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interferometric gravitational wave detector based on a multiple-frequency heterodyne
detection technique. Gravitational wave detectors use multiple-mirror resonant optical
systems where resonance conditions must be satisfied for multiple degrees of freedom that
are optically coupled. The multiple-carrier longitudinal sensing technique provides
sensitive signals for all interferometric lengths to be controlled and successfully decouples
them. The feasibility of the technique is demonstrated on a table-top scale power-recycled
Michelson interferometer with Fabry-Perot arm cavities and the experimentally measured
values of the length sensing signals are in good agreement with theoretical calculations.

KEYWORDS
Gravitational-wave observatories, laser interferometer, modulation techniques, subcarrier, LIGO.

1. Present address: LIGO Project, P.O. Box 1970 S9-02, Richland WA 99352
Phone: (509) 372-8336; Fax: (509) 372-2178; E-mail: sigg_d@ligo.mit.edu.

2. Present address: LIGO Project, California Institute of Technology, MS 18-34, Pasadena CA 91125
Phone: (626) 395-3130; Fax: (626) 304-9834; E-mail: nergis@ligo.caltech.edu.

3. Present address: JILA CB 440, University of Colorado, Boulder CO 80309
E-mail: giaime@jila02.colorado.edu.

LIGO-P970016-01

sideband field (which acts as a constant-phase reference), giving an RF intensity signal that is
proportional to the deviation from resonance.

To sense the differential degrees of freedom in a Michelson interferometer, L. Schnupp proposed
the use of a macroscopic length asymmetry to couple frontal phase modulation sidebands out the
antisymmetric port [13]. This asymmetry shifts the sidebands away from the dark fringe, allowing
the use of a suppressed carrier detection scheme at the antisymmetric port (see Fig. 1) to sense the
deviation from a dark fringe for the carrier.

A scheme to control all longitudinal degrees of freedom with just one pair of sidebands, that is,
with asingle carrier frontal modulation scheme has been demonstrated using a gain hierarchy
implemented in the servo control to separate the power-recycling cavity length from the common
arm cavity length [14]. This work presentmaltiple-carrierfrontal modulation scheme [15] with
asymmetry readout [16]. An additional carrier — the so-called subcarrier, which is not resonant in
the arm cavities — is used with its own set of RF sidebands to probe the two degrees of freedom
associated with the power-recycled Michelson interferometer. The response of the sensor signals
to deviations of the interferometer lengths is best represented as a matrix, referred to as the length
sensing matrix. The implementation of the control system is greatly simplified if the length
sensing matrix is diagonal and robust against small changes in the optical parameters of the
interferometer. This is indeed achieved with the multiple-carrier frontal modulation scheme since
the subcarrier separates the Michelson degrees of freedom from the arm cavity lengths. This
scheme has the advantage of yielding Michelson error signals that are less sensitive to the
resonant state of the arm cavities. In fact, if the lengths are expressed as common-mode and
differential deviations, the length sensing matrix becomes nearly diagonal.

2 THEORY AND DESIGN

In a power-recycled Michelson with cavities in the arms the carrier (C) is resonant in all three
cavities. Since the beam splitter naturally separates common-mode and differential fields, the
reflection port of the interferometer resembles a linear system of coupled cavities (three mirrors in
series) for common-mode arm cavity variations. A pair of sidebands which are resonant in the
power-recycling cavity are imposed on the carrier light incident on the interferometer. The
sidebands are not resonant in the arm cavities so the field returning from the beam splitter can be
used to extract a signal which is highly sensitive to common-mode length deviations of the arm
cavities. Since the carrier sidebands (CSB) are resonant in the power-recycling cavity but do not
produce a dark fringe at the antisymmetric port, substantial sideband power is transmitted to the
antisymmetric port, leading to a signal which is sensitive to differential arm cavity length
deviations.

Writing the free spectral range of the power-recycling cavit® fas , where
=<
fo= e (1)

the fields that resonate in the power-recycling cavity only occur at frequency interzilg of
Upon reflection from the resonant arm cavity, the carrier acquires a phase sfiftaiive to the
carrier sidebands, which are outside the arm cavity resonance. If all other frequencies are
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1 INTRODUCTION

Einstein’s theory of general relativity predicts that gravitational-waves are ripples in the curvature
of spacetime, radiated by accelerating aspherical mass distributions. The gravitational-wave
induced spacetime distortion — or gravitational wave strain — stretches the space along one
transverse axis and shrinks it along an orthogonal axis. Astrophysical sources are believed to be
the most likely emitters of detectable gravitational radiation and since all known forms of matter
are nearly transparent to gravitational waves, detection of gravitational waves holds the promise
for a new and hitherto unexplored window into the universe. Gravitational radiation from the most
promising astrophysical sources, such as coalescing neutron star or black hole binaries, is
expected to produce strains of ordefzimin dimensionless units of change in length per unit
length) [1]. Consequently, highly sensitive long baseline laser interferometers (LIGO [2], VIRGO
[3], GEO600 [4] and TAMA300 [5]) are currently under construction with the objective of direct
detection of gravitational radiation early in the next millennium.

