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Outline

e Why do we need an h(t) reconstruction?
€ The controls
€ The time domain approach vs frequency domain

e Measuring the basic calibration factors
€ The actuators gain
€ The transfer function

e Building h(t)
€ Frequency dependence effect
€ Noise subtraction

e Validation
€ Comparing the sensitivity curves
€ The shot noise level
€ The photon calibrator
€ Hardware injection

Remark: use Virgo examples; work in progress: not final results
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Virgo Optical Configuration

L=3km
input mode—cleaner
(length=150m) T TT———___ Fabry-Perot
T (finesse=>50)
C 11
LASER beam
Nd:YAG ] Pl kKW splitter |—| ﬂ
A=1,064 um recycling U L =3km
(Py=20 W) mitror
First calibration task: Volts — meters?
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The control challeng

ACp = demodulated signal at 0°

e Mirrors must be free test masses  su-swmaumaessgaase
€ The free mirror motions is of several mp&’ﬁf;?f?%\i??er

Modulation 2

€ The mirrors at the right place

e

Recycling
mirror

e The ITF needs -_% S

Fabry—Perot
/ Beam Splitfénesse=50)

g output mode Jkaner

. Nd:YAGs.zs L} L} pd v
» BS on the dark fringe [ e r
. oy =1,064 um recycling
» Locked F.P. and recycling cavities 200 requency  MIOTBS_ACq
stabilisation
B5_ACp

e Contradiction solved by the Locking strategy

€ Control the mirror at low frequency
€ Mirrors are free at high frequency

— Distortion of the dark fringe signal
— Transfer Function (TF): Shape and Scale

T~ photodetection (Inlgé% fringe signal

Second Calibration task: correct the control effects
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Handling the TF: Frequency domain approach

e A lot of analysis works in the frequency domain
€ Example: Match Filtering for Binaries

Noise
spectrum

Match filtering)

a
2000/
1800 =
1600
19001
000
wwok
800
200"
200

%

~

CPEB(DT() . o
<S+B\T>_zj: 20 »

e Some others analysis use a narrow or high frequency band:
€ require a simple procedure

e Need to get the right TF: time dependant

€ Data base required...
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Handling the TF: time domain approach

Correct the error signal and produce a time series: h(t)

No more need of a data base from the user
€ Use only one channel: h(t)

Will allow a additional bonus:
€ Some noise subtraction is possible

But before: needs to get all inputs for the corrections
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Extracting the calibration parameters

1)The scale
Need to push to mirror in a known way:
Actuator gain: 1V — X meters?
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Mirror actuators

— Pre-lzolator

TIES mim

Standard
Filters

Mirror

L& Filter

GROUND 9

N et ' recoil mass

Payload
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Virgo mirror controls

TP and filter 0
Control signals are split 1
o
9 SPi DC-0.01 Hz
€ Reference mass dominant above 10 Hz
| Ml N
M \f\/l!\\ﬁle"
Last stage model: Sl
® ast S age model. Interferometer
€ Simple pendulum error signal
€ Assume a flat electronic transfer function 0.01-5 Hz
» More checks needed Marionetia
Calibration —L[ _ﬁ control
I nj ection N | Mirror
(VOltS) —C ﬁ control
5-50 Hz
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Actuator gain measurement: fringe counting

e Simple Michelson:
€ Push the mirror over several frin
€ Extract gain from the DC power

ges
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> ’ ,,,,,,,,,,,,,
® P = Py2(1+C.cos(2nAL)) w0 U IINITIE S IEIRAY 4 EV IR Kl VT
_70250 252 W 256 258 2680 262 264 266 268 270
€ need large displacement and a quite site
€ Measure at low frequency
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Open loop Michelson Reconstruction

x1

Watt

e Monitor the DC and AC signals
€ AC signal is shifted by 90° from DC

€ Get the Power and the ITF contrast
» Ppe = Pypc/2(1+C.cos(2rnAL/L))

