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GW Detector Calibration 
or, Why is Calibration So Hard? 

Peter Kalmus 
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Goals of the talk 

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

Why is it so hard? 

Stimulate discussion. 

NOT intended to be complete picture. 

NOT intended to be a status update. 
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Calibrating the Caltech 
 40 meter prototype 
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Calibrating the 40 m 

1.! Go to simple Michelson configuration. Accurate calibration of test mass displacement in the LIGO interferometers 4

Figure 3. A: Schematic diagram of the simple Michelson conÞguration with misaligned optics
shown in grey. The electronics are conÞgured to feed back to the ITMs to maintain the dark-
fringe condition at the anti-symmetric port. B: Schematic diagram of the single arm lock
conÞguration, again with misaligned optics shown in grey. The electronics are conÞgured to
feed back to the ETM to maintain the resonance condition.

maximum and minimum outputs corresponds to relative ITM motion of one-fourth of the
wavelength of the laser light, thus providing a calibrationof the anti-symmetric photodetector
output signal in this Michelson conÞguration. Combining this result with the transfer
functions resulting from ITM actuation and the overall open-loop transfer function yields
a calibrated actuation function for the ITMs.

The next step in the process is to misalign one of the ITMs and realign the ETM on the
opposite arm. The servo electronics are then conÞgured to feed back to the position of the
ETM forming a resonant Fabry-Perot arm cavity as shown in Þgure 3B. Transfer functions
from ITM and ETM actuations (Exc. 3 and 4) to the single-arm readout are then measured.
Their ratio, combined with the calibration of the ITM actuation function yields the ETM
actuation function. Making similar measurement with only the other interferometer arm cavity
aligned yields the calibrated actuation function for the other ETM.

The swept-sine measurements that are performed in the single-arm conÞguration require
the actuation path electronics to be in the Acquire mode. However, in the Acquire mode
the coupling of electronics noise to test mass displacementis 3-4 orders of magnitude larger
than in the Run mode, which is used for GW searches. There are four parallel paths for
the four voice coil actuators on each ETM and several components in each path. Measuring
and combining the electronics transfer functions with overall precision approaching 1% is a
task that has proved difÞcult to achieve. Converting calibrations performed using the free-
swinging Michelson method to the high-sensitivity, fully-locked interferometer conÞguration
requires correcting for differences between the Acquire and Run mode actuation paths.

2.2. Photon calibrator

The photon calibrator method uses an auxiliary, power-modulated laser to induce calibrated
displacements via the recoil of photons from the surface of the ETM. Photon calibrators have
been used before [24, 25] and are currently being employed atseveral GW observatories [20,
26, 27]. A detailed description of the LIGO photon calibrators can be found in [20].
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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  

Peter Kalmus

Columbia University
November 16, 2009
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Calibrating the 40 m 
3.! Drive the ITM via the coils 

single line at fC 

Observing PD1_Q peak at fC 
Get ITM coil drive calibration:  meters/ cts <coil drive> 

We now have an estimate of the DC coil calibration 

 A(fC) = (1/k) *  SPD1_Q / S<coil drive> 

From this (and simple pendulum) we get  
actuation transfer function A(f ) 
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Differential Arms 
19

laser

Figure 2.7: A Power Recycled Fabry-P«erot Michelson Interferometer

2.4.2 The Initial LIGO Interferometers

The initial LIGO interferometers are power recycled Fabry-P«erot Michelson inter-

ferometers such as the one shown in Fig.2.7 and described in section2.4.1.

2.4.3 Enhanced LIGO

Enhanced LIGO

2.5 Signal Recycling

The technique known assignal recycling, due originally to Meers [?], involves plac-

ing a partially reßecting mirror at the output port of the interferometer. This

mirror recycles the signal carrying light by sending it back into the interferometer

to interfere constructively with the signal carrying light circulating in the inter-

ferometer. This ampliÞes the signal at low frequencies but reduces the bandwidth
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Digression:  Differential Arm 
(ÒDARMÓ) Loop 

         h(t ) = R * DARM_ERR(t ) 

Open Loop Gain        G(f)  = C(f)D(f)A(f ) 
DARM response function      R(f) = (1+G) / C  = DA(1+G) / G 
(fiducial ) 

          

These are complex-valued functions. 

