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Introduction
AdVirgo Baseline Optical Design
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Introduction

AdVirgo Baseline sensitivity curve

AdV Noise Curve: Pin =1250W
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Introduction

Seismic Noise on Earth

Seismic noise has both natural and human origins and can vary by few orders of magnitude from
site to site.

Al ground motion displacement spectra observed worldwide share some common characteristics:
they have essentially the same amplitude in all three orthogonal space directions and they exhibit &
low pass behavior that follows the empirical law for f > 0.1 Hz

x(f) ~ A (1 Hz/f)? misqrt(Hz)

Seismic spectral variation. Virgo-CEB-floor. Direction:EWW

: 10 ahd 90 perc.entile (baéed on 363 days)
________________ . | ——50 percentile
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Introduction

Harmonic Oscillators as Mechanical filters

At frequencies higher than the oscillator resonance, the transfer function of an harmonic
oscillator is equivalent to a second-order low pass filter.

Massive Spring Transfer Function
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AdVirgo Superattenuator

Suspension wire

Standard filters

Filter 7

% < ————— Filter0 \

w99'8

The superattenuator (SA)

The AdVirgo superattenuator (SA) is a complex mechanical device capable of
providing more than 10 orders of magnitude of passive seismic isolation in all
six degrees of freedom above a few Hz

» The SAis a passive mechanical system constituted by a 5 stage penc
supported by a 3-leg elastic pre-isolator called inverted pendulum (IF

= All the normal mode resonance frequencies of the SA are k

= The SA mechanical structure, consists of three fundz
inverted pendulum, the chain of standard filters,

= Mechanical design for AdVirgo is essenti
the payload.

Transfer function

— Model
— Measurement

1015 @ 10 HZz
of passive attenuati

E
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AdVirgo Superattenuator

The inverted pendulum

= Alow frequency pre-isolator constituted of three 6 m-long hollow
legs, each one connected to the ground through a flexible joint and
supporting an interconnecting structure (the top ring) on its top.

Fiter0 ——>

/

Top Ring

= The structure horizontal normal modes are tuned at about 30-40 mHz.

= A simple mechanical model such as this

IP legs Gravitational Anti-spring
gives o k— (ﬂf + ?RKQ)Q/L

T M tmATI/I?

= Since the system is very s

forf<<f0 F =~

= The top rin
filter O, si

Flex joints

Bottom
Ring
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AdVirgo Superattenuator

Why vertical attenuation ?

« The input and output mirrors of a Fabry-Perot cavity form an angle alpha_grav = L/r = 5*10 rad (where
= 3 km is the cavity length and r is the Earth radius) with the global vertical direction. Therefore vertic
displacement Az has effect along the beam direction, producing a variation alpha_grav*Az of the
path.

* The suspension system causes even larger mechanical couplings (1%), due to s

Laser beam
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AdVirgo Superattenuator

Vertical attenuation: Blades

All the maraging steel blades have a thickness of
triangular base changes according with the loa

The number of blades ranges from 12 (i
suspended load. A total of 52 blades

The load M depends by the k

_ Ebt
~ 12Rg]

M
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AdVirgo Superattenuator

Vertical Attenuation: Standard filters

Crossbar Damper Filter

The first four pendulum stages of the SA are

Crossbar ' ispri
Magnetic antisprings denominated Standard Filters (SFs).

F'shing rod

-

The SF is essentially a rigid steel cylinder supporting
a set of maraging steel cantilevered triangular
blades clamped along the outer surface of the fi
body.

A magnetic anti-spring system, asse
filter, is designed to reduce its f
frequency from about 1.5 H

Filter body

70 cm of diameter
102 for f > 2 Hz

of passive attenuation
in both horizontal and vertical
direction !!
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AdVirgo Superattenuator
The payload

' Steering filter
= l /

Marionette
Actuation
Cage
A
Q-
/ Baffle
Mirror
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AdVlrgo Superattenuator

ontrol system setup
On long superattenuators (BS, NI, NE, WI, WE, PR, SR) are installed:

FO
« 18 LVDTs of 3 different types
9 Vertical LVDTs (FO — F7 Crossbar, Bottom Ring)
* 3 FO Horizontal LVDT P
*6 F7 LVDTs 4
« 5 Accelerometers of 2 different types installed on FO: F1

» 3 Horizontal Accs
» 2 Vertical Accs

» 23 Coils of 4 different types
* 5 FO Coils
* 6 F7 Coils
* 8 Marionette coils
* 4 Mirror coils

» 3 Piezos on bottom ring

» 21 Motors
« 1 Top screw FO vertical motor
3 FO trolley motors
* 6 Fishing rod motors
» 2 Marionette motors
* 4 F7 motors
* 5 Accelerometer motors
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AdVirgo Superattenuator