Pr_B1p_ACp__TIME : Pr_Bip_DC__TIME
x10° 0

Watt

0.2

P S —

T S

""""""""""""""""""""

N R
34m46

840454497.9856 : Aug 24 2006 11:34:44 UTC

e Invert the Michelson equation

€ non linear process ll:

& Get AL(t)

e Absolute scale given by laser wavelength

L
34m48

|
34m50 34m46

34m48 34mAt

840454497.9856 : Aug 24 2006 11:34:44 UT(

2

o

Delta_L__TIME

x10°°
3

A s

840454497.9951 : Aug 24 2006 11:34:44 UTC

FUmd6 mds 3mso
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Using the Open loop Michelson

e |TF Configurations

e Measurements:

@ |Inject “calibration lines”
€ Take the transfer function (dL/zCorr)
€ Rescaled by (frequency/.6)?

e Typical Results (Sep 4):

f[Hz] ITF Ampl.*601 [V] WE Gain p/V
26.5 Asym 3 11.6+1.1
26.5 Asym 4 12.3+1.7
26.5 Asym 6 11.9+1.3
26.5 Long 6 12.8 £ 1.1
26.5 Asym 8 11.7+£0.9
16.5 Asym 6 12.2+0.4
16.5 Long 6 125+1.0
116.5 Asym 6 7.9 £3.6
Mean Value - 12.14 £ 0.30

NE-WE

€ Asymmetric (NE-WI;NI-WE) or long (NE-WE) Michelson

Delta L FFT Sc_NE_zCorr.vs.Delta_L__C

Xl()’g . Sc_WE zCory.vs.Delta 1.

0.8

04“\}|/\H" 1 o8

! v W% [ 04
h 0.2
0.2 1

L | i
R L | SO N e
10 15 10 15

Hz Hz

841434668.3583 : Sep 42006 19:50:54 UTC dt:13.1072s nAv:44 | |841434661.8048 : Sep 4 2006 19:50:47 UTC dt:13.1072s nAv:d4

Only statistical errors
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Typical Noise spectrum (WI-NE)

Delta_ L_ FFT

[
<
L=
k...[_J_l_I_I_I_Il____I__l_LUlLIJ____I__L_I_LLLI_It___l__I_J_I_I_I_Ilt___L_

[CTTIT

1 10 107 10° Hz

840454735.2064 : Aug 24 2006 11:38:41 UTC dt:6.5536s nAv:73

e Best sensitivity around 20-30Hz

€ No measurement above ~ 100 Hz
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Another method: ITM fringe toggling

Used by LIGO
(slide from M. Landry)
I TMy 1. Lock Michelson on
1 dark/bright fringe
2. Wait N seconds
I TMx 3. G—>-G, Michelson
transitions to bright/dark
4.; I fringe
1. Goto step 2
Control signal M4 transition

L“: Calibration of control signal
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Mean of MICH
control signal
for a given time
stretch

Difference of
control signal
between two
successive locked
stretches
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CTRL mean [cnt]
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abs(ctrl{i+1)—ctrl(i)}))
M
S

180

Fringe toggling analysis

.....................................

.....................................

Used by LIGO

(slide from M. Landry)

Mean (cnt) = 201.6607 +— 5.9289
——> (1.319e-09 +— 3.878e—11) [m/cnt]
Mean UP(cnt) = 198.1013 +— 6.8505
Mean DOWN(cnt) = 205.0896 +— 3.9418
Mean SUM(cnt) = 403.1908 +— 7.9036

——> (1.31956-09 +— 2.5865e—11) [m/cnt]

H1:LSC-ITMY
1.32x10° m/count,

Sigma:
0.03x10°

40
A lock n.(i)

20
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Actuators gain: some challenges

The actuators gains are measured:

€ At low frequencies (“DC”)
» But used in a wider frequencies band

€ With large amplitude
» But used with lower signal (problem of the injected noise)
» Coil drivers have variable gain or frequency dependant responses (“whitening”)