DARM_ERR 

! (t)C(f ) 

A(f ) Ð length actuation transfer function  

D(f) 

h(t )  
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Calibrating the 40 m 

4. Lock IFO.  Measure the DARM open loop gain, G(t0,f) = C(t0,f) D(f) A(f) 

5. Drive the ITM  at fC and measure in DARM_ERR. 

We now have meters / ct<DARM_ERR> at fC   
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. 
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Calibrating the 40 m 

Now what? 
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Calibrating the 40 m 

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 bugsÉ 
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Calibrating the 40 m 
Something there is that doesnÕt love a calibration! 

YesterdayÕs breaking of the cement pad adjacent to the 40 m  
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At the Sites 
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Free-swinging Michelson 
Comparison 

Caltech 40 meter 

Measure free-swinging AS time series in 
simple Michelson 

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

Lock full IFO 
Measure DARM open loop gain !  G(f) 
Drive ITM, measure DARM_ERR !  scale 
Fit R(f) from model, scale 

LIGO sites 

Measure free-swinging AS time series in 
simple Michelson 

Measure Michelson open loop gain 
Drive ITM, measure AS !  DC coil cal, A(f) 
Lock single arm 
Sweep ITM, ETM !  DC ETM coil cal 
Repeat for other arm 
Lock full IFO 
Measure DARM open loop gain !  G(f) 
Sweep ETM, measure DARM_ERR !  scale 
Fit R(f) from model, scale 
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Free-swinging Michelson 
DC Calibration Uncertainty (S5 V4) 

H1, H2 need 4% additional 
due to run/acquire scaling 
(more below) 

ETMX, ETMY uncertainties 
added in quadrature 

Reported at 1!  

L1:              12% 

H1: 3.6% + 4% = 5% 

H2: 4.4% + 4% = 6% 
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http://touro.ligo-la.caltech.edu/~irish/Work/Calibration/S5V4Review/ErrorBudget.html 

L1 DC Coil Calibration Measurements 

This non-reproducibility is not yet fully understood. 
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Photon Calibrator (Ò PCalÓ) 

40 CHAPTER 4. PHOTON CALIBRATORS

test mass.

4.1.1 A photon actuator

A beam of n photons of frequency ! reflecting with angle of incidence " from the surface of a test

mass transfers momentum

p! = 2
h! n

c
cos " (4.1)

where h is Planck’s constant and c is the speed of light. The beam induces a force

F (t) =
dp!

dt
=

2 cos "
c

d (h! n)

dt
=

2 cos "
c

P (t) (4.2)

where P (t) is the total reflected power. If we drive the test mass sinusoidally,

P (t) = Pdc + P sin (#t) , (4.3)

where w is the angular frequency of the beam power modulation. Pdc pushes the test mass with

a constant force which is compensated for by the detectors’s length sensing and control system,

and is therefore unimportant in principle.

The test mass equation of motion, assuming a simple pendulum, is

F (t)

M
=

2 cos "
Mc

P sin(#t) = ẍ + $ẋ + #2
px (4.4)

where M is the mass of the test mass, $ is a damping coe! cient, and #2
p = g/l. If # is much

greater than the pendulum resonance frequency, the solution is

x(#) ! −
2P cos "
Mc#2

. (4.5)

Finally, we correct for beam positions on the test mass. If the photon calibrator beam is

not centered horizontally (vertically) on the test mass, it will cause an angular motion of the test

mass at frequency # in yaw (pitch). If the main interferometer beam is perfectly centered there

will be no net e" ect in the gravitational wave output signal; however, if the main beam is not

centered, the interferometer will interpret the angular motion as longitudinal motion. For photon

calibrator beam o" sets ax and ay , and main interferometer beam o" sets bx and by , we have (to

lowest order in the o" sets)

x(#) ! −
2P cos "
Mc#2

!
1 +

ax bx M

Ix
+

ay byM

Iy

"
, (4.6)

where Ix and Iy are the test mass moments of inertia around the yaw and pitch axes. The yaw

term is illustrated in Figure 4.1 with measurements we took in the summer of 2005. In practice, it

is di! cult to precisely know the location of the interferometer beam, and these correction terms

are treated as a source of uncertainty.

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

Simple in principle. 
A few complications in practiceÉ 
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Off-axis effect 

40 CHAPTER 4. PHOTON CALIBRATORS

test mass.