The principle of interferometric detection of gravitational waves is based on measuring the optical
phase shift due to path length changes induced by a passing gravitational wave [6]. For maximal
strain sensitivity, the goal is to convert gravitational wave strain into optical phase as efficiently as
possible. The detectors currently planned for the Laser Interferometer Gravitational-wave
Observatory (LIGO) [7] are variants of a simple Michelson interferometer (see Fig. 1). A

4 kilometer long resonant Fabry-Perot cavity in each arm of the Michelson interferometer stores
the laser light for a time of the order of the gravitational wave period at 100 Hz, thus increasing
the phase sensitivity by the number of times the photons traverse the cavity. To reduce sensitivity
to fluctuations in power of the incident laser light, the antisymmetric or signal extraction port of
the Michelson interferometer is held on a dark fringe, resulting in almost all the light returning
towards the laser. A partially transmitting mirror is placed between the laser and the beam splitter.
When located at the correct longitudinal position, this power-recycling mirror (RM) reflects most
of the light back toward the beam splitter (BS), that is, the light is recycled. The consequent
increase in effective incident power — by a factor known as the power-recycling gain — enhances
the gravitational wave strain sensitivity [8],[9],[10]. The power-recycling cavity is formed by the
recycling mirror as the input coupler and the symmetric port of the Michelson interferometer
(comprised of the beam splitter and the two input test masses) which serves as a complex end
“mirror”.

This optical configuration has four length degrees of freedom which must be controlled to hold
the interferometer mirrors at positions where the resonance conditions for optimal sensitivity are
satisfied. The lengths of the two Fabry-Perot arm cavitigs, Land , must be held on resonance,
as must the average length of the power-recycling caitys (1, +1,)/2 . The path length
difference in the arms of the Michelson interferomeltgr= (1, —-1,)/2 , must be controlled to
maintain the dark fringe condition. All four lengths must be controlled to within a tiny fraction of

a wavelength.

An elegant method to hold the interferometer's common-mode degrees-of-freedom
(I = (I3+1,)72 andL¢ = (L, +L,)/2) on resonance is a variant of the reflection sensing
technique [11],[12], where phase modulation sidebands at radio frequencies (RF) are imposed on
the input light and a heterodyne detection scheme is used to measure the deviations from
resonance. The carrier field reflected from the resonant cavity interferes with the non-resonant
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referenced to the carrier double resonance then the carrier sidebands resonate at frequency
intervals of2f, , but shifted by, relative to the carrier resonance, that is,

Avegp= fegp = £(2m+1)f, )

wheremis an integer anch = 0  for the carrier double resonance.

For a system that is optimized for gravitational wave sensitivity, almost no carrier power is
reflected from the interferometer. This is achieved by choosing the power transmissivity of the
power-recycling mirror to be approximately equal to the total loss in the Michelson interferometer
with arm cavities, that is, the carrier is critically matched [17]. The transmission of the carrier
sidebands out the anti-symmetric port is determined by the macroscopic Michelson path length
asymmetry,l, . The most efficient transfer of sideband power to the antisymmetric port is
achieved by making the fraction of the carrier sideband power directed out the antisymmetric port
due to the asymmetry equal to the power-recycling mirror power transmissivity, that is,

offg
= sin g%ﬂl[,g ®

TRM

Of course, if the carrier sidebands are also critically matched via the asymmetry losses, then
negligible carrier sideband field is reflected from the interferometer and the carrier double
resonance signal must be extracted from the fields inside the power-recycling cavity.

The role of the subcarrier (SC) and its sidebands is to detect deviations in the power-recycled
Michelson lengths (the signals from the carrier and carrier sidebands sense the arm cavity length
deviations). To ensure that the subcarrier frequency family is insensitive to the arm cavity lengths,

we choose the frequency of the subcarrier to be exactly anti-resonant in the arm cavity, that is,

1 il
fsc= 81+§H:5R1\RM = +§E|_1+L2 @

wheren is an integer anBSRyr refers to the average free spectral range of the arm cavities. We
expect a relative phase shift mbetween carrier and subcarrier due to anti-