Need to cross check the electronic
€ Measure to know the coil driver Transfer Function

Need to pay attention to the mirror mechanical model
€ near the pendulum resonance (0.6Hz for Virgo)
€ mirror internal mode (kHz band)

Not all mirror actuators directly measured
€ Some optical configuration makes the life more complicate
» signal recycling, high finesse

€ Need to transfer measurements from one mirror to another mirror
» Use for instance locked cavities with closed calibration lines on all mirrors
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Extracting the calibration parameters

2)The shape
Measuring the Transfer function

IHP, Nov 13, 2006
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TF Measurement

e Inject white noise on one — V\./rr:;éit?grlfe

of the end mirrors WE mw
=
® Now WE (used to be NE) g
e Measure transfer function g
“
to B1 _ACp %
Z

WI &

l ’LD NI NE
Bl
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Example of measured TF

Time origin: GPS=841961124.000001 UTC=Sun Sep 10 22:05:11 2006 |

e \White noise applied
on mirror

I II

_.Coherence

10 10°

Time origin: GPS=841961124.000001 UTC=Sun Sep 10 22:05:11 2006 |

o 10°

= Coherence typically 3
between 30 and 700 Hz

10°
1 oy?

10°

10°*

1™

= TF amplitude

| L L
]
i Frequency [Hz]

.- TF phase
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Model used

. U S e raW tra n Sfe r fu n Cti O n i n [ Time origin: GPS=841961124.000001 UTC=Sun Sep 10 22:05:11 2006 ]
frequency band with good | . T T M

coherence (<700 Hz)
e Use fit above 700 Hz

€ Optical response with 2 free
parameters: gain & delay
€ Cavity pole kept fixed @ 500 Hz
» Finesse of cavities well known
~ Frorth =49.0+£ 0.5
~ Fuest=51%1
€ Include: U W:
» Anti-alias filter on photodiode signal
» Pendulum response
- Actuator calibration !

€ Ignore: locking filters (high freq.)

Frequency[Hz]

IH fllullf‘
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Sensitivity

|Time origin: GP5=841786857.000001 UTC=Fri Sep 8 21:40:44 2006

b e e
e Apply measured & fitted TF %o @

to B1_ACp spectrum e — —

107"

___________________________________________________________________________________

"""""""""""" iN' L

10‘Tme rigin: GPS=841710251.000001 UTC=Fri Sep 8 00:23:58 2006

e Remark: Calibrations done  ,z,._

1020

injecting noise on NE or WE fo_ﬁ 22223332-:2:22121221:223:3&
give different sensitivities o
& At ~40% level

€ Assume 14 pm/V for actuators e S | ‘ 0l
» WE is probably 15% smaller -

(

» Does not explain all of the difference -
0%,
» Work in progress 10 102

3
e frequency[HJ]o‘
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Building h(t)

IHP, Nov 13, 2006

22



h(t) reconstruction with filter

e Method:

@ Fit ITF response with pole-zero model

> optical response + locking loop
@ Convert to Time Domain filters

@ Apply to dark fringe

| FFT <amplitude>(Pr B1_ACq) | FFT camplitudes{Pr_B1_A
o - | Start 71055065

Jo™ e

local (this site) TO: 12/07/02 23:11:10

e Problems:

€ Complicated locking model (coupled loops)

mmmmmmm [Hz]

modulus

€ Need to follow the coupling coefficient (the TF shape change with time)
€ End up with unstable filters
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h(t) reconstruction using controls signals

A IOCked ITF: ACp = demodulated signal at 0° * *

ACq = demodulated signal at 90°

Recycling

; Beam Splitter
mirror /

Modulation

=
]

a 6.25 MHz
C
B2_3f_ACp
Differential Mode
control loop
H . . L f B5_ACq
Dark fringe signal: emion”

i Dark fri i |
@ Free ITF + effect of the control signals **-*“° ark fringe signa