4.1.1 A photon actuator

A beam of n photons of frequency ν reflecting with angle of incidence θ from the surface of a test

mass transfers momentum

pγ = 2
hνn

c
cos θ (4.1)

where h is Planck’s constant and c is the speed of light. The beam induces a force

F (t) =
dpγ

dt
=

2 cos θ

c

d (hνn)

dt
=

2 cos θ

c
P (t) (4.2)

where P (t) is the total reflected power. If we drive the test mass sinusoidally,

P (t) = Pdc + P sin (ωt) , (4.3)

where w is the angular frequency of the beam power modulation. Pdc pushes the test mass with

a constant force which is compensated for by the detectors’s length sensing and control system,

and is therefore unimportant in principle.

The test mass equation of motion, assuming a simple pendulum, is

F (t)

M
=

2 cos θ

Mc
P sin(ωt) = ẍ + γẋ + ω2

px (4.4)

where M is the mass of the test mass, γ is a damping coe! cient, and ω2
p = g/l. If ω is much

greater than the pendulum resonance frequency, the solution is

x(ω) ! −
2P cos θ

Mcω2 . (4.5)

Finally, we correct for beam positions on the test mass. If the photon calibrator beam is

not centered horizontally (vertically) on the test mass, it will cause an angular motion of the test

mass at frequency ω in yaw (pitch). If the main interferometer beam is perfectly centered there

will be no net e" ect in the gravitational wave output signal; however, if the main beam is not

centered, the interferometer will interpret the angular motion as longitudinal motion. For photon

calibrator beam o" sets ax and ay , and main interferometer beam o" sets bx and by , we have (to

lowest order in the o" sets)

x(ω) ! −
2P cos θ

Mcω2

!
1 +

ax bx M

Ix
+

ay byM

Iy

"
, (4.6)

where Ix and Iy are the test mass moments of inertia around the yaw and pitch axes. The yaw

term is illustrated in Figure 4.1 with measurements we took in the summer of 2005. In practice, it

is di! cult to precisely know the location of the interferometer beam, and these correction terms

are treated as a source of uncertainty.

In principle, could be accounted for. 
In practice, added into uncertainty. 
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Figure 4.1: (a) The theoretical prediction of the yaw correction term 1 + ax bx M/I x for various

interferometer beam o! sets as a function of photon calibrator beam o! set. (b) Experimental

veriÞcation of the yaw correction term in equation 4.6 due to o! -centered beams. The x-axis

shows approximate horizontal position of the photon calibrator beam relative to the center of the

test mass, and the y-axis shows the magnitude of the responsefunction R(! ). We swept the beam

back and forth across the test mass several times to provide asense of precision and check for

any systematic hysteresis. The Þt to experimental data indicates that the main interferometer

beam at the time of the measurement was horizontally o! set on the test mass by 2.8 mm to left

of center.
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Figure 4.1: (a) The theoretical prediction of the yaw correction term 1 + ax bx M/I x for various

interferometer beam o! sets as a function of photon calibrator beam o! set. (b) Experimental

verification of the yaw correction term in equation 4.6 due to o! -centered beams. The x-axis

shows approximate horizontal position of the photon calibrator beam relative to the center of the

test mass, and the y-axis shows the magnitude of the response function R(ω). We swept the beam

back and forth across the test mass several times to provide a sense of precision and check for

any systematic hysteresis. The fit to experimental data indicates that the main interferometer

beam at the time of the measurement was horizontally o! set on the test mass by 2.8 mm to left

of center.

2005 measurement in yaw.   
IFO beam was offset 2.8 mm left-of-center. 
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Discrepancy with free-swinging 

4.3. DISCOVERING A DISCREPANCY 53

tems themselves, not by the SNR ratio of the pcal excitation in the gravitational wave channel

DARM ERR. Results for the three interferometers are shown in Figures 4.11, 4.12, and 4.10, and

are summarized in Table 4.3. We note that the X and Y pcal units agree to 12% in H1, 1% in

H2, and 3% in L1. This agreement between X- and Y-arm pcals is within the uncertainty budget

given in Table 4.2. The relatively large disagreement in H1 could be related to the constraint

imposed on the H1 systems by the beam tube ba! e supports, which require a significantly de-

centered pcal beam location on the test masses. This could cause the pcal beam to overlap the

main interferometer beam more or less, which would a" ect the magnitude of the discrepancy as

described below.

