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Basic description of some bit of LIGO calibration
Calibration is understanding detector output in physical terms

Why is it so hard?

Stimulate discussion.

intended to be complete picture.

intended to be a status update.
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Calibrating the Caltech
40 meter prototype
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Calibrating the 40 m

Go to simple Michelson configuration.
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Calibrating the 40 m

2. Turn off Input Test Mass (ITM) control servos, measure peak-to-peak of free-swinging
ITMs in Anti-symmetric (AS) photodetector (PD)

laser wavelength 1064 nm is excellent length reference .
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3. Drive the ITM via the coils
single line at f.

Observing PD1_Q peak at f-
Get ITM coll drive calibration: meters/ cts <coil drive>

We now have an estimate of the DC coil calibration

A(fC) = (1/k) * SPDl_Q / S<coi| drive>

From this (and simple pendulum) we get
actuation transfer function  A(f)
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Differential Arms
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Digression: Differential Arm
(ODARMO) Loop

L (C(F)
i 4 _>®—’ Interferometer sensing ‘ > DARM ERR
.................................................................................................................. e D(f)
Force-to- Voice Actuation
Length coils electronics [* Input
A(f"j"'ES'l’é’ﬁéfﬁ"é&i’d’éﬁ'&iﬁ"fféﬁ"éfé'f"fﬂhct|on

h(t) = R * DARM_ERR(t)

Open Loop Gain G(f) = C(HD(HA(f)

DARM response function R(f) = (1+G)/ C =DA(1+G) /G

(fiducial )

a T = ,
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4. Lock IFO. Measure the DARM open loop gain, G(t,,f) = C(t,,f) D(f) A(f)
5. Drive the ITM at f; and measure in DARM_ERR.

We now have meters / ct<DARM_ERR> at f.
We use this to scale out the DOF in the sensing function C(f)

6. Fit a model of the response function R(f).
Rob Ward has written scripts to perform the fitting at the 40 m.

ONH?
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Calibrating the 40 m

DARM noise
L 942137436
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Now what?
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To do science there would be lots of things to check.

One thing we could check:
DC ITM coil calibration

Independent measurement is possible with:
frequency modulation via VCO
photon calibrator

The 40 m is the ideal place to try new calibration techniques.

Our FM method idea is a bit different from the sites.
Before working out all the bugsE
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Calibrating the 40 m

Something there is that doesnOt love a calibration!

YesterdayOs breaking of the cement pad adjacent to the 40n
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Caltech 40 meter

Measure free-swinging AS time series in
simple Michelson

Drive ITM, measure AS! DC coil cal, A(f)

LIGO sites

Measure free-swinging AS time series in
simple Michelson

Measure Michelson open loop gain

Drive ITM, measure AS! DC coill cal, A(f)
Lock single arm
Sweep ITM, ETM !
Repeat for other arm

DC ETM caoil cal

Lock full IFO Lock full IFO
Measure DARM open loop gain!  G(f) Measure DARM open loop gain!  G(f)
Drive ITM, measure DARM_ERR'! scale Sweep ETM, measure DARM_ERR'! scale
Fit R(f) from model, scale Fit R(f) from model, scale
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DC Calibration Uncertainty (S5 V4)

H1, H2 need 4% additional L1 DC Coil Calibration Measurements
due to run/vaUIre Scallng ETMX = 0.433 + 0.0381 nm/ct ETMY = 0.415 + 0.0344 nm/ct
(more below) 6 4 :
3.5F -
ETMX, ETMY uncertainties  °
added in quadrature 3 7
4 -
25F -
Reported at 1! z 2
g 3 g 2F =<

L1: 12% 2

H1: 3.6% + 4% = 5%

created by summarizeEtmCalibrations on

O J
0.35 0.4 0.45 0.5 0.55 0.35 0.4 0.45 0.5

H 2. 4 -4% + 4% — 6% ETMX DC Calibration (nm/ct) ETMY DC Calibration (nm/ct)

This non-reproducibility is not yet fully understood.
http://touro.ligo-la.caltech.edu/~irish/Work/Calibration/S5V4Review/ErrorBudget.html
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Photon Calibrator (O PCalO)

Radiation pressure from a laser moves a test mass a known amount.