Control signals are known
& Their effect on the mirrors motion is simple

Free ITF = Locked ITF — control signal

€ + correction for the optical response (cavity filtering)
Remark: this method remove some of the control noises
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h(t) reconstruction details

DClI"k f r‘inge Pr_B1_ACp_darkFringe_ FFT
¢ - Se_BS_2Corr_20kHz_darkFringe
T
BS zCorr Coil Pendulum Cavity response & SeNE_zCor_20kilz darkfringe
YV, . -~ Sc_WE_zCorr_20kHz_dark Fringe
@] TN N T®
Coil current l L s = R
NE ZCOr|r| 10-11%_ I\\. y\w Aoy 1_‘ "
W=\ NT® | T
80 E : \t, .f. Jhw
10"3_ i i eeiesdinioded] I i vhm_l.
| v 1
WE zCorr TR60T7795.0271 : Dec 3 2004 02:56:22 UTC de:3.2768s nAvi30

@] — = [T ® (catyreserer

=

e Remove locking effects from dark fringe signal
€ using mirror correction signal as locking effects measurements
€ need actuators TF (assuming 14p/V) and optical TF for three mirrors
€ Track the optical gain with calibration lines

e Convert dark fringe to AL
® need inverse optical TF (assume a 500 Hz cavity freq. cutoff)
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Optical gains tracking

e Monitor calibration lines amplitude in dark fringe and correction signals
= Update the optical gains for BS, NE, WE using the 350 Hz lines
= The “100 HZz" lines are used as a monitor of the quality

| Thu Aug 25 23:57:34 2005 | | Thu Aug 25 23:57:34 2005 ‘

Sensitivity using TF made with calil

Sensitivity using TF made with calibration

M M . S R ER
L hrec FFT on 10 sec, average 30 tin = o b e
— _ """"""""""" """"""""""" FR ~— L, ............................ .............................. ........... hrecFFTQn‘IOseclaverage:SUl\mes
= : : : : : ] = : : :
: 5 5 - .19
I : : i H : 10" ...

1020 — ..

10721 S

Tl [ e | ..... o preee 1 ..... R o | ...... e e o oo o po | ...... o jroe o 1
98 100 102 104 106 108 110 _.I ...... o || ...... o U . | ..... o e | I ...... U s . | ..... o o o o | I ...... U . ..
frequency[Hz] 345 350 355 360

365
frequency[Hz]

e Remark: Calibration lines removed by reconstruction
— Remaining lines amplitude used as error estimators: ~10-15% in WSR1
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Additional noise removal: 50Hz lines

e Power line frequency is monitor using an auxiliary channel
e Track the coupling coefficient and phase
e Subtract the power lines in the time domain

~N —
= - h_20kHz_ FFT
2 108 L
i —
= h_20kHzNo50
10-19 L
1020 g b
ol I
107 10°
Hz
807527980.2815 : Aug 8 2005 09:19:27 UTC dt:1.6384s nAv:50
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h(t) validation

1) Sensitivity vs reconstruction
) Shot noise level

3) The photon calibrator
) The hardware injection

N

4

IHP, Nov 13, 2006
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Validation 1: Reconstruction vs Sensitivity

‘ Thu Aug 25 23:57:34 2005

e Sensitivity from freq. domain E.
calibration vs h(t) spectrum m_
PY LImItS Of thIS Comparlson 1013? BT I S N N
€ Sensitivities cannot be compared at O 5
exactly the same time 10 S L L
» Permanent lines needed for h(t) N ..
reconstruction are off when reference _Fri Aug 12 13:32:38 2005
spectrum is measured |7§°* AR T
» Interferometer is non-stationary! S0 L S ——
€ Sensitivities depend on different oL
actuator gains "
» Freq. domain: NE or WE depending on
injection point e
» h(t): average of NE and WE 107
10'21;
10 11‘32 I 11;3

1 4
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e Noise budget driven by shot noise at high frequency