Table 4.3: Summary of photon calibrator discrepancy near 1600Hz and 700Hz. We chose pcal

excitation frequencies f pcal near 1600Hz to be high enough to limit harmonics below 2 kHz, but

to be low enough for reasonable integration times (∼1000 s). Slightly di" erent frequencies were

chosen near 1600Hz for each pcal unit so that confusion between units would be impossible. The

719.1Hz measurements were made with special lines which were only left on for ∼hours.
∣

∣R̄pcal
∣

∣

is the average value of the pcal response function magnitude measurements at f pcal . |Rcoil | is the

fiducial response function measured via coil actuators at f pcal . We verified that the di" erence

between the fiducial and propagated coil calibration is insignificant.

H1X H1Y H2X H2Y L1X L1Y

f pcal [Hz] 1605.7 1609.7 1622.9 1626.7 1613.9 1618.9
∣

∣R̄pcal
∣

∣ 1.6 × 10−14 1.9 × 10−14 1.0 × 10−14 9.9 × 10−15 5.8 × 10−15 5.6 × 10−15

∣

∣R̄pcal
∣

∣ / |Rcoil | 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

f pcal [Hz] 719.1 719.1 719.1 719.1
∣

∣R̄pcal
∣

∣ 4.8 × 10−15 4.6 × 10−14 2.3 × 10−15 2.4 × 10−15

∣

∣R̄pcal
∣

∣ / |Rcoil | 1.34 1.29 1.05 1.09

! [%] 2 2 2 1

N 27 75 77 75
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Figure 4.15: The ratio of pcal DARM ERR response measurements to the propagated coil actu-

ator measurements, made in the summer of 2006.

the coil actuator calibration in meters per drive count, which can be compared to measurements

made via voice coil actuators.

4.3.3 Recent advances

After the S5 run ended on 2008 October 1, the detectors were available for a few weeks before the

interferometer rebuild for Enhanced LIGO and S6. During this period we worked with R. Savage

and E. Goetz to test and improve the precision of the photon calibrators. At the Hanford site,

we helped to characterize two new Labsphere (http://www.labsphere.com/) integrating spheres.

A “gold standard” integrating sphere was calibrated at the National Institute of Standards and

Technology (NIST) with an accuracy of 0.88% at the 2σ level [97]. We used the gold standard to

calibrate a “working standard,”which we carried to the end stations to calibrate the pcal systems.

These integrating sphere measurements of αc are good to about 1% at the 2σ level. This advance

gives an overall estimated photon calibrator precision of ∼3% at the 2σ level [98]. This precision

is much higher than what can be acheived with the voice coil calibrators (6%–8% at 1σ).

PhotonCal measurements, 2005 

Swept sine, summer 2006 

At the time we wondered: 
thermal effects? 
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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  

19 

Test Mass Deformation 

Single, centered 
Pcal beam 

Two-beam Pcal 

Plots: Goetz et al. arXiv:0910.5591  

We moved PCal beam off of IFO beam Ð 2-beam PCal 
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~15% Residual Discrepancy 

60 CHAPTER 4. PHOTON CALIBRATORS

Table 4.4: Summary of photon calibrator agreement with standard calibrations of the voice coil

actuators, for the six pcal units, as of April 2007 [84]. These results are averages over multiple

measurements between 50 and 400Hz. Measurements for H1X had not yet been performed.

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

Work done during this period by R. Savage and E. Goetz provides evidence that the

residual frequency independent part of the discrepancy might be due to an error in the official

calibration caused by assuming that measurements made with electronics in “acquire” mode are

valid in “science” mode [98].

4.4 Time delay measurement

Precise absolute timing is crucial for coherent analysis of gravitational wave data, for example

the analysis we present in Chapter8. In Section 8.6.2 we show that a residual 30µs timing error

between pairs of detectors degrades the performance of our search by more than 10% at the highest

frequencies. This error was uncovered with the photon calibrators.

The photon calibrators were used to make a precise time delay measurement in the in-

terferometer [99]. We performed this measurement on the Hanford 4 km detector during a trip to

the site immediately following the S5 science run, in October of 2007, and Y. Aso subsequently

performed the analysis. The idea was to check the time delay considerations used in the conven-

tional calibration used to generate strain-calibrated data (so-called h(t), mentioned in Section3.3),

before the initial LIGO detectors entered their violent commissioning transformation enroute to

becoming Enhanced LIGO a few weeks after the end of S5. What we found with the photon

calibrator measurements was both surprising and important.

