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| ntroduction

Attenuation Measurements

Mirror Swing Reduction

Mirror Local Controls



VIRGO GOAL

Ground Sasmic Vibrations are
very strong below several
tensof Hz

\ Test masses suspended as a pendulum ;
/\- uruﬂ
3 Km-long arms

Beam splitter
_ Detector

Laser



VIRGO Suspensions

Ground

Mirror

Residual seismic mirror vibrations
below the thermal noise floor
starting fromafew Hz



Specification on
Horizontal transmission

1107 f2mHzY2
Salsmic Noise

l'j Sl

8 orders ofgr;nagnitude

Mirror Thermal
Displacement ~310-15f-52mHz-12



Specification on
Vertical transmission

Salsmic Noise I

Several orc

ke

=
l :'.H-_

010-7f2mHz-1?

ers of magnitude

attenuatlon @ afew Hz

Mirror Thermal
Displacement

~310-15f-52m Hz 12



Suspension Working Principle

Horizontal Attenuation
ground

Transfer Function

10° 107 107 1 10

Frequency (Hz)

mirror
Long Pendula!!!



Suspension Working Principle

8m

Chan maximum horizontal
frequency around 2 Hz



Suspension Working Principle

Vertical Attenuation

ground
i 2Hz
D

resonances :

Transfer Function

10° 107 107 1 10

Frequency (Hz)

mirror

Soft Springs !



Suspension Working Principle
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Blade Springs

e

S s— 375 MM -----------—- ;
| » - 20 mm
| kN
Variable
RN
Blade Spring Top View
Blade Spring Side View
.
10 cmi 14I om E“‘x?]feéeétpe
] T E 3.5mm

Blade shape under load

N

Clamp

L oad




Mechanical Filter

magnets_ —

4§
centering
WITesS
. T
Blade
Springs

Chaln maximum vertical
frequency around 2 Hz



Pre-1 solator

Top filter

6 m-long |
|nverted Filter
Pendulum Chain
Ground

Flex Joint



Pre-1 solator

_1Jk g
fo— —
2T\ M L

J INVERTED
v PENDULUM
Flex joint
/(elastic element)

Ultra - low frequency oscillator
(30 mH?2)



Pre-1 solator

F=Kx=M a¥X

Filter Chain

Pendulum

Ground




Expected Performances

Transfer
Function

0.1 1 10 100
Freq (H2)



Expected Residual
Saismic Noise

“Selsmic Wall”

---------- Selsmic noise
C.

MNewtoman nolse

@, .
»— = Thermal noise
Ab.qv

— Shot noise

O/ —9 Ouantum limit

Sensitivity curve

107 N T
1{]_3 l'_llllll P e — e
-H]'E'E 1 ...-Ii". i ,l_h 1 Lyl

10°° 10" 0’ 107 107 10



Beam Splitter

west
mirror
input mode—cleaner . (T=50 ppm)
(L=150m, F=1000) recycling north
A I T s
(R_ﬂ ) splitter (1=50ppu)
=l
laser Nd:YAG il Vi 64w
(10 W)

output
mode—cleanear
(L=4cm, F=50)




Direct Measurement

11 > 3Lines
Top Stage 2.25 Hz
Actuators 4.1Hz
9.8Hz
Central
| nter ferometer

used as sensor
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10°
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10

Results for
Horizontal Transmission

Displacement LED (microns ™ Hz™-1/2)

5 4.8e+1 3 30+

2.5e-4

@ 2.25Hz
5 [10e-6

4.1e-7

5.7e+0

" Hz




Results for
Horizontal Transmission

Displacement LED (microns ™ Hz™-1/2)

10
5 4.8e+1 0 3.30+1
10 .

@4.1Hz | Y70
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10
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10
10
10" E
10

10
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" Hz

Thisisonly an upper limit !'!!




Measured
Horizontal Transmission

Input Top
Seismic Noise

Ground | e "
Seismic Noise L | 01071 “mHz

Attenuation
by Inverted Pendulum



10

10

M Ground

10

10

Top Stage Seismic Noise
on beam direction

Displacement LSD {microns * Hz*-1/2) l
i |

< Lines |——

/




Residual Mirror Seismic Noise

I nput Selsmic Noise on Top Stage

7

1

Ot m [HZzY?

X

Chain Transmission Upper Limit

6 [10°

Upper Limit of Residual Noise

A

]

08 m[HzY?



Mirror displacement induced
by horizontal seismic noise

Residual Seismic Noise
Upper Limit @4.1 Hz

41018 m [HZzY2

<<

Thermal Noise @4.1 Hz
O [101"m [HZY?