Validation 2: shot noise level

- Sensitivity
BER OBSEPOB ActuatorMNoiseArm
—107 ActuatorNoiseBS
I;N 33 ActuatorNoisePR
. . a7 . i| — ElectronicNoise
e Shot noise compute with =10 B
r~ I
tput h t | wer FrequencyMoise
¢ Ou put pho od Ode powe 107® ShotMoiseB5
€ No actuator gain involved LongitudinalNoiseBS
) .. 19 LongitudinalMoisePR
€ No optical gain involved 10 AngularNoise_NE_tx
N AngularNoise WE_tx
20 | i| +—— TotalNoise
10 -'» Design
10
e Absolute cross check ” LT o
10722 e T b e 4 - .”“-w“mﬂ,.?. ...... LT e
] ;
1“'23 1 1 1 P i | |
10 102 10°

Hz
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Validation 3: The photon calibrator

e Principle: Push the mirror with the radiation pressure
of an auxiliary laser beam

e Power modulation

CPU

DAC

\ 4

VME Crate

\ 4

Driving+power '

Laser power -
control loop

“ay
.....
.....
.,

Transmission
signal

Photodiode

Reflection
Signal
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Laser power and design sensitivity

e Needed power to reach Virgo sensitivity:
€ 1 s integration time

10"

10°

P [WHHz]

10°

10

e Nominal values

¢ m=20.5 kg 'E
€ R~90% 10"%
& P=12W oif
& i=40°

107

IIJIIIII|

-4
10
10 10° 10°
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Photon calibrators

e In Virgo:
@ Installed but not yet used

e In LIGO and GEO

€ in general agreement with the classical calibration
€ Work in progress to improve its systematic errors

IHP, Nov 13, 2006 33



Validation #4: Hardware injections

e |dea:
@ Inject in the ITF known waveform
€ Done by moving one of the uncontrolled mirror

» the h(t) reconstruction removed the control signals ,, . |

€ Check the recovered event

e \Waveforms: 0.05

€ Use different waveform
» Inspiral events sweep the frequency band!

€ Sending pre-shaped voltages to mirror coils
€ Takes into account electro-mechanical response
€ Need to provide a smooth termination

Volt
=

0,05

-0,1 1 | | |

e Normalized with the sensitivity measured before the run’ time (sec)

€ Some changes could be expected
€ But distance should be recovered

e Check reconstruction and the “pipelines”
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<
o
e’
>

Detected SNR

Exemple: C6 hardware injections

e 506 inspiral hardware injections
@ 4 different periods, [1.4,1.4] Mg, SNR ranging from ~15 to 25

e All detected

€ Check timing and mass estimation accuracy

€ Check SNR recovery

Entries 56
Mean x 20.37
30 — Mean y 18.14
i ! | RMS x 3.778
C i |RMSy 3.773
25 -_....--.J.......-.J.......-.J.........JI .........
e I e A
i Y .
15[ o B i’ ---------
- : ' 3 . :
r 0 0 20 0
. - | H
L ' ' ol ]
L ROEEt IE AR
5_I 1 1 1 | 1 1 1 1 i 1 1 1 1 | 1 1 1 1 I 1 1 1 1
5 10 15 20 25 30

Injected SNR

12

10

Entries

RMS

56

Mean -0.2112

0.2415

End 'i'ime Accuracy (ms)

5

~ 10% loss might be due to sensitivity non-stationarity

56

-0.002883

0.005137

Entries
Mean

'IE:— RMS

163—

145—

125—

102—

8L

6

40

2

N II

§0561045.055.625.01 0 0.010°050°050040.05

Chirp Mass Accuracy (M@)
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Summary

h(t) is needed and produced routinely in Virgo

€ Code running online
» Use to produce the online horizon

€ Data are usually reprocess later on
h(t) reconstruction provides some noise subtraction
e Nh(t) is the starting point for the Virgo data analysis

€ No other calibration parameters are provided

Tools exist to validate the results
€ Work is in progress to use all of them
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