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The two interferometers of the Laser Interferometry Gravitaional-wave Observatory (LIGO) recently detected18

gravitational waves from the mergers of binary black hole systems. Accurate calibration of the output of19

these detectors was crucial for the observation of these events, and the extraction of parameters of the20

sources. The principal tools used to calibrate the responses of the second-generation (Advanced) LIGO21

detectors to gravitational waves are systems based on radiation pressure and referred to as Photon Calibrators.22

These systems, which were completely redesigned for Advanced LIGO, include several significant upgrades23

that enable them to meet the calibration requirements of second-generation gravitational wave detectors in24

the new era of gravitational-wave astronomy. We report on the design, implementation, and operation of25

these Advanced LIGO Photon Calibrators that are currently providing fiducial displacements on the order of26

10−18 m/
√

Hz with accuracy and precision of better than 1 %.27

PACS numbers: 42.62.-b, 42.82.Bq, 95.55.Ym, 04.80.Nn28

Keywords: Radiation pressure, Interferometers, Gravitational-wave detectors, Photon calibrator29

I. INTRODUCTION30

On September 14, 2015, 100 years after the first pre-31

diction of the existence of gravitational waves, the Ad-32

vanced Laser Interferometer Gravitational-wave Obser-33

vatory (LIGO) detected the gravitational-wave signals34

emitted by the merger of a binary black hole system,35

GW150914.1 Additional signals have been detected since36

then.2,3 These observations have initiated the era of grav-37

itational wave astronomy. Accurately reconstructing the38

gravitational wave signals requires precise and accurate39

calibration of the responses of the detectors to variations40

in the relative lengths of the 4-km-long interferometer41

arms.4 Extracting the parameters of the events that gen-42

erated the waves also imposes stringent requirements on43

detector calibration.5 The estimated required calibration44

accuracy for LIGO’s initial detection phase was on the45

order of 5 %, while the requirements for making precision46

measurements of source parameters are on the order of47

0.5 %.648

The Advanced LIGO detectors located in Richland,49

Washington, and Livingston, Louisiana are variants50

a)Electronic mail: skarki@uoregon.edu.
b)Electronic mail: richard.savage@ligo.org

of Michelson laser interferometers with enhancements51

aimed at increasing their sensitivity to differential length52

variations, which are the signature of passing gravita-53

tional waves.7 These enhancements include 4-km-long54

Fabry-Perot resonators in the arms, power recycling, and55

resonant sideband extraction.8 The displacement sensi-56

tivity during the GW150914 event and the Advanced57

LIGO design sensitivity are shown in Fig. 1.9 The peak5859

sensitivity of about 3 × 10−20 m/
√

Hz was achieved for60

differential length variations at frequencies near 200 Hz.61

To achieve this level of displacement-equivalent back-62

ground noise, isolation of the arm cavity mirrors (serving63

as test masses for gravitational waves) from ground mo-64

tion requires sophisticated vibration isolation systems.1065

The 40 kg mirrors are suspended from cascaded quadru-66

ple pendulums and controlled by contact-free electro-67

static actuators.11 Calibration of the differential length68

responses of the interferometers requires inducing fidu-69

cial periodic length variations at the level of 10−15 to70

10−18 m/
√

Hz over a range of frequencies from a few71

hertz to several kHz.72

Photon Calibrators (Pcals) are the primary calibration73

tool for the Advanced LIGO detectors. Earlier versions74

have been tested on various interferometers12–14 and they75

have evolved significantly within LIGO over the past ten76

years.15 These systems operate during observing periods,77
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Figure 1. Relative displacement sensitivity of the Hanford
(red) and Livingston (blue) interferometers in Sept., 2015.
The black curve is the design sensitivity. The sharp features in
the spectra are from calibration lines (37 Hz, 332 Hz, 1.1 kHz),
AC power lines (60 Hz and harmonics), and mirror suspension
fiber violin-mode resonances (500 Hz and harmonics).

providing continuous calibration information while the78

detectors are in their most sensitive configuration – a79

distinct advantage over other calibration techniques.1680

Pcals rely on photon radiation pressure from auxiliary,81

power-modulated laser beams reflecting from a test mass82

to apply periodic forces via the recoil of photons. The83

periodic force on the mirror, directly proportional to the84

amplitude of the laser power modulation, results in mod-85

ulation of the position of the mirror and therefore the86

length of the arm cavity. Measuring the modulated laser87

power reflecting from the mirror with the required accu-88

racy is one of the principal challenges for Pcal systems.89

The fiducial length modulation, x(f), induced by mod-90

ulated Pcal power, P (f), is given by15
91

x(f) =
2 cos θ

c

[
1 +

M

I
(~a ·~b)