The measurement was straightforward. In principle, a sine wave injected into the photon
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Modern PCal:  Integrating Spheres 

LLO eLIGO PCal Ògold standardÓ (NIST-calibrated 
0.88% at 2! ) and Òworking 
standardÓ spheres  

photos:  R. Savage 

Integrating Spheres provide precise calibration of PCal beam power 
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R. Savage 

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

C(f) "  1 for f < 2 kHz 
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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 fC resulting in $ f = #$v. 
 The ETM is driven at fC+% 
 Knowledge of VCO and MC transfer functions allows DC coil calibration. 

Calibration of the LIGO displacement actuators via laser frequency modulation 7
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Figure 6. Amplitude spectral density of the arm locking servo error po int during
simultaneous excitation of the frequency modulation actua tor at 511.1 Hz and the
end test mass voice coil actuator at 511 Hz.

function is flat over the frequency range of our measurements, we expect the voice coil
actuators to deliver a longidudinal force that is independent of the drive frequency.
The measurements are made at frequencies well above the 0.75 Hz pendulum frequency
of the suspended test mass, so we expect it to behave as a free mass with a displacement
that is 180 degrees out of phase with the force from the voice coils and decreasing as
f ! 2 for increasing drive frequency. To calibrate the voice-coil actuation coe! cient
at a given frequency, we lock the particular single arm of the interferometer and
simultaneously drive both the voice coil actuators and the laser frequency actuator
with sinusoids separated by approximately 0.1 Hz. We monitor the magnitudes of the
induced peaks in the amplitude spectral density of the error point of the arm locking
servo, the frequency modulation drive signal and the voice coild drive signal‡.

We calculate the ETM voice coil calibration coe! cient as

Aetm (f) = Aout 2 ×
Sout 2

Setm
×

Eetm

Efm
(10)

where Eetm and Efm are the amplitudes of the peaks in the amplitude spectral density
of the arm locking error signal resulting from the ETM excitation and the frquency
modulation. Setm is the amplitude of the signal at the ETM length excitation monitor
point. Typical signals for frequency modulation and voice coil excitations at 511.1 Hz
and 511 Hz, respectively, are shown in Fig. 6. The measurements are made in a
closed-loop configuration, so di" erences in the loop response could a" ect the actuator
calibration. Measurements of the closed-loop response show that errors for excitations

à Note that the actuator for the arm locking servo is also the vo ice coil actuator for the excited test
mass, so the error point signals indicate the residual lengt h modulation sensed by the servo. For the
frequency modulation excitation, the servo works to supres s it by actuating on the legth of the arm
via the voice coil, thus inducing a physical length variatio n to reduce the effective length variation.

Goetz and Savage, in preparation 

Coil 

VCO 
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Issue 1:  Run/Acquire at Hanford 

Run

Acquire

VCO measurements

• Frequency modulation of the laser
light via the PSL Voltage Controlled
Oscillator (VCO) using single-arm locks  

• Measurements per-
formed in Calibration
configuration
indicated a ~10% dis-
crepancy with Pcal
meas. performed in
Science configuration

• Repeated VCO meas.
In Science Config.
to investigate role of
run/acquire compensation

!

!"
=

"

!
!

VCO FM measurement can be made in ÒRunÓ or ÒAcquireÓ 
 Different digital filters 
 Run:  science mode, small dynamic range 
 Acquire:  ÒcalibrationÓ mode, large dynamic range 

~10%  

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)  <~2¡ (phase)  
 this is in addition to the calibration uncertainty 
 it arises from digital filtering 
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Issue 2:  h(t ) time stamps  

H1 detector, post-S5 (October 2007) 

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

 1 µs relative timing uncertainty 

h(t) measured to be 211.4 µs ahead of PCal 
 4 µs delay in PCal PD 
 25.4 µs relative delay in PCal DAQ 
 !  182 µs discrepancy in h(t) timing 

h(t) calibration model was corrected 
 !  9.3 µs residual discrepancy (within spec) 

   Aso et al 2009 CQG 26 055010 
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Digression:   
Timing Error & SGR Analysis 

170 CHAPTER 8. SEARCH FOR GWS FROM INDIVIDUAL SGR BURSTS
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Figure 8.6: E! ect of 30µs detector relative timing calibration systematic error on 2590 Hz linear

RDs in a two-detector search, as a function of error in relative detector timing. Results were

obtained from Monte Carlo simulations with 200 trials.