1
2P cos
r(#) ~ — >
[W C# End test mass
A TO TEST MASS Vacuum tube
— l‘ UUME OSUR Phétsn Vacuum chamber
VIEWPORT -~ POLARIZER calibrator
B ~5.7 meters -
LASER—J—) R100%

Simple in principle.
N 2 50 SN s A few complications in practiceE
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x 1075 R(f) vs. beam position
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2005 measurement in yaw.

IFO beam was offset 2.8 mm left-of-center.
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10

In principle, could be accounted for.
In practice, added into uncertainty.
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Discrepancy with free-swinging

H1X H1Y H2X H2Y L1X L1Y
fpcal [Hz] 1605.7 1609.7 1622.9 1626.7 1613.9 1618.9
Rpcar| | 1.6 x 107 1.9 x 1071 | 1.0x 107 99 x 107" | 5.8x 107" 5.6 x 1071
|Rpcat |/ |Reoil | 1.36 1.56 1.62 1.61 1.38 1.33
%) 8 7 10 8 9 8
N 235 126 214 148 49 76

Agreement vs. Frequency, PCal and Propagated Coil Cal

16 I T T T T T T
fpca [Hz] 719.1 719.1 719.1 719.1 ¥ H1x 21 June 06
IRpcal | | 48x 107 4.6x 107 | 23 x 107 2.4 x 10~ Ll S.Z ﬂii ;i 3322 82 o |
IRpcal |/ Reon| | 1.34 1.29 1.05 Lo g || Q2 Ty o8 o
(%] ) 2 ) 1 51, O L1y 26 July 06 *
O 14f - .
N 27 75 7 R o)
O
PhotonCal measurements, 2005 313l o) 8 % -
- O 3
: . 2 1.0 o ]
At the time we wondered: § 'y 3 ® ¥
e ®
thermal effects? S * ¥ o O
11y ¥ ') ]
Swept sine, summer 2006 oo ©

! 200 460 660 860 10‘00 12‘00 14‘00 1600
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Test Mass Deformation
We moved PCal beam off of IFO beam B 2-beam PCal

0.
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Turns out that pillow-like TM behavior is sensed by IFO beam!
Hild S. et al. 2007 CQG 24 5681-8
Plots: Goetz et al. arXiv:0910.5591
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~15% Residual Discrepancy

Test Mass | Pcal ETM Cal V2 Standard ETM Cal Pcal / Standard
[nm/ct] [nm/ct]
H1 ETMX N/A 0.470 N/A
H1 ETMY 0.567 0.489 1.16
H2 ETMX 0.559 0.482 1.16
H2 ETMY 0.612 0.523 1.17
L1 ETMX 0.291 0.255 1.14
L1 ETMY 0.258 0.239 1.08
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Modern PCal: Integrating Spheres

Integrating Spheres provide precise calibration of PCal beam power

Ogold standardO (NIST-calibrated LLO eLIGO PCal
0.88% at 2! ) and Oworking
standardO spheres

TUTE 5.
o\ Oa\
\‘\ P)\
< _ —_— _—— —
1891
=
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Digression: Frequency Modulation

Voltage Controlled Oscillator (VCO)
Laser frequency modulation looks effectively like length
modulation (in single arm lock configuration)

AL(f) - —C(f) Av(f)  c@)" 1forf<2kHz
L %
Frequency | ‘Length |
 Excitation |  Excitation |
_ i — |
reference cavity Y > !
[ \ R = |
— S |
VCO 5 | ¥
:"“<r---||ﬁ/ &I/\ Tg; i § E ______ .@_- CoilDriver————i
I 3 = :
: AOM = : |
| | | X-Arm Cavi
-4 laser : K K e H<
| ! Fl=====
frequency .E\IE E ‘JF' E
locking servo _"{>" R
arm locking signal R. Savage
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Digression: Frequency Modulation

At Hanford 4k:
The VCO frequency actuator is calibrated (# in Hz / volts).
A single arm is locked.
A modulated voltage is injected into the VCO at f. resulting in $f = #$v.
The ETM is driven at f-+%
Knowledge of VCO and MC transfer functions allows DC coil calibration.