Control sytem hardware

@ Electronics Design based on Texas Instruments DSP
TMS320C6678

©

€ ¢ ¢ ¢ ¢ ¢

Eight TMS320C66x DSP Core Subsystems

320 GMAC/160 GFLOP @ 1.25GHz

Four Lanes of SRIO 2.1 - 5 Gbaud Per Lane Full Duplex
Two Lanes PCle Gen2 - 5 Gbaud Per Lane Full Duplex

Ethernet MAC Subsystem - Two SGMII Ports w/ 10/100/1000 |

64-Bit DDR3 Interface (DDR3-1600)

Computing power of a high-end GPU but extremely energ
specifically designed for hard real-time applications

Platform Effective Time
1024 comp

0

GPU |nVidia Tesla C2070

TMS320C66x

High-Performance
Multicore DSP

i3 TEXAS
INSTRUMENTS

GPU |nVidia Tesla C1060

GPP |Intel Xeon Core Duo @ 3 GHz 1.8 95

171

GPP |Intel Nehalam Quad Core @ 3.2 GHz

DSP [TI C6678 @ 1.2 GHz
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AdVirgo Superattenuator

Control system hardware

i

10 Vpp, differential 1/0

; I Analog Iq

! 6ch ADC 24bit, up to 3.84 MSPS
ADC DAC 1“1 6ch DAC 24bit, up to 640 kSPS

Analog and digital parts have been
| embedded in a single board.

‘ Ei |ﬁ ‘<——- 2 lanes x Gen2 PCle (up to 10 Gbps)

DSP a Gigabit Ethernet - Control
» « v Upto 12 modules pe
\_skiog——

()

4 lanes x SRIO (up to

RapidlO Switch
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AdVirgo Superattenuator

Control system hardware
« A total of 14 boards, each one equipped with an 8-core TMS320C6678 DSP, are connected to each

long suspension: Fﬁ
RTPC

N

Sa_XX

~

\
N

Total computing
power of each SA :

N —

VLVDTs FO VLVDT VAccs FO Coils HAccs

>2.2 TFLOPs I
RapidlO

RTPC

N

-

S

wn
PSDf PSDm  PSLC
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AdVirgo Superattenuator
Control system software

SA control is an extremely complex system:
+ 131 DSP boards are installed on BPC, BS, IB, MC, PR, NI, NE, WI, WE, SR, OB
« 185 control code files are running at the same time on the DSP cores at 10 kHz (IP, F7, LC controls), 40 kHz
(Global signals oversampling) and 320 kHz (Digital demodulation of sensors)

* All the DSP software (code, generated assembler and binaries) is archived in an SVN repo that can be b
https://svn.ego-gw.it/svn/satsw/DSPCode Adv/