]
S(f)P (f) (1)92

where θ is the angle of incidence of the Pcal beams on93

the test mass surface, c is the speed of light, M is the94

mass of the mirror, I is its rotational moment of inertia,95

~a and ~b are displacement vectors from the center of the96

test mass for the Pcal center of force and the interferom-97

eter beam, respectively, and S(f) is the force-to-length98

transfer function of the suspended test mass. For Ad-99

vanced LIGO mirror suspensions at frequencies above 20100

Hz, S(f) is well approximated by the free-mass response,101

S(f) ≈ −1/[M(2πf)2].4 The term (~a ·~b)M/I, accounts102

for unintended effective length changes resulting from ro-103

tation of the test mass induced by applied Pcal forces.104

These Pcal forces can also induce both local17 and105

bulk18 elastic deformations of the test mass, compromis-106

ing the accuracy of the calibration. To minimize the im-107

pact of these deformations, the Photon calibrators use108

two beams displaced symmetrically from the center of109

the face of the mirror and precisely positioned to reduce110

excitation of the natural vibrational modes of the mirror111

substrate.112

Furthermore, because the Pcal forces are applied di-113

rectly to the test masses, minimizing introduction of114

displacement noise at frequencies other than the in-115

tended modulation frequencies is critical. The Pcals em-116

ploy feedback control loops that ensure that the power117

modulation waveforms are sinusoidal, reducing the free-118

running relative power noise of the laser as well as har-119

monics of the modulation.120

Four Advanced LIGO Pcal systems have been installed121

and are operating continuously, two at each LIGO obser-122

vatory, one for each test mass at the ends of the inter-123

ferometer arms. They are providing the required fiducial124

displacements with accuracy of better than one percent.125

The remainder of this paper is organized as follows: in126

Sec. II we give a detailed description of the instrument127

hardware and its capabilities; in Sec. III absolute cali-128

bration of the laser power sensors is described; in Sec. IV129

uncertainties associated with Pcal-induced displacements130

are described; in Sec. V we discuss how Pcals are used131

in Advanced LIGO detectors to obtain the required cal-132

ibration accuracy. Finally, conclusions are presented in133

Sec. VI.134

II. INSTRUMENT DESCRIPTION135

Using the Advanced LIGO Pcals as the primary cal-136

ibration tool increases demands for reliability and sys-137

tem performance. To improve reliability, two Pcal sys-138

tems are installed on each Advanced LIGO interferom-139

eter. One Pcal system is sufficient for simultaneously140

injecting the several required displacement modulations141

at different frequencies (this is discussed in more detail142

in Sec. V). The other system serves as a backup and can143

be used to inject simulated gravitational-wave signals to144

test detection pipelines.19145

A schematic diagram of an Advanced LIGO Pcal sys-146

tem is shown in Fig. 2. The transmitter and receiver147

modules, which are described in detail in Sec. II A,148

are located outside the vacuum envelope. The two149

beams from the transmitter module enter the vacuum en-150

closure through optical-quality, super-polished windows151

with low-loss ion beam sputtered anti-reflection coat-152

ings. The specified transmissivity is greater than 99.6 %.153

These windows are an important element of the photon154

calibrators because optical losses are a significant com-155

ponent of the overall system uncertainty, as will be dis-156

cussed in Sec. IV. Each of the horizontally-displaced in-157

put beams is relayed by mirrors mounted to a periscope158

structure located inside the vacuum envelope to reduce159

the angle of incidence on the end test mass and thus160

avoid occlusion by stray light baffles. Installation of a161

periscope frame into the vacuum envelope during the Ad-162
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Figure 2. Schematic diagram of an Advanced LIGO photon calibrator in plan view (left). The transmitter module contains
the laser, power modulator, and beam conditioning optics. The in-vacuum periscope structure relays the input beams to avoid
occlusion by the stray-light baffling and to impinge on the end test mass at the desired locations. It also relays the reflected
beams to a power sensor mounted inside the receiver module. Schematic diagram of beams impinging on a suspended test mass
surface (right). The Pcal beams are displaced symmetrically above and below the center of the optic. The main interferometer
beam is nominally centered on the surface.

Figure 3. The periscope structure that supports the relay
optics that provide optical paths for the Pcal beams and the
beam localization camera system being installed during the
Advanced LIGO upgrade.

vanced LIGO upgrade is shown in Fig. 3. The beams163164

from the in-vacuum periscope impinge on the test mass165

at 8.75 deg., displaced vertically by approximately 111.6166

mm above and below the center of the mirror (see Fig. 2).167

The power reflectivity of the end test mass, measured168

in-situ with the Pcal beams, is 0.9979 ± 0.0010.20 The169

reflected beams are relayed by a second set of mirrors170

mounted to the in-vacuum periscope structure and exit171

the vacuum enclosure through an identical vacuum win-172

dow. These beams enter the receiver module and are173

directed by a pair of mirrors to a power sensor mounted174

inside the receiver module. Capturing the light reflected175

from the test mass is an important upgrade because it176

enables tracking changes in the overall optical efficiency177

of the Pcal system. Furthermore, it enables measurement178

of the full power, rather than just a sample of the power179

that is subject to changes in the reflectivity of the beam180

sampling optic.181

Reducing calibration uncertainties requires higher182

signal-to-noise ratios (SNRs) for the fiducial length mod-183

ulations, which requires increased laser power and thus184

Advanced LIGO Pcals have 2-watt lasers, four times the185

initial LIGO laser power. However, because they oper-186

ate continuously at high SNR levels during observation187

runs, broadband laser power noise as well as harmonics188

of the injected modulations resulting from non-linearities189

in the modulation process must be minimized. To meet190

the Advanced LIGO requirement that unwanted noise in-191

jected by the Pcals be at least a factor of ten below the192

noise floor of the detector21, a high-bandwidth feedback193

control servo known as the Optical Follower Servo (OFS)194

has been implemented.22 The features and performance195

of this servo are described in detail in Sec. II B.196

Another important aspect of the performance of the197

Pcal systems is the locations of the Pcal beam spots on198

the test mass surface. To minimize calibration errors re-199

sulting from local deformations of the test mass surface200

that are sensed by the interferometer beam, the Pcals201

use two beams with equal powers and displaced from the202

center of the mirror surface (the nominal location for203

the interferometer beam). To minimize inducing rota-204

tion of the test mass, the two Pcal beams are displaced205
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symmetrically about the center of the face of the mir-206