S5 SGR searches: 
Abbott et al. PRL 101, 211102 (2008)    

Abbott et al. ApJL 701, L68-L74 (2009) 

 Consider 2590 Hz ringdowns 
 Coherent H1L1 statistic 

Monte Carlo effect of relative timing error: 

10 µs has negligible effect 

60 µs has a factor of ~2 loss (in strain) 

180 µs destroys chance of detection 
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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. 

LIGO-G0900511  28 R. Savage   Amaldi 8   Columbia Univ.   
June 2009 

Modern Pcal  DC Calibration Precision 

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

These measurements were made in Òscience modeÓ 

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 

+,- 5% 

Plot: E. Goetz, R. Savage 

Shown:  H1 x-arm  
Other 3 Hanford arms look similar (except H1 y-arm has single beam PCal)  

~10% agreement between three methods  
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Pros & Cons of 3 DC methods 

Free-swinging Michelson ~10% precision 
 We are very experienced with this 
 Multiple IFO configurations Ð multiple measurements required 
 TM deformations 

Photon calibrator  1-2% precision, or less 
 Operates in Òscience modeÓ 
 Can give R(fC) directly, independent of coils 
 Available laser power limits max. displacement Ð S/N dropping as f 3   

 TM deformations (sidestepped local issues Ð bulk issues may remain) 
Frequency modulation 1-2% precision 

 Force free Ð no TM deformation 
 Could be used to examine TM deformation in other methods  
 Single-arm locks 
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Calibration Over Time 

 Digital filter changes !  calibration Òepochs Ó 

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

Calibration of the LIGO detectors for the First LIGO Science Run S911
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Figure 4. Response function R0(f ) for L1 at reference time Sep 06, 2002, 23:02 UTC, when
αβ = 1, and response functions for extreme values of the open loop gain scale αβ = 0.5 and 1.4.
These two latter curves should be taken as an envelope of possible response functions during S1.
The values of αβ for L1 had a median of 0.76, and were usually between 0.5 and 1.0.

L1 is shown, together with the calibrations obtained for gains close to maximum and minimum
values of the product αβ.

6. Calibration results and stability during S1

We took as reference functions the best measurements of loop gains during S1; the
corresponding reference calibrations are shown in figure 5. This response is then recalculated
using equation (3) for every minute of data during S1 when the interferometers were in
operation and when an estimation of α was available.

The measured gain factor αβ as a function of time is shown in figure 6 for the three
detectors. The breaks in the plot are due to the fact that the interferometers were not in
continuous operation for more than a few hours at a time. The duty cycle varied between 42%
(for L1) to 73% (for H2). There is a significant drift, even within a continuous segment when
the detector is in operation, due to fluctuations in alignment. These fluctuations will ultimately
be controlled by angular control feedback loops, which were only partially commissioned at
the time of S1. The fluctuations are not random, and the distribution of values is not Gaussian,
as shown in the histograms of all values, in figure 7.

There is also some random scatter due to the statistical error in the estimation of the line
amplitude. If we take the difference of consecutive measurements of the line amplitude, we see
that its distribution is now Gaussian, which is more typical of statistical errors in the amplitude
spectral estimate than of alignment fluctuations with a 1 min time scale. We can use the width
of these distributions to assign an error to any single estimate of α(t) . These errors vary

Adhikari et al. CQG 20 (2003) S903ÐS914 

S1 R(f) at extreme values of &(t)  
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h(f ) Error Budget (S5 V4) 

DC ETM Coil Calibration is part of the story (5-12% at 1!  for S5 V4) 
D(f) Ð digital filters.  Assume no uncertainty 

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

 A(f ) Ð frequency-dependent part of actuation 
 G(f) Ð systematic, statistical  
 ! (f) Ð stastical   

RMS over frequencies in range, averaged over epochs: 

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

!"#$
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aLIGO 

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 

roughly a factor of 2 (based on empirical results from a GEO-prototype and some early FE and
Mathematica modelling for GEO). But this is nearly compensated by the increased area (the
controls prototype ESD is effectively about double the area of those in GEO600).
The controls prototype design was intended to be as flexible as possible, allowing wiring at the
sides or top and bottom. It does not make maximum use of the available area1. The design is
being reviewed for the noise prototype. The idea is to fill the permitted area of the reaction
mass (i.e. that outside a central aperture of 95 mm radius) with a simplified electrode pattern.
This allows an increase of about 35% in the force produced for a given voltage. The coupling
coefficient should be α ! 7 " 10! 10N/V2.
The 4-quadrant GEO design (4 separate signal electrodes and a set of 4 common ‘bias’ electrodes)
is extended to include a separate low-coupling bias electrode. This may have anything up to
about 10% of the coupling (capacitance) provided by the main set. The cost is a 20% increase in
wiring and electronics. This extension has not yet been adopted as part of the baseline proposal.
It increases the wiring needed from 5 to 6 wires, to obtain control in 3 degrees of freedom at
two force levels each.