10 OO ee

107

Magnitude (counts/sqrt(Hz))

10°F

510.9 511 511.1 511.2
Frequency (Hz)

Goetz and Savage, in preparation
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Issue 1. Run/Acquire at Hanford

VCO FM measurement can be made in ORunO or OAcquireO
Different digital filters
Run: science mode, small dynamic range
Acquire: OcalibrationO mode, large dynamic range

HT ETMX
= 0582} s : s
W - . 2
fottd 42—
L | ¢
g om} Run :
2 . ~10%
Q@ omp
3 ons} { . : l
E sk Vo O RN
| VCO ACCUIRE
omb- — e e = e @ P — -
0 200 420 GO0 00 1000
Freq H2) E. Goetz, R. Savage
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Digression: h(t)
Use response function to calculate strain time series from DARM_ERR.

h(t) is recorded , reviewed , and distributed for data analysis.

Jordi Burguet-Castell, Shourov Chatterji, Greg Mendell, Xavi Siemens, John Zweizig.

total h(t) uncertainty <~1% ( mag) <~2j (phase)
this is in addition to the calibration uncertainty
it arises from digital filtering

P. Kalmus CaJAGWR LIGO-G0901001
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H1 detector, post-S5 (October 2007)

Put in PCal lines at 110 Hz, 111 Hz
Record PCal excitation
Bandpass, compare to h(t)

1 s relative timing uncertainty

—» Feedback Filter -

Control Loop

' &<0il input
h(t) measured to be 211.4 ps ahead of PCal ADC1 M Interferometer |
: | PCal input
4 us delay |n. PCal PD. f A PCaiMonitor Cal inpu
25.4 s relative delay in PCal DAQ I 2 Signal
. . .. Data
|
I 182 ps discrepancy in h(t) timing Siorage VADC2 Genirator
|
h(t) calibration model was corrected ’ T ‘ I
R, — — — — — — ~

I 9.3 ps residual discrepancy (within spec) |

Aso et al 2009 CQG 26 055010
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Digression:

Timing Error & SGR Analysis

S5 SGR searches:

Abbott et al. PRL 101, 211102 (2008)
Abbott et al. ApJL 701, L68-L74 (2009) .,

Consider 2590 Hz ringdowns l
Coherent H1L1 statistic 17

2 16|

Monte Carlo effect of relative timing error: £ ..l
10 ps has negligible effect 9 14
213

60 ps has a factor of ~2 loss (in strain) %,/

180 ps destroys chance of detection

RDL200ms2590Hz effect of relative delay

20 30 40 50 60
relative delay [microseconds]
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Modern Pcal DC Calibration Precision

Uncertainty budget (main sources, 1! ):
Rotation (beam position uncertainty) ~ 1%
Laser power measurement ~ 0.7%
Statistical ~ .25%

Overall ~1.3% (1" )

Accounting for rotation could bring this below 1%.
However, laser power measurement sets a lower limit.

source: Goetz et al. arXiv:0910.5591
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Frequency modulation method
DC Calibration Precision at Sites

These measurements were made in Oscience modeO

Uncertainty budget (main sources, 1! ).
VCO calibration ~0.5%
Measurement statistical variations ~ 1%

Overall ~1.2% (1 ")

source: Goetz and Savage, in preparation.

Will FM measurements converge like 1/sqrt(N)?
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Accuracy
~10% agreement between three methods

0.54

0.53

¢ |
ig 0.52
E
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© Photon calibrator e Plot: E. Goetz, R. Savage
¢ vco
0.48 I X

100 200 300 400 500 600 700 800 900 1000 1100 1200
Frequency (Hz)

Shown: H1 x-arm
e Other 3 Hanford arms look similar (except H1 y-arm has single beam PCal)
ET
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Pros & Cons of 3 DC methods

Free-swinging Michelson ~10% precision
We are very experienced with this
Multiple IFO configurations B multiple measurements required
TM deformations
Photon calibrator 1-2% precision, or less
Operates in Oscience modeO
Can give R(f;) directly, independent of coils
Available laser power limits max. displacement B S/N dropping asf 3
TM deformations (sidestepped local issues B bulk issues may remain)
Frequency modulation 1-2% precision
Force free B no TM deformation
Could be used to examine TM deformation in other methods
Single-arm locks

P. Kalmus CaJAGWR LIGO-G0901001
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Digital filter changes ! calibration @pochs O

Need to run calibration lines to track changes in sensing function C(f) &)
changing IFO optical gain due to alignment, thermal, etc.
changing UGF of DARM loop

S1 R(f) at extreme values of &(t)

magnitude

//T

90 ‘ —

phase (deg)
U]
8 o
i \\

Adhikari et al. CQG 20 (2003) S903DS914
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DC ETM Caoil Calibration is part of the story (5-12% at 1! for S5 V4)
D(f) D digital filters. Assume no uncertainty

For other parts, examine difference between measurements and model.
Errors cannot be pinned downto  A(f) or G(f).
Conservatively assume same independent error in both.