ror. To minimize the impact of bulk elastic deformation207

of the mirror, the beams are located on the nodal circle208

of the drumhead natural vibrational mode. While this209

minimizes the deformation of the mirror in the drum-210

head mode shape, it efficiently deforms the mirror in211

the the lower-resonant-frequency butterfly mode shape.212

However, when the interferometer laser beam is centered213

on the mirror the butterfly mode integrates to zero over214

the central circular region. Thus, the errors induced by215

excitation of this mode shape are minimal for small dis-216

placements of the interferometer beam from center. In217

order to determine and adjust the positions of the Pcal218

beams, a beam localization camera system has been im-219

plemented for Advanced LIGO. It is described in detail220

in Sec. II C.221

A. Transmitter and Receiver Modules222

The optical layout of the transmitter module is shown223

in Fig. 4 (a). It houses a 2-watt Nd:YLF laser operat-224225

ing at 1047 nm. This wavelength is close enough to the226

1064 nm wavelength of the main interferometer laser to227

ensure high reflectivity from the test mass mirror coating,228

but far enough away to ensure that scattered Pcal light229

does not compromise interferometer operations. The230

horizontally-polarized output beam is focused into an231

acousto-optic modulator operating in the Littrow config-232

uration that diffracts a fraction of the light in response233

to a control signal that changes the amplitude of the 80234

MHz radio-frequency drive signal. The maximum diffrac-235

tion efficiency is approximately 80 %. The non-diffracted236

beam is dumped and the first-order diffracted beam is di-237

rected through an uncoated wedge beamsplitter oriented238

near Brewster’s angle that generates the sample beams239

used for two photodetectors. The first sample beam is240

directed into a 2 in. diameter integrating sphere with an241

InGaAs photodetector. This system monitors the power242

directed into the vacuum system. The second sample243

beam is directed to a similar photodetector (without the244

integrating sphere) that is the sensor for the Optical Fol-245

lower Servo described in Sec. II B. The beam transmit-246

ted through the wedged beamsplitter is focused to form247

a beam waist of approximately 2 mm at the surface of248

the test mass. It is then divided into two beams of equal249

power, with the beamsplitting ratio tuned by adjusting250

the angle of incidence on the beamsplitter. The output251

beams enter a separate section of the transmitter hous-252

ing that is designed to accommodate the Working Stan-253

dard power sensor used for laser power calibration (see254

Sec. III) and left-hand or right-handed configurations for255

operation on either arm of the interferometer (see Fig 4).256

The receiver module is shown schematically in257

Fig. 4 (b). The Pcal beams reflected from the test mass258

and redirected by the in-vacuum periscope structure en-259

ter the receiver module and are directed by a pair of260

mirrors to a power sensor. This sensor is a 4 in. diameter261

LASER

Transmitter 
Module

Power Sensor
OFSPD

To  test mass

AOM

Wedged
BS

 50% BS

To  test mass

X-arm 
Config

Y-arm 
Config

Receiver Module
Power Sensor

TRANSMITTER
(Tx) MODULE

RECEIVER
(Rx) MODULE

(a)

(b)

Figure 4. (a)Schematic diagram of the optical layout of the
transmitter module. The first-order diffracted beam from the
acousto-optic modulator (AOM) is directed through an un-
coated wedged beamsplitter at Brewster’s angle to generate
the sample beams for the two photodetectors. The trans-
mitted beam is divided into two beams of equal power and
directed toward the test mass located inside the vacuum en-
velope. (b) Schematic diagram of the optical layout of the
receiver module. The 4 in. diameter integrating sphere cap-
tures all of the Pcal light reflected from the test mass and
transmitted through the output vacuum window.

integrating sphere with an InGaAs photodetector that262

collects both Pcal beams after reflection from the test263

mass and transmission through the output window.264

The ratio of the power measured at the receiver mod-265

ule to that measured at the transmitter module gives the266

overall optical efficiency. It is typically about 98.5 %.23267

Using this optical efficiency, the power measured with ei-268

ther the transmitter or receiver photodiodes can be used269

to estimate the amount of laser power driving the test270

mass. Sec. III describes the absolute calibration process271

for these power sensors.272

B. Optical Follower Servo273

The open and closed loop transfer functions of the Pcal274

Optical Follower servo are shown in Fig. 5. The unity275276

gain frequency is approximately 100 kHz, with 62 deg.277

of phase margin. At 5 kHz, the discrepancy between the278

requested and delivered sinusoidal waveforms is less than279
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Figure 5. Measured open-loop (blue) and closed-loop (red)
transfer functions of the Optical Follower Servo. The unity
gain frequency is approximately 100 kHz and the phase mar-
gin is about 62 deg.

0.005 dB (0.06 %) and the phase lag is approximately280

0.6 deg.281

This servo actuates the diffracted light level to ensure282

that the output of the OFS photodetector (see Fig. 4)283

matches the requested modulation waveform. It thus284

suppresses inherent laser power noise (see Fig. 7) as well285

as harmonics (see Fig. 8) of the requested periodic modu-286

lations that result from nonlinearity in the acousto-optic287

modulation process. It enables operating with larger288

modulation depth without compromising performance,289

increasing actuation range by more effectively utilizing290

the available laser power. Fig. 6 shows the waveform291

measured by the OFS photodetector (red trace) with292

the servo loop operating and modulating the maximum293

diffracted laser power by 96 % peak-to-peak. The black294295

trace (under the red trace) is the requested waveform296

and the blue trace is the actuation signal, multiplied by297

a factor of 4 for better visualization, sent to the AOM298

driver.299

Fig. 7 shows the free-running (in red) and OFS-300

suppressed (in blue) relative power noise (RPN) of the301

Pcal laser light. The suppressed power noise is well below302

the Advanced LIGO noise requirements at all frequencies303

that are of interest to LIGO. Fig. 8 shows the suppres-304305

sion of modulation harmonics relative to the carrier as306

detected by the outside-the-loop transmitted light power307

sensor for a requested sinusoidal waveform at 100 Hz and308

95 % of the maximum modulation depth. The harmonics309

are well below the Advanced LIGO requirement, plotted310

in black. Furthermore, the modulated power required to311

achieve an SNR of 100 at 100 Hz is a factor of about312

20 less than the maximum modulation and the sideband313

amplitudes are much lower for lower modulation ampli-314

tudes.315316

By injecting a constant amplitude waveform into the317

optical follower servo, the long term stability of the Pcal318

0 10 20 30 40
-3
-2
-1
0
1
2
3
4
5
6
7
8

Requested OFS PD Actuation (x 4)

Figure 6. Optical Follower Servo signals with the loop closed
and modulating at 95 % of the maximum diffracted laser
power. The black trace (under the red trace) is the requested
waveform. The red trace is the delivered waveform measured
by the OFS photodetector. The blue trace is the actuation
signal (x 4) sent to the AOM driver.
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Figure 7. Free running Relative Power Noise (RPN) of the
Pcal laser (red) and the OFS suppressed RPN (blue). The
suppressed RPN meets Advanced LIGO requirements (black)
at frequencies above 10 Hz.