02 SOFTWARE MAP
A BOARD IP CONMECTED DEVICES SOFTWARE RUMMING {Cored, 10 kHz) SOFTWARE RUNMING [Cored, 320 kHz) |
EFC 171162104  FID [virzoDey/5a/DSPCoce_Adv/BPC/ERC_PED
EFC 171162141 FIEZD [virgoDey/5a/DSPCode_Adv/BPC/ERC_D
5o 85 47246262 BR LWDTs FeirgoDey/Sa/DSPCode_Adv/B5/LVDT/ES_MASTER fvirgnDev/Sa/D5PCode_Ady/85/LVDT/BS_BR_LVDT_Demad
Sa 85 47245293 FII LWDTs fvirgoDey/5a/D5PCoce_Adv/85/LWDT/BS_LVDT_HE_SRID virgnOes/Sa/DSPCode_Adv/B5/LVDT/ES_LVDT_HEZ
Sa B 17216232 FI'WACDS fvirgoDey/sa/DSPCode_Adv/8S/Accs/BS_vAr:_LOG /virEnDew/sa/DEPCoGe_Adv/BS/ACcs/BS wAL:_Demod
Sa B 47216233 FIl Coils {vingoDey/5a/D5PCode_Av/ 85,/ nestisDamping/ES_|D_Disg
Sa BT 172482133  FDHAoo JvingoDey =/ D5PCode_Amv/85/A0cs/BS_Acc_LOG nirgnDey,/Sa/D5PC0de_Adv/BS/Arcs/BS_Acc_Demod
5o 85 17245292 F1-F7 VLWOTs fwirgeey/Sa/D5PCode_Adv/B5/LVWDT/ES_VLVDT_SRID virgnDex/Sa/DSPCode_Adw/B5/LVDT/BS_VLVDT
ScBS 47245280 PSD fvirgoDev/Sa/D5PCode_Arv/B5/LL/ES_PSDE
Sc BS 471162406 FID {vingoDey/sa/D5PCode_Adv/85/LL/ES_PSDm
ScBS 172462410  FID fwingoDen S/ 05PCode_Adv,\B5/L0/ES_PSDR
ScBS 17215284 FiD fwingoDey =/ D5PCode_Amv/85/L0/ES_PS0N
SC_BS 17262151 MIF, MAR Coils FeirgoDeyfsa/DSPCooe_aAdv/85/LC/ES_Mir
SCES  A7LME2175  MAR Coils fvirgoDey/sa/DSPCode_Adv/B5/LL/ES Mar
ScBS 472462135  F7 LWDT [virgoDey/sa/DSPCode_Afv/BE/IVDT/ES_F7_LVDT /virgnDey/5a/DEPCoGe_Adv/BS/LVDT/ES_F7_LVDT_Demod
ScBS 172462130 F7Coils fvingoDen S/ DSPCode_Adv,B5/F7/ES_FT_CD
s8_i8 17216228 BR VDT FeirgoDeyfSa/DSPCode_AdvN8/LYDT/IS_MASTER fvirgnDew/Sa/DSPCoce_Adw18/LVDT/IE_BR_LVDT_Demaod
Sa_i8 172462130 FO, P4, FTLVDT: {virgoDev/=a/D5PCode_Adv/IE/LVDT/IB_LVDT /virgnDey/5a/DEPCode_Adv/IS/LVDT/IE_LVDT_Demod
] 1721828 FO'WACDS fvingoDev/=a/D5PCode_Adv/IE/Acs/IE_wAn:_LOG /virgnDey/5a/DEPCode_Adv/18/Accs/IE_vicc_Demod
Sa_i8 1724621M  FlCoils [irzoDey/ T 05PCode_AdvI8/ InertmiDamping 18 _|D_Diag
s8_i8 17216.2.23 FIF HACzs FeirgeDeyfsa/DSPCooe_adviB/AcIE_Acs_ LOG fvirgnDew,/sa/DEPCoe_Adv18/Accs/IB_ACc_Demiod
SC_IB 172162108 FsD FeirgoDeyfsa/DSPCoce_adv/i8/LCNE_PSDr
5c_IE 17146225 FiD {vingoDev/=a/D5PCode_Adv/I8/LCNE_PSDi
5c B 171162107  FiD fvirgoDev/=a/D5PCode_Adv/i8/LC/1E_PSDt
5c_IB 172462473 MAR Coils firgoDey /S DSPCode_Atv/IE/LCNE_Mard
SC_IE ATLAEL AT MAR Coils FeirgoDayfea/DSPCooe_SoviB LCNE_Mar2
Sa_MC 172462128  ERLWDT: fvirgoDev/=a/D5PCode_Adv/MC/LVDT/MC_MASTER /virgnDey/'5a/DEPCode_Ady/MC/LVDT/MC_BR_LVDT_Demod
Sa_MC 1724629 Fll, F4, F7 LVDT: firgoiDeySa/DSPCode_Amhy WL LVDT/MC_LVDT /virgnDey,5a/DSPCode_Adv/WC/LVDT/MC_LVDT_Demod
Sa_MC 172467398 FOWAC firgoDen /S DSPCode Ay MG/ Aocs/MC_vAre_LOGE /virgnDey,/Sa/DSPCDde_ v/ WC/ Arcs /MAC_vArc_Demod
S8 MC 172162103 FO Coils feingoDey/sa/D5PCoce_Adv/MC/ inertisiDampingMC_ID_Disg
Sa_MC 17215214 Fll Haoos JvingoDen =/ D5PCode_Adv/MIC/ Accs/ME_Acc LOS /virgnDey,5a/D5PCDGe_Adw/MC) Arcs /MIC_Ace_ Demod
Sa_MC 17216210  FIEO JvingoDen =/ DSPCode_Adv MG/ Tt Fiezo_Test
Sc_MC 17246240 FSD firgoDen S/ DSPCode_AvWMC/LLME_PSDF
Sc_MC 472462462 FID firgoDen S/ DSPCode_AtvMC/LCME_PSDi
SCMC  1721E2.E88 FiD SeirzoDayfsa/DSPCogs_ARMCILLME_FSOTT
Sc_MC 172462108  FID JvirgoDen/=a/D5PCode_AfvMC/LC/ME_FSOTI
Sc_MC 172462371 MAR Coils JvingoDev/5a/DSPCode_AvMC/LC/MC_Marl
Sc_MC 472462472 MAR Coils fvirgoDey/Sa/D5PCode_Av/MO/LLME_Mar2
SC_MC 172462176  MIRCoik fvingoDeysa/DSPCode_AlvMCILLME_Mir
Sa_MWE 17218237 ER LWDT: JvingoDen =/ DSPCode_AdvNE/LVDT/NE_MASTER /virgnDey,5a/D5PC0Ge_Adv/NE/LVDT/NE_BR_LVDT_Demod
Sa_ME 17215240 FIl LWDTs JvingoDen 5/ 0SPCode_AdvNE,LVDT/NE_LVDT /virgnDey,5a/D5PC0de_Adv/NE/LVDT/NE_LVDT Demod
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AdVirgo Superattenuator