Measured
Vertical Transmission

3 | Displacement LSD (microns ™ Hz"-1/2)

10
102 0 1.7e+2 T 3.0e+2
10

@ 2.25Hz




Measured
Vertical Transmission

3 | Displacement LSD (microns ™ Hz"-1/2)

10
102 0 1.7e+2

= @ 4.15 Hz
10" < 10e-8




10

A

10

10

Top Stage Seismic Noise

Displacement LSD {microns ™ Hz*-1/2)

.

Top

«—|_Lines I\A

Ground




Mirror displacement induced
by vertical seismic noise

Residual Seismic Noise
Upper Limit @4.1 Hz

2 [10Y¥m [HZzY2

<<

Thermal Noise @4.1 Hz
O [101"m [HZY?




Passive attenuation Is
enough but ...........

Chain resonant frequencies
(0.1Hz<f<2H2)
Induce tens of microns
MIrror swings



Mirror swing reduction

1 — Help locking acquisition

Q
& .
‘= Permanence time
2 has to be small
(&)
g 00 =
O
S
=
_ _ _ _ _ _
N2
Crossing

A /100



Mirror swing reduction

2 - Allow noisaless control
of the interferometer

Mirror

Maximum compensation “ closeto
themirror” isabout one micron



Specifications
for mirror swing

rms mirror velocity
smaller than afew tenths
of micron per second

rms mirror displacement
smaller than one micron
(onatimescaeof 10 9)



|nertial Damping

¢
4 W

Top stage / w Fixed Stars
e

6 m-long Filter Chain

| nverted
Pendulum

Floor




|nertial Damping

Accelerometers

Coil-M agnet
Actuators

il I

ADC —p» DSP —p DAC




|nertial Damping
Stability

... N Slices

7\

rms rms rms rms

N consecutive measurements
of rms velocity



|nertial Damping
Stability

Distribution of 10 svelocity rms
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Top-stage RM S

10

—— Open Loop
—— Closed Loop

o1 } t

0.01

rmsvelocity (um/s)

10 100

Time(s)



Mirror velocity spectrum

|
m { 0.45 Hz Mode

N

Pendulum Chain Mode

1 | | 1.5 |
| nverted Pendulum
Spectral Region




Mirror velocity spectrum

0.5 microns per second

rms velocity vs frequency L

\ 0.45 Hz Mode
| nverted Pendulum

- um/s
/%/ it

%

e

10

x (f)=_[|X°(v)dv

\



Mirror velocity spectrum
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| P Contribute

|LSD of mirror displacement (microns/sqri{Hz)) |

2
10 &

10 &
1_

ar
10

_2:
10" =

ar
10

4
10 =

= = -1
10 10 10 1Frequency (Hz)

Actual Contribution
to velocity rmsis 0.37 pm/s

Cure
Better crossing
LVDT-Accelerometersin
|nertial Damping Loop
or Top Stage Control



Pendulum Contribute

Actual Contribution
to velocity rmsis 0.26 pm/s

Cure
Damping from ground based
actuators



0.45 Hz Contribute

Actual Contribution
to velocity rmsis 0.13 pm/s

Cure
Inertial Damping from Top



Mirror velocity spectrum

0.5 microns per second

rms velocity vs frequency L

\ 0.45 Hz Mode
| nverted Pendulum

- um/s
/%/ it

%

e

10

x (f)=_[|X°(v)dv

\



|sthemirror slow ?




|sthe mirror slow ?

Velocity LSD - microns/s * Hz*-1/2

?

=

Ground Seismic Noise (Hor.)

"'IIH’I

Sy

Mirror (Hor.)

(—

0.5 1 1.5 Hz 2




|sthemirror slow ?

velocity rms vs.frequency (microns)

Instrumental effect

Real value

Ground Based 0.6 Hz Pendulum

(perfectly damped)

Superattenuator Mimror




Mirror Displacement

Rmsdisplacement isa
few tenths of um @ 100 mHz

|F{MS of mirror displacement vs.frequency [microns) /7
10 ﬁ/

10

10
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10

[ N
= -
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A
I
[
[y

10 10 1Frequency (Hz)




Mirror Swing
Specifications

rms mirror velocity
smaller than afew tenths
of microns per second

rms mirror displacement
smaller than one micron
on time scaleslarger than 10 s




Last Stage

Beam
G

]

g Pz

s, ]
WY W74 Oy
A,

Reference
Mass

Mirror

Coils



Digital Camera reads the mirror
position in all degrees of freedom



Mirror Angular Control
Specifications

To reduce angular swings from
afew tens of microradians
down to one microradian

1.

Pitch Swing
Ox

Y aw Swing By




Anqgular displacements

Ox

)

Theta_x vs. Theta_y |
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Anqular rms

rms angular displacement

(microradians)
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CONCLUSIONS

Vertical and horizontal seismic
vibrations induce mirror displacements
smaller than thermal noise
even around 4 Hz

Themirror swing amplitude has
been decreased within the
specifications

Camera control reduces the angular
swings of the mirror down to less than
one microradian