system can be evaluated by measuring the amplitude of319

the laser power modulation measured with the power sen-320

sor in the receiver module. The amplitude of this signal321

measured over a sixty day interval is plotted in Fig 9. The322

peak-to-peak variation is approximately 0.1 %. Measur-323324

ing the waveform of the power reflected from the test325

mass and using it to estimate the induced motion elimi-326

nates errors caused by discrepancies due to the induced327

waveform not exactly matching the requested waveform.328

Thus, the data in Fig. 9 represent an upper limit of the329
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Figure 8. Suppressed modulation harmonics relative to the
carrier. The 100 Hz modulation is at 95 % of the maximum
diffracted power. All harmonics are well below the Advanced
LIGO noise requirements (in black).
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Figure 9. Trend of the normalized amplitude of the power
modulation measured by the power sensor in the receiver
module. The amplitudes are calculated using Fourier trans-
form with 60 s integration interval.

temporal variations in the Pcal calibration.330

C. Beam Localization System331

In 2009, responding to the predictions of Hild, et al.,17332

Goetz, et al. demonstrated16 that Pcal errors could be333

as large as 50 % due to local deformation of the test334

mass surface. This led to dividing the Pcal laser into335

two beams and positioning them away from the center336

of the mirror surface. Induced rotation of the mirror is337

minimized by maintaining the center of force for the Pcal338

beams as close as possible to the center of the mirror sur-339

face. The location of Pcal center of force, ~a, depends on340

the beam positions and the ratio of powers in the indi-341

Figure 10. The ratio between the total sensed motion and the
rigid body motion vs frequency of Advanced LIGO test mass
for different Pcal beam configuration.

vidual Pcal beams. It is given by342

~a =
β ~a1 + ~a2
β + 1

(2)343

where ~a1 and ~a2 are the displacement vectors of the344

two Pcal beams about the center of the mirror face and345

β = P1/P2 is the ratio of beam powers.15. Reducing cal-346

ibration uncertainties introduced by unwanted rotation347

can also be minimized by maintaining the the position of348

the main interfometer beam close to the center of the op-349

tic. Both displacements enter Eq. 1 via the dot product350

in the term in square brackets.351

In 2009, Daveloza et al. published the results of finite352

element modeling that indicated that bulk elastic defor-353

mation resulting from Pcal forces can compromise the354

calibration, especially at frequencies above 1 kHz. As355

shown in Fig. 10, the errors due to bulk elastic deforma-356

tion are below 1 % at frequencies below 4.3 kHz if the Pcal357

beams and the interferometer beam are at their optimal358

positions. However, these errors increase dramatically at359360

frequencies above ∼2 kHz for large offsets of the Pcal361

beams from their optimal locations. For Pcal beams dis-362

placed from their optimal locations by a few millimeters,363

the errors can be as large as 5 % at 5 kHz.18364

To determine the Pcal spot-positions, the Advanced365

LIGO Pcals use beam localization systems consisting366

of a high-resolution (6000 × 4000 pixels) digital, single367

lens reflex camera (Nikon D7100) with the internal in-368

frared filter removed, a telephoto lens, and remotely con-369

trolled via an ethernet interface. The camera systems are370

mounted on separate vacuum ports, and use relay mirrors371

mounted to the same Pcal in-vacuum periscope structure372

to acquire images of the test mass surfaces such as the373

one shown in Fig. 11. Points along the vertical flats on374375

the sides of the mirror for attachment of the suspension376
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Figure 11. Image of an end test mass from a Pcal beam
localization camera system. The right side is occluded by the
stray-light baffling. The mirrors have flats on the sides for
attachment of the suspension fibers. These flats are oriented
vertically and are used to determine the azimuthal orientation
of the images. The well-defined angle of view along with the
dimensions of the mirror enable determination of the beam
positions on the mirror surface by identifying points on the
edge of the optic (yellow crosses) and fitting the appropriate
ellipse to the points. The system is designed to determine the
optimal positions of the beams on the mirror surface (yellow
circles above and below center) with millimeter accuracy.

fibers are used to orient the images azimuthally. Then,377

points along the edge of the mirror surface together with378

the well-defined angle of view and the dimensions of the379

mirror blank are used to fit the appropriate ellipse to the380

image and identify the coordinates of the center of the381

mirror (in pixel space). Pcal beam spot positions are de-382

termined by observing the scattered light from the Pcal383

beams in camera images. This information is used to di-384

rect the Pcal beams to their optimal locations, above and385

below the center of the optic, using the mirror mounts in386

the transmitter modules.387

III. LASER POWER SENSOR CALIBRATION388

The absolute scale of the test mass displacement esti-389

mation, and therefore the overall interferometer response,390

is set fundamentally by the measurements of laser power391

in the transmitter and receiver module photodiodes. In392

Gold 
Standard 

(NIST)

Transmitter module 
power sensor 

Receiver module 
power sensor

(a)

Working 
Standard 

(Lab)
50 % 
BS R

T

LASER

(b)

Figure 12. (a) Schematic diagram of the chain of the calibra-
tion transfer from NIST to the Pcal laser power sensors. (b)
Schematic diagram of the setup used to transfer the calibra-
tion from the Gold Standard to a Working Standard. Each
standard is placed alternately in the path of the reflected (R)
and transmitted (T) beams to determine the ratio of the re-
sponsivities.

this section we describe the propagation of absolute cal-393

ibration from a single NIST-traceable Gold Standard to394

all eight photodiodes used thus far in Advanced LIGO395

(two per end-station, two end stations per interferome-396

ter, two interferometers).397

A. Calibration Standards398

Absolute laser power calibration is achieved using a399

power sensor referred to as the Gold Standard (GS)400

that is calibrated annually at the National Institute of401

Standards and Technology (NIST) in Boulder, CO.24 As402

shown schematically in Fig. 12a, the GS calibration is403

transferred to the power sensors in the Pcal transmit-404

ter and receiver modules installed at the end stations405

via identical intermediary transfer standards, one per in-406

terferometer, referred to as Working Standards (WSs).407

The GS and WSs use unbiased InGaAs photodetectors408

mounted to 4 in. diameter integrating spheres.409

The GS calibration is transferred to the WSs, using410

the experimental setup shown schematically in Fig. 12b.411

The GS and a WS are alternately placed in the trans-412413

mitted (T) and reflected (R) beams of the beamsplitter414

and time series of the detector outputs are recorded. The415

ratio between time series recorded simultaneously elim-416

inates laser power variations and the ratio between the417

sets of time series eliminates the beamsplitter ratio, yield-418

ing the ratio of the WS responsivity to that of the GS.419

These measurements are repeated periodically in order420

to track the long term stability of the standards. The421

ratio of the Hanford WS to GS responsivities, measured422

over a thirteen month interval, is plotted in Fig. 13 (top423

panel). During a typical measurement, slow variations424

in the signals of approximately 1 % peak-peak with pe-425

riods of tens of seconds are observed (see Fig. 13, lower426

panel). These are attributed to laser speckle in the in-427
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Figure 13. Top: Working Standard over Gold Standard re-
sponsivity ratio measured over thirteen months. The maxi-
mum variation about the mean value is ±0.3 %; the standard
deviation of the measurement is 0.14 % and the standard er-
ror of the mean from 36 measurements is 0.03 %. Bottom:
A typical time series from one of the calibration standards
showing the correlated output variations due to laser speckle.

tegrating spheres.25 Each measurement is recorded over428

a 10 minute interval and averaged in order to minimize429

the impact of laser speckle.430431

B. End-Station Calibration432

The Working Standard (WS) at each observatory is433

used to calibrate the photodetectors inside the Pcal mod-434

ules at each end station. The integrating sphere-based435

power sensors inside the transmitter and receiver mod-436

ules are used to monitor the Pcal light power directed437

into and transmitted out of the vacuum envelope. They438

thus place upper and lower bounds on the Pcal power439

reflecting from the end test mass, with the discrepancy440

attributed to optical losses in the vacuum windows, relay441

mirrors and the test mass itself. In principle, these losses442

could be measured and quantified, but in practice access443

to the vacuum envelope to make the required measure-444

ments is extremely limited. We thus use the mean of the445

incident and reflected power as an estimate of the power446

incident on the test mass and expand our uncertainty447

estimate to account for the finite optical efficiency (see448

Sec. IV).449

Calibration of the Pcal power sensors proceeds by plac-450

ing the WS in the path of one or both Pcal beams, either451

in the dedicated power measurement section of the trans-452

mitter module or by removing the receiver power sensor453

and replacing it with the WS, and recording time series454

of the power sensor signals. The power measured by the455

two power sensors, as the power exiting the transmit-456

ter module (PT ) and the power collected at the receiver457

module(PR), are thus given by458

PT =

(
1

αT αW ρG

)
VT (3a)459

460

PR =

(
1

αR αW ρG

)
VR (3b)461

where, αT and αR are the power sensors to WS respon-462

sivity ratios, αW is the WS to GS responsivity ratio, ρG463

is the GS responsivity (in V/W) measured at NIST, and464

VT and VR are the power sensor readings in volts.465

The estimated power at the end test mass, PT and PR,466

in terms of power measured by the transmitter module467

and receiver module power sensors are given by468

PT =

(
1 + e

2

)
PT (4a)469

470

PR =

(
1 + e

2e

)
PR (4b)471

where e = PR/PT is the end station optical efficiency.472

The estimated power at the end test mass using ei-473

ther of the two power sensors gives the same result (i.e.474

PT = PR) and hence we will only use the power esti-475

mated by the receiver module power sensor, PR = P, for476

uncertainty calculation in the Sec. IV below.477

The photodetectors that are used for the Pcal power478

sensors were designed and fabricated by LIGO with par-479

ticular attention given to maintaining a flat response over480

the band of frequencies from DC (NIST calibrations, and481

WS/GS responsivity measurements) up to 5 kHz. They482

use InGaAs photodiodes operating in photovoltaic mode483

(unbiased). Photocurrents are kept well below 1 mA.484

To test the response of the receiver module power sen-485

sor, we temporarily installed a broadband commercial486

photodetector (NewFocus model M-2033) with an adver-487

tised bandwidth of over 200 kHz. Driving the input to488

the OFS, we measured the ratio of the responses of the489

receiver module power sensor to that of the NewFocus490

photodetector. Variations in the normalized ratio were491

less than ± 0.1 % over the frequency range from 10 Hz to492

5 kHz.493

IV. UNCERTAINTIES494

Several factors contribute to uncertainty in determin-495

ing the displacements induced by the Pcals (see Eq. 1).496

Laser power measurement is the most significant con-497

tributor to the overall uncertainty budget. The absolute498

power calibration of the Gold Standard, ρG, performed499

by NIST, has a 1-σ uncertainty of 0.44 % for each mea-500

surement.24 Combining the two most recent NIST mea-501

surements relevant for the current configuration of the502

GS, the 1-σ relative uncertainty is 0.51 %.24 The 1-σ rel-503
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Parameter
Relative

Uncertainty

NIST -> GS [ρG] 0.51 %

WS/GS [αW ] 0.03 %

Rx/WS [α′R] 0.05 %

Optical efficiency [e] 0.37 %

Laser Power (P) 0.57%

Table I. Uncertainty estimate for the receiver module power
sensor calibration in terms of power reflected from the end test
mass. The NIST calibration and the optical efficiency are the
most significant contributors to the uncertainty budget.

ative uncertainty in the measured ratio of the Hanford504

WS responsivity to that of the GS (αW ), based on 36505

measurements made over a 13 month period (see Fig. 13),506

is 0.03 %.507

The subsequent transfer of the WS calibration to the508

Pcal power sensors involves six ratio measurements made509

with the WS at the end station. From these we de-510

termine the power sensor responsivity ratios, corrected511

for the Pcal optical efficiency, to estimate the power512

incident on the test mass, α′T = [2/(1 + e)]αT and513

α′R = [2e/(1 + e)]αR. The 1-σ relative uncertainty (sta-514

tistical only) associated with these measured quantities515

are typically smaller than 0.05 %. However, as described516

in Sec. III, to account for the optical loss between the517

transmitter module and the receiver module, the power518

at the test mass is estimated by averaging the powers519

measured at the transmitter (upper limit) and receiver520

modules (lower limit). The actual value of the power at521

the test mass lies between these upper and lower lim-522

its and thus the uncertainty associated with optical effi-523

ciency is treated as a rectangular distribution (a Type B524

uncertainty, see Ref.26) The 1-σ relative uncertainty as-525

sociated with the optical loss, σe/e, is thus (1−e)/(2
√

3).526

The overall relative uncertainty in the estimate of the527

power that impinges on the test mass, measured by the528

receiver module power sensor is given by529

σP
P

=

{
1

3

(
1− e

2

)2

+

(
σα′

R

α′R

)2

+

(
σαW

αW

)2

+

(
σρG
ρG

)2
} 1

2

.