Sensors

* There is a total of 5 Accelerometer (Accs) installed on the suspension FO of 2 different types with
sensitivity of about 3*10-10 m/s?/sqrt(Hz) for f < 3 Hz

* There are 18 LVDTs installed on long tower suspensions of 3 different types with a sensitivity of
about 108 m/sqrt(Hz) for f > 0.1 Hz

* All the LVDTs are operated using a digital demodulation scheme at 320 kHz sampling frequency

Torino, 16-06-22



AdVirgo Superattenuator

Sensors

* There are 18 LVDTs installed on long tower suspensions of 3 different types
9 Vertical LVDTs (FO — F7 Crossbar, Bottom Ring)
» 3 FO Horizontal LVDT
*6 F7 LVDTs

* Each sensors have been characterized and calibrated

« All the LVDTs are operated using a digital demodulation scheme at 320 kHz sampling frequency:

Level: Top Level: Top - : .
Virgo Inertial damping on [ 172.16.2.14 ] Virgo Inertial damping on [ 172.16.2.14

Hardware implementation Hardware implementation

mpl
When Input Output

uLL MIX nml_cos
NULL 1 MIX nm2_sin
NLILL n 1 nn2_cos
- mm3_sin
nn3_cos
mnd_sin
nmd_cos
mm7_sin
nn7_cos
Tvdtl
lvdtl_cos
lvdt2
1vdt2_cos
1vdi3
1vdt3 cos
lvdt4
lvdta_cos

Demodulation mTsin ity

lvdt7_cos
phases -

mod_cosl
mod_sin2
mod_cos2
mod_sin3
mod_cos3
mod_sind
mod_cos4
mod_sin7

T Moo Low pass ouput filter
(5th order Butterworth at 1 kHz)

mnl_sin mix_sinl




AdVirgo Superattenuator

Inertial Damping

Two Accelerometer-LVDT blending filters are used (High Pass for Accs and Low Pass for LVDTS)
» 75 mHz crossover frequency used for standard operation
* 90 mHz crossover frequency for robustness (High microseism or windy conditions)

elle5_num Wt
elles_denl ’\‘{
eliet
JL\ elle5_num
E||E5_dEI"II
LVDT Sensing elie?
elle5_num
Drriving eIIeS_denI
sled PD_ty Integrator2
num nurm(s)
den accas_den|
AccRespl acca
num nurm(s)
accas_den|
AccResp2 accal
num nums)
den accas_denl
AccRespd L_accae |

Standard Blending filters
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The future of gravitational wave astronomy

Einstein Telescope

of length for each sideyin

(ET) is expected to have a triangular configuration, w
effects of ground motion,"

# order to host two detagctqrs with different bandwidths, and, to drastically re

will be built underground, making the needed infrastructural works very comple expensive.
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http://www.et-gw.eu/

BHETSA

A seismic isolation system for the test masses
of the Einstein Telescope

* Black Holes for ET SArdinia (BHETSA) is a 3-year project funded by the PRIN2020 MIUR call.

» Its goal is the design of a suspension system that isolates seismically the test masses of the Einstein
Telescope at frequencies above 2 Hz with a height of about 10 m, like the one of the Virgo Superattenuator
(SA).

» To test the new design a prototype will constructed, tested and validated.

Achieving detectionciol DR While 'based on. current VIRGO SA', the The p.rototype.will be
gravitational waves Sl G LR R mechanical solutions proposed envisaged tested in Sardinia a.\t the
science program of the Einsteiclea et both an upgrade of the standard filters and SOS Enattos candid
of the inverted pendulum pre-isolator. site for
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http://bhetsa.df.unipi.it/

Possible UNITO contributions

» Control system strategies: improve control strategies of both SA and interferometer, currently
based on classical control techniques

* Hardware and software: new version of both hardware and software of SA real time control
system

» Sensors and actuators development: hi-performance accelerometers and gyroscopes for
and future generation of GW detectors

» Technological applications of SA DSP architecture to areas of interest for UNITC
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