Figure 1: Initial drawing, by Russell Jones, of the proposed noise prototype ESD mask. The
gold pattern is the inverse of the mask. The inner 190 mm diameter is reserved to transmit the
beam and the outer dimension of the reaction mass can be observed as the faint line somewhat
smaller than the mask – this to allow the mask to be supported during coating. The length of
the new, outer electrodes remains TBD.

1Document LIGO-T060012-00-D reports that the fabrication method employed for the controls prototype drive
seems highly satisfactory. In particular it was possible to make acceptable connections, and the resistance of the
gold pattern was quite small (around 1 .5Ω to the extreme points on the pattern). It, therefore, seems wise to
continue to fabricate this way.

2 1-2-2006 LIGO-T060015-00-K

K. Strain LIGO T060015 
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Abstract
Precise calibration of kilometer-scale interferometric gravitational wave
detectors is crucial for source localization and waveform reconstruction. A
technique that uses the radiation pressure of a power-modulated auxiliary
laser to induce calibrated displacements of one of the∼10 kg arm cavity
mirrors, a so-calledphoton calibrator, has been demonstrated previously and
has recently been implemented on the LIGO detectors. In this paper, we discuss
the inherent precision and accuracy of the LIGO photon calibrators and several
improvements that have been developed to reduce the estimated voice coil
actuator calibration uncertainties to less than 2% (1! ). These improvements
include accounting for rotation-induced apparent length variations caused
by interferometer and photon calibrator beam centering offsets, absolute
laser power measurement using temperature-controlled InGaAs photodetectors
mounted on integrating spheres and calibrated by NIST, minimizing errors
induced by localized elastic deformation of the mirror surface by using a two-
beam conÞguration with the photon calibrator beams symmetrically displaced
about the center of the optic and simultaneously actuating the test mass with
voice coil actuators and the photon calibrator to minimize ßuctuations caused
by the changing interferometer response. The photon calibrator is able to
operate in the most sensitive interferometer conÞguration, and is expected to
become a primary calibration method for future gravitational wave searches.
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7 Current address: California Institute of Technology, Pasadena, CA 91125, USA.
8 Current address: Smith College, Northampton, MA 01063, USA.

0264-9381/09/000000+13$30.00 © 2009 IOP Publishing Ltd Printed in the UK 1

Accepted by CQG 
arXiv:0910.5591 



37 P. Kalmus   CaJAGWR  LIGO-G0901001   

Papers 

PDH Sensing
Length

Modulation

Error

Point

Suspended

Test Mass

Voice Coil

Actuators

Loop

Electronics

Figure 1. Schematic of the differential arm length (DARM) control loop.

Calibration of the LIGO displacement actuators via
laser frequency modulation (Oct 30, 2009)

E Goetz 1 and R L Savage Jr 2

1 Department of Physics, University of Michigan, 450 Church Street, Ann
Arbor, MI 48109-1040
2 LIGO Hanford Observatory, P.O. Box159, Richland, WA 99352, USA

E-mail: savage r@ligo-wa.caltech.edu, egoetz@umich.edu

Abstract. We present a new technique for calibration of the displacement
actuators of a km-scale interferometric gravitational-wave detector. By
modulating the frequncy of the laser light with the interferometer locked in a
single-arm configuration, we create an effective length variation that we use to
calibrate the voice-coil actuators that control the arm length. By simultaneously
driving the voice coil actuator at a nearby frequency, we are able to calibrate the
voice coil actuation coefficient with an estimated one–! uncertainty of ! 3 %.
This technique enables a force-free, single-step actuator calibration.

PACS numbers: 04.80.Nn, 06.30.Bp, 07.60.Ly, 42.60.Da, 95.55.Ym

1. Introduction

The LIGO Project (Laser Interferometer Gravitational-wav e Observatory) interferom-
eters are sensitive to differential length variations with amplitude spectral densities
on the order of 10−19m/

!
Hz. To enhance the sensitivity to gravitational waves, the

interferometer arms incorporate 4-km-long optical cavities, Fabry-Perot resonators,
formed by 10-kg mirrors, or test masses, that are suspended as pendulums for isola-
tion from seismic motion. To hold these cavities on resonance with the laser light, the
position of the end test masses (ETM) are controlled via voice coil actuators utilizing
rare-earth magnets bonded to the back surfaces of the mirrors.

