
LIGO-G000140-02-D
Part 2 of 2



March 1999 Gainesville, LSC meeting
LIGO

Filter Prototype
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Present Status of Development of GAS

Åü Result (3rd Mode)
Å¡ Resonance Frequency & Q Factor of the Blade Internal Modes



GAS Filter : Measurements 

- Double GASF Chain

Vertical Isolation Performance

- GASF Chain + Payload 

- Filter Zero is connected to a shaker.

- Standard Filters are tuned to about 450mHz.

Shaker

Filter Zero

Filter 1
(Standard Filter)

Filter 2
(Standard Filter)

Payload
(Lead Block)

Accelerometer



Test Tower
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2 Standard Filter Chain,

Vertical Transfer Function
(Good �lters balance)
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2 Standard Filter Chain,

Vertical Transfer Function
(Bad �lters balance)
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Blade Stress Simulation
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Åü Result (1st Mode)
Å¡ Resonance Frequency & Q Factor of the Blade Internal Modes
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Blade Damper

- Passive Damper

- Small Oscillator on Blade 

- Eddy Current Damping 
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- No Lossy Materials 
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Blade Damper
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Blade Damper
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SAS Standard Filter Improvements
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GAS Filter : Current Work 
"Link-less" GASF

Pre-Prototype of "Link-less" GASF
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IP Assembly
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IP Leg
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IP Assembly
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Frequency vs. Load
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Inverted Pendulum: Radial Frequency vs. Load
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Q vs. Frequency

Frequency [Hz]

0.0 0.1 0.2 0.3 0.4 0.5

Q

0

500

1000

1500

2000

2500

3000

L
g

L
g

g

L

L

g
Q

<<

>>







≈
+

≅ −

−

ω

ω
ωφ

φ

ω

ω
φ 21

1

2

21



                  SSAASS Riccardo DeSalvo / ASPEN2000 03/02/00

www.ligo.caltech.edu/~citsas Szabolcs Márka

Comparison of High and Low Q Waveforms (Time Domain)
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Leg + C.W. Simulation
(First Mode)
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Leg + C.W. Simulation
(Second Mode)
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IP Leg + C.W Resonances
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SAS-SUS Control
Sensors Actuator Map
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Control Loop LVDT
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Piezoelectric Actuator
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Mechanics

The folded pendulum

The folded pendulum dynamics:
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Features:

– low resonant frequency: 0.1–1 Hz
– compactness: arm length less than 10 cm
– low dissipation: gravitational anti-spring effect



Mechanics

The VIRGO accelerometer

low pass
filter

AMP

secondary
windings

primary
winding

RF

output

Schematic of an LVDT position sensor.

blade springs

brass masses

feedback
coil

LVDTmagnet

– force feedback accelerometer
– inverted pendulum
– Marval 18 blade springs
– ν0=4 Hz, Q ~ 100, M=0.5 Kg

– full UHV compatible

– sensitivity: <10  m/s Hz–9 2 /  @ 0.1 Hz



Electronics

Resonant phase shift capacitance sensor

output

10 MHz
oscillator

R
S

L

sensing
capacitor

ref

signal

I
E

+ phase detector

50 ohm

– low losses toroidal inductor: Q ~ 170
– high efficiency passive phase detector
– dynamic range ~ 3 µm
– output gain: 300 mV/ µm
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Mechanics

The FP transfer function
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The center of percussion effect:
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Mechanics

The Q factor

– the mechanical dissipation is localized in the flexures

φ φ
κ

κ κeff mat
flex

grav flex

=
+

where
κ δgrav pgl M=

and

κ τ τ
flex N EI l

EI
= 





coth

acceleration thermal noise:
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M l
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Qtn
e p

B flex

mat

ω
κ
ω

( ) = 1 4

Noise reduction:

– high strength, low dissipation, low creep materials
Cu–Be:
- precipitation hardened alloy: yield stress 1.4 GPa
- loss angle: 4 3 10 5. –⋅  below 100 mHz (Quinn et al.1995)

– 10-20 µm thick flexures allow dilution factors up to 10 also with a 
compact design: 10-cm long arms, 3 Kg of mass.

– stick-and-slip losses can be avoided by means of a monolithic design.



Electronics

The capacitance actuator
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– capacitance gap: 250 µm
– gain: 10 µN/Volt
– non–linearity ~ 1% with V0 = 100 V

the actuator driver:

180 kHz
low voltage
oscillator

error
signal

AM modulation

transformer
x 30

fast recovery diode
bridge rectifier

low pass
filter

voltage amplification

output

– noise: 5 µVp-p between 0.1 and 1 Hz.
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Active control of a 3 Hz resonant inverted pendulum



Electronics

Balanced sensing and actuation

double resonator

actuation
electrodes

sensor
plates

sensor
plates

bridge

sensing
plate

actuator
plates
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SAS-SUS Inertial Damping
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IP Inertial Damping ,
Open Loop Transfer Function
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SAS-SUS Global Control
Simpli�ed Model (GEO Code)
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Figure 9: Spectra of the virtual accelerometers X and � with the damping ON and OFF.
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Figure 10: RMS motion of the IP top table, calculated from the spectra of �g. 9. The translational RMS

motion at 100 mHz is reduced from � 70 �m (damping OFF) to � 50 nm (damping ON).
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TAMA SAS
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Inverted Pendulum: Lower Radial Frequency vs. Load    {High Loads Only!}
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GAS Filter : Current Work 
"Link-less" GASF
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