravimetric

Vector orientation is difficult (see V. N. Rudenko) but it deserves some dedicated study.

Tiltmeters are a key feature of next generation of suspensions at least to cleanup
acceleration sensing.

Tilt sensors on ground : the Gyrolaser yprosssa inen pisa

M vanmrd rd Carhmiaba in lanan 14 (V2 974 A0 O

G-Pisa record of Earthquake in Japan 11.03.2011, M=8.9
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conclusions

* Along the horizontal plane of the ITF Virgo
behaves as a whole, namely as biaxial closed-loop
accelerometer whose floating mass is 3km-long
Ll—shaped rigid bar.

* Axes angles are adjusted in order to keep the the
operation point.

e Vertical d.o.f of suspensions are not correlated
during the operation and can be exploited in
correlation to other environmental signals.