The distortions in space-time induced by a passing gravitational wave will be
sensed by the interferometers as differential arm length ßuctuations. These variations
would be suppressed by the differential arm length (DARM) con trol servo via the
ETM voice-coil actuators as shown schematically in Fig. 1. Sensing and eventually
reconstructing the waveforms of the gravitational wave disturbance thus requires

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

interferometers
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X Siemens7, A Stuver6 and M Sung3
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Abstract. We describe three fundamentally different methods we have applied to calibrate
the test mass displacement actuators to search for systematic errors in the calibration of the
LIGO gravitational-wave detectors. The actuation frequencies tested range from 90 Hz to 1
kHz and the actuation amplitudes range from 10" 6 m to 10" 18 m. For each of the four test
mass actuators measured, the weighted mean coefÞcient over allfrequencies for each technique
deviates from the average actuation coefÞcient for all three techniques by less than 4%. This
result indicates that systematic errors in the calibration of the responses of the LIGO detectors
to differential length variations are within the stated uncertainties.

PACS numbers: 95.55.Ym, 04.80.-y, 04.80.Nn, 06.30.Bp

1. Introduction

The current generation of Earth-based interferometric gravitational wave (GW) detectors
are sensitive to differential length variations with amplitude spectral densities as small as
10" 19 m/

#
Hz. [1, 2, 3, 4] The next generation of detectors are designedto be about a factor

of ten more sensitive and in several cases they are either in the advanced planning stages [5, 6]
or have already begun construction [7, 8]. In order to take full advantage of the scientiÞc reach
afforded by these detectors, continuous calibration with accuracy and precision approaching
the 1% level will be required. [9] Thus, detector calibration is an active area of research for all
GW projects, with a signiÞcant percentage of resources being devoted to calibration-related
activities. These activities include amplitude and phase calibration in both the frequency
domain [10, 11, 12, 13] and in the time domain [14, 15, 16, 17, 18].

Historically, the LIGO project has relied on a calibration method that requires
extrapolation from test mass displacements that are about twelve orders of magnitude larger
than the expected apparent displacements that will be caused by gravitational waves. [19]

à Current afÞliation: Syracuse University, Syracuse, NY 13244, USA
¤ Current afÞliation: Harvard-Smithsonian Center for Astrophysics, Cambridge, MA 02138, USA
! Current afÞliation: California Institute of Technology, Pasadena, CA 91125, USA

Submitted to CQG 
arXiv:0911.0853 
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Calibration of the LIGO instruments for the 5th Science Run

Jeffrey S. Kissel, for the LSC
LIGO-P0900120

November 13, 2009

Contents

1 Introduction 2

2 Model - The Response Function 2
2.1 Digital Filters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Actuation function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.3 Sensing Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3.1 Displacement Response, CL (f ) . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3.2 Gravitational Wave Response, CGW (θ, φ, ψ, f ) . . . . . . . . . . . . . . . . 12
2.3.3 Single Cavity Pole Approximation, CSP

h (f ) . . . . . . . . . . . . . . . . . . 13
2.4 Time dependence (Calibration Coe! cients) . . . . . . . . . . . . . . . . . . . . . . 14
2.5 Open Loop Gain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3 Results 15
3.1 Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.1.1 Actuation Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.1.2 Sensing Function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.1.3 Digital Filters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.1.4 Analog Filter Residuals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.1.5 Open Loop Gain - Model and Measurement . . . . . . . . . . . . . . . . . . 16

3.2 Error Budget (Estimation) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.3 Strain Sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4 Conclusions 22
4.1 Comments on Precision . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.2 Comments on Accuracy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.3 Prospects for eLIGO and aLIGO . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

5 Abbreviations 23

A Matlab Code and Version Numbers 23

1



40 P. Kalmus   CaJAGWR  LIGO-G0901001   

How good is good enough? 

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 , ÒOptimal Calibration Accuracy for GW DetectorsÓ 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?  ~2014? 
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Conclusion 

Calibration Ð understanding output of IFO in physical terms Ð is critical. 
Calibration is not easy. 
Calibrators continue to make steady progress. 
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