A(f) b frequency-dependent part of actuation

G(f) b systematic, statistical

I (f) b stastical

RMS over frequencies in range, averaged over epochs:

Fol. Magnitude Erro:t .( %) .l”hase Error (dg_g.) |
40 - 2000 Hz [2000 - 4000 Hz 4000 - 6000 Hz 40 - 2000 Hz 2000 - 4000 Hz 4000 - 6000 Hz
E[TasE | [EE [ Es ] Ea [ |
H1| 102 || 154 || 244 | 43 || 46 || 56
(H2] 103 || 13 ][ 166 | 34 || 20 | 22

http://touro.ligo-la.caltech.edu/~irish/Work/Calibration/S5V4Review/ErrorBudget.html
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Formal review Is necessary

LIGO "#P%&'H#()*+),- LSC
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-./.01,-23,)&&'45674(8,1%9,:,<3,=6>6?@A6 _
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4x bigger masses
lower deformation modes
10x better strain sensitivity ! net gain for PCal SNR

ESD actuators

More complicated optical-mechanical plant
R(f) modeling will be much more difficult

More complicated digital filters

Z\TUTE
&

\
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Precise calibration of LIGO test mass actuators using
photon radiation pressure

E Goetzl, P Kalmus2’7, S Erickson3’8, R L Savage J r3, G Gonzalez4,
K Kawabe3, M Landry3, S Markaz, B O’ReillyS, K Rilesl, D Sigg3 and
P Willems®

Accepted by CQG
arxiv:0910.5591
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Calibration of the LIGO displacement actuators via
laser frequency modulation (Oct 30, 2009)

E Goetz ! and R L Savage Jr ?

In preparation.
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Accurate calibration of test mass displacement in the LIGO
interferometers

E Goetz!, R L Savage Jr?, J Garofoli’a, G Gonzalez®, E Hirose*a,
P Kalmus®! , K Kawabe?, J Kissel?, M Landry?, B O’Reilly®,
X Siemens’, A Stuver® and M Sung?

Submitted to CQG
arxiv:0911.0853
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Calibration of the LIGO instruments for the 5th Science Rutr

Jeffrey S. Kissel, for the LSC
LIGO-P0900120

In preparation.
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Today:
Accurate timing may be more important than precise R(f) calibration
Improving calibration will take expert IFO manpower from other critical tasks

Distinction between GW detection and GW astrophysics standards

Future:

Lindblom , OOptimal Calibration Accuracy for GW DetectorsO  Phys. Rev. D 80, 042005 (2009)
Modeled searches: tug of war between NR waveform and calibration errors
Sub 1% calibration -> extract all science from an SNR 100 event?

Are we heading towards a sub 1% calibration? ~20147
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Calibration B understanding output of IFO in physical terms b is critical.
Calibration is not easy.
Calibrators continue to make steady progress.

THANKS TO THE CALIBRATORS

Keita Kawabe, Xavier Siemens, Stefanos Giampanis, Gabriela Gonzalez, Mike Landry,
Albert Lazzarini, Rick Savage, Myungkee Sung, Evan Goetz, Martin Hewitson, Jeff
Kissel, Imre Bartos, Szabi Marka, Matt West, Luca Matone, Brian OOReilly, Jamie
Rollins, Eric Thrane, Vuk Mandic, llya Belopolski, Max Factourovich, Justin Garofoli,
Jordi Burguet-Castell, Daniel Sigg, Keith Riles, Peter Kalmus, Joe Betzweiser, Matt
Pitkin, John Zweizig, Greg Mendell et al.

Thanks to the 40m crew for helpful discussion:
Rob Ward -
Koji Arai :
Rana Adhikari - =
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