(5)530

The components of this uncertainty estimate are summa-531

rized in Table I.532533

Another source of uncertainty is the angle of incidence534

at which the Pcal beams impinge on the test mass. The535

incidence angle θ, determined from mechanical drawings536

and tolerances, is 8.75 deg. Maximum deviations of the537

angle are bounded by the size of the periscope optics538

(2 in. diameter) that relay the beams to the end test539

Parameter
Relative

Uncertainty

Laser Power [P] 0.57 %

Angle [cosθ] 0.07 %

Mass of test mass [M ] 0.005 %

Rotation [(~a ·~b)M/I] 0.40 %

Overall 0.75%

Table II. Uncertainty in Pcal induced length modulation x(f)
in Eq. 1. The power calibration and the rotational effect
introduce the most significant uncertainty. The rotational
effect can be minimized by precise location of the Pcal beams.

mass. The 1-σ (Type B) relative uncertainty in the cosine540

of this angle is 0.07 %.541

For frequencies above the suspension resonances, the542

displacement induced by the Pcals is inversely propor-543

tional to the mass of the test mass. The masses were mea-544

sured before installation at each observatory using digital545

scales. The calibrations of these scales were tested using546

two 20 kg NIST-traceable reference masses. The mea-547

sured mass determines the force-to-displacement transfer548

function, S(f) in Eq. 1, of the quadruple pendulum sys-549

tem. The measured mass has an uncertainty of ±20 g,550

which contributes to about 0.005 %, 1-σ relative uncer-551

tainty.552553

A potentially significant source of uncertainty is ap-554

parent length changes sensed by the interferometer due555

to mirror rotation caused by offsets in the location of556

the interferometer and Pcal beams from their optimal557

positions. As described in Sec. II C, the Pcal center of558

force depends on Pcal beam positions and power imbal-559

ance between the beams. Using ~a1 = ~a0 + ∆ ~a1 and ~a2 =560

− ~a0 + ∆ ~a2 as shown in Fig. 14 where | ~a0| = 111.6 mm561562

is the magnitude of the nominal Pcal beam displacement563

from the center of the test mass and assuming that the564

effect of power imbalance on the beam offsets (∆ ~a1 and565

∆ ~a2) is minimal, we can write Eq. 2 as:566

~a ≈ ~a0

(
β − 1

β + 1

)
+

(
∆ ~a1 + ∆ ~a2

2

)
. (6)567

Using the position of the Pcal center of force, ~a, calcu-568

lated using Eq. 6 above and the interferometer beam po-569

sition~b, we can calculate the upper and lower limits of the570

uncertainty associated with the rotation effect, given by571

±(|~a||~b|)M/I. Treating this as Type B uncertainty, the572

1-σ uncertainty can be obtained by dividing the range573

defined by these limits by 2
√

3.574

Preliminary measurements indicate that the inter-575

ferometer beam position offsets could be as large as576

±13 mm.27. The Pcal beam positions have been es-577

timated using the Pcal beam localization systems de-578

scribed in Sec. II. However, these estimates, which re-579

quire identifying the center of the mirror surface in im-580
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-

Figure 14. Schematic showing the position of the Pcal and
interferometer beams on the surface of the test mass. ~a and
~b are Pcal center of force and interferometer beam spot dis-
placements from the center of the mirror surface. The beam
positions and beam sizes are exaggerated for better illustra-
tion

ages that have poor contrast at the edge of the face of581

the optic, have not yet been optimized. Efforts to utilize582

the electrostatic actuator electrode pattern on the sur-583

face of the reaction mass that is positioned close to and584

behind the end test mass (see Fig. 11), rather than try-585

ing to identify the edge of the face of the test mass, are586

underway. A rough estimate of the maximum offset in587

the positions of the Pcal beams is ±8 mm. Additionally,588

power imbalance also contributes to test mass rotation589

(see Eq. 6). The maximum measured power imbalance590

between the two beams is 2 %.591

Using these estimates of interferometer and Pcal beam592

offsets, the maximum relative uncertainty introduced by593

rotation effects (see Eq. 1)is ±0.70 %. Treating this as594

a Type B uncertainty, the estimated 1-σ relative uncer-595

tainty due to rotation effects is 0.40 %. This uncertainty596

can be reduced by positioning the Pcal beams more ac-597

curately.598

Assuming negligible covariance between the compo-599

nents of the statistical uncertainty estimate, we com-600

bine the factors described above and listed in Table II601

in quadrature. The estimated overall 1-σ relative uncer-602

tainty in the Pcal-induced displacement of the test mass603

is 0.75 %.604

A potential source of significant systematic uncer-605

tainty, especially at frequencies above ∼2 kHz, is the bulk606

elastic deformation described in Sec II. Uncertainty due607

to this effect is not included in the analysis presented608

here. However it is being investigated and will be re-609

ported in future publications.610

V. APPLICATION611

During normal interferometer operations, the Pcal sys-612

tems at the ends of both arms operate continuously, in-613

jecting Pcal excitations at discrete frequencies, to sup-614

port the calibration of the interferometer output signals.615

They are also periodically used to measure detector pa-616

rameters – sensing function, actuation function, signs and617

time delay – that impact the calibrated output signals.618

These measurements are used to improve the calibra-619

tion accuracy. Details of the Photon Calibrator mea-620

surements and operation are described below.621

A. Calibration Lines622

The excitations induced using the Pcals are also re-623

ferred to as Calibration Lines. The nominal frequencies624

and amplitudes of these Pcal excitations are listed in Ta-625

ble III. The two lowest frequency excitations, near 37626

Freq.
(Hz)

DFT
Length
(sec)

Required Pcal Power

Sept. 2015
Sensitivity

Design
Sensitivity

36.7 10 0.3 % 0.1 %

331.9 10 10 % 4 %

1083.7 60 77 % 24 %

3001.3 3600 200 % 50 %

Table III. Photon Calibrator excitation frequencies during
normal interferometer operations in Sept. 2015. DFT inter-
vals and percentage of available laser power required to gen-
erate the excitations with SNR of 100, for the Sept. 2015
sensitivity and the Advanced LIGO design sensitivity.

627

628

and 332 Hz, are used in both the output signal calibra-629

tion process and for tracking slow temporal variations.630

Applying corrections for these slow temporal variations631

improves calibration accuracy.28 The SNR of approxi-632

mately 100 is required to enable calibration at the one633

percent level with 10-second integration intervals. The634

excitations near 1.1 kHz and 3 kHz are used to investi-635

gate the accuracy of the calibration at higher frequen-636

cies using longer integration times. The excitation fre-637

quencies were chosen to avoid known potential sources of638

gravitational wave signals (rapidly-rotating neutron stars639

observed electromagnetically as pulsars), and to most ef-640

fectively determine key interferometer parameters while641

avoiding the most sensitive region of the detection band.642

Table III also lists the percentage of available Pcal643

modulated laser power required to achieve an SNR of644

100 with the listed discrete Fourier transform (DFT) time645

for each excitation. The three lowest frequency lines are646

generated using the Pcal system at one end station. The647

3 kHz line is generated using the Pcal system at the other648
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Figure 15. Maximum modulated displacement using all of the
available Photon Calibrator power at one frequency (red).
Pcal-induced displacements in Sept. 2015 (blue) along with
the Sept. 2015 sensitivity noise floor (black) with a 10 second
integration time. The gray curve is the maximum allowed
unintended displacement noise, one tenth of the design sensi-
tivity noise floor.

end station and consumes more than half of the available649

modulated power to achieve an SNR of 100 with DFTs650

of one hour at design sensitivity. DFTs of more than 4651

hours duration were required to reach this SNR with the652

Sept. 2015 sensitivity.653

The amplitude of laser power modulation required to654

induce a length modulation with a desired SNR is given655

by656

P (fi) =
c

2 cos θ S(fi)

∆L(fi) SNR(fi)√
T

(7)657

where fi is the modulation frequency, ∆L(fi) is the am-658

plitude spectral density of the interferometer sensitivity659

noise floor, and T is the measurement integration time.660

For the Advanced LIGO Pcals the amplitude spectral661

density of the maximum modulated displacement that662

can be achieved using all of the available Pcal laser power663

is plotted in Fig. 15 for a 10-second integration inter-664

val. It falls as 1/f2 due to the force-to-displacement665666

response from 1 × 10−14 m/
√

Hz at 20 Hz to below667

2 × 10−19 m/
√

Hz at 5 kHz. Fig. 15 also shows the dis-668

placements induced by the Pcal excitation and the inter-669

ferometer noise floor. Finally, the requirement for the670

maximum unwanted Pcal-induced displacement noise,671

one tenth of the design sensitivity noise floor, is plot-672

ted. As the interferometer sensitivity improves and the673

noise floor approaches the design levels, the amplitude674

of the Pcal excitations can be reduced proportionately,675

reducing the laser power required and therefore also the676

level of unwanted displacement noise.677

Pcal excitations are also used to monitor slow tempo-678

0 1 2 3 4 5 6 7 8
0.97
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1

1.005

Figure 16. Trends of the ratio between the displacement from
the calibrated interferometer output signal and the calculated
displacement from the Pcal power sensor in the receiver mod-
ule using the excitation at 332 Hz. Blue: uncorrected data
showing the slow temporal variations in the interferometer pa-
rameters. Red: corrected data after applying the calculated
time-varying correction factors.

ral variations in the response of the interferometers to679

differential length variations. The frequencies of the ex-680

citations were selected in order to optimize this capabil-681

ity. The slow variations in the interferometer calibration,682

measured using a Pcal line near 332 Hz, over an eight day683

period in Sept. 2015 are shown in Fig. 16. The slow vari-684

ations in the calibrated output signal are as large as 3 %.685

Also shown in Fig. 16 are the calibration data that were686

corrected for the observed slow variations using calibra-687

tion parameters calculated using the Pcal excitations.28688

On-line calculation and compensation for the time vary-689

ing parameters using the Pcal lines is being implemented690

for future LIGO observing campaigns.691692

B. Frequency Response Measurements693

To assess the accuracy of interferometer calibration694

over a wide range of frequencies, swept-sine measure-695

ments are made by varying the Pcal laser power mod-696

ulation frequency and measuring the complex response697

of the calibrated interferometer output signals. These698

measurements are made during dedicated calibration in-699

terludes, the length of which are minimized in order to700

maximize observing time. Thus, the Pcal displacement701

amplitudes must be sufficiently large to complete the702

measurements in a relatively short time. Fig. 17 shows703

a typical transfer function from 20 Hz to 1.2 kHz, with704

approximately 60 points. The measurement was made in705706

approximately one hour; the measurement statistical un-707

certainties, calculated from the coherence of the measure-708

ments, are approximately 1 % in amplitude and 1 deg.709
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Figure 17. Magnitude and phase of a typical swept-sine mea-
surement of the transfer function between displacement in-
duced (and calibrated) by the Pcal and the calibrated output
of the interferometer.

in phase, for frequencies between 30 Hz to 1.2 kHz. The710

statistical variation are higher in the band from 20-30 Hz711

due to resonances in the suspension systems of ancillary712

interferometer optics.713

Rather than injecting Pcal excitations at discrete fre-714

quencies, the transfer function can also be measured715

simultaneously by injecting a broadband signal. This716

can potentially make the calibration comparison process717

faster and more accurate. It also has the potential of718

revealing features in the transfer function that might be719

missed in measurements made at only discrete frequen-720

cies. However, this type of measurement is also limited721

by the available Pcal laser power. To assess the feasibil-722

ity of this method, a broadband signal covering the 30-723

300 Hz frequency band, band-pass filtered to attenuate724

it at higher and lower frequencies, was injected into the725

Pcal Optical Follower Servo. Fig. 18 shows the displace-726

ment injected by the Pcal together with the calibrated727

interferometer output signal both with and without the728

Pcal excitation. As the sensitivity of the interferometers729730

improves, the band over which this method is useful will731

increase. No unexpected discrepancies, that might have732

been missed by the discrete-frequency transfer function733

measurement were identified.734

C. Differential-mode and Common-mode Actuation735

Normally, the differential length response of the de-736

tector is calibrated using one Pcal system, varying the737

length of only one arm. The Advanced LIGO interferom-738

eters, however, have Pcal systems installed at both end739

stations. They can be used simultaneously to produce740

either pure differential arm length variations, where the741

10010-20

10-19

10-18

10-17

Figure 18. Pcal broadband displacement excitation (black)
and calibrated interferometer output signal both with (red)
and without (blue) the Pcal excitation.

330.8 331 331.2 331.4 331.6 331.810-20

10-19

10-18

10-17

Figure 19. Measurement using the Pcal modules at both end
stations to induce equal-amplitude modulation of the posi-
tions of the test masses (overlapping gray and black) in com-
mon mode (red), 0 deg. relative phase, and differential mode
(blue), 180 deg. relative phase.

two arms of the interferometer stretch and contract out of742

phase or pure common arm-length variations, where the743

arms stretch and contract in phase. Comparing differen-744

tial and common excitations, enables diagnosing system-745

atic differences between the two arms and quantifying the746

coupling between common-arm motion and differential-747

arm motion.748

A comparison of differential and common actuation of749

the Livingston interferometer using the Pcals is shown750

in Fig. 19. Both Pcal systems induced modulated dis-751752

placements of equal amplitudes, as determined by the753

calibration of the Pcal receiver module power sensors.754
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Figure 20. Interferometer output signal timing measured us-
ing Pcal excitations. The least squares fit to the data shows
the expected 180 deg. phase shift at low frequency and a delay
of 109.2 ± 2.2 µs.

The relative phases of the excitations was changed from755

0 deg. (in phase) to 180 deg. (out of phase) to transition756

between common and differential actuation. Less than757

0.2 % of the common-mode motion, within the measure-758

ment uncertainty, is sensed as differential mode motion759

by the interferometer.760

The ability to precisely vary the amplitude and phase761

of the injected length modulations enables high-precision762

calibration measurements without inducing large ampli-763

tude lines in the output signal. This can be realized764

by canceling length excitations injected by other actua-765

tors with Pcal lines injected at the same frequency but766

180 deg. out of phase.767

D. Measuring Time Delays and Signs768

Radiation pressure actuation via the Pcals has a simple769

phase relationship between the length excitation (modu-770

lated laser power detected by the receiver module power771

sensor) and the induced motion of the test mass. For772

frequencies much larger than the 1 Hz resonances of the773

test mass suspension system, the induced motion of the774

test mass is 180 deg. out of phase with respect to the775

excitation signal. This property of Pcal excitations was776

exploited for the initial LIGO detectors to investigate777

the sign of the calibrated interferometer output signals.29778

Confirming the relative signs of the interferometer out-779

puts is crucial for localizing the source of the detected780

gravitational waves on the sky using two or more detec-781

tors.782783

In addition to identifying the sign of signals, by us-784

ing multiple excitations we can measure the time delays785

in the response of the detectors to motion of the test786

masses (and consequently gravitational waves). These787

delays also impact the sky localization of GW sources.788

Previously in LIGO, two frequencies were used to mea-789

sure the delays yielding timing uncertainties on the order790

of 10 µs.29 With the upgraded Advanced LIGO Pcal data791

acquisition and better timing standards, similar measure-792

ments are easily performed at many frequencies, or even793

broadband, and achieve measurement uncertainties of the794

order a few µs. Fig. 20 shows the results of signal de-795

lay measurements made at frequencies between 100 and796

1100 Hz. The straight line fit to the data shows the ex-797

pected 180 deg. relative phase at lower frequencies and798

a time delay of 109.2 ± 2.2 µs. This delay arises from799

the combination of the effects of digital data acquisition800

(76 µs), analog electronics (20 µs) and light travel time801

in the arm (13 µs). The results of measurement like these802

are used to model the response of the interferometer to803

gravitational waves.4804

VI. CONCLUSIONS805

The Advanced LIGO photon calibrators incorporate a806

number of upgrades that make them suitable for second807

generation gravitational wave detectors. These include808

higher power lasers, low-loss vacuum windows, beam re-809

lay periscopes, optical follower servos, beam localization810

cameras, and receiver modules that capture the laser811

light reflected from the test masses. One Pcal system812

is installed at each end station. This enhances reliability813

by providing redundancy and provides additional actua-814

tion capabilities including increased range and the ability815

to make coordinated excitations.816

The Pcal systems are now the primary calibration ref-817

erence for the Advanced LIGO detectors, providing over-818

all system uncertainty of 0.75 %. They are being used to819

track slow temporal variations in interferometer param-820

eters that include optical gain, coupled-cavity pole fre-821

quency, and actuation strength. The resulting correction822

factors are being used to reduce errors in the calibrated823

interferometer output signals.824

Application of the Photon Calibrators is expanding to825

include injection of simulated gravitational wave signals826

in order to test the computer codes that search for sig-827

nals in the LIGO data streams.30 Future uses may include828

actuation of the differential length degree of freedom to829

potentially reduce actuation drifts and noise and increase830

actuation range.31 As the Advanced LIGO sensitivity im-831

proves, and therefore the rate of detection of gravitational832

wave signals increases, better interferometer calibration833

accuracy and precision will be required in order to opti-834

mally extract source information from the signals. The835

photon calibrator systems are playing a key role in the836

ongoing efforts to reduce calibration uncertainties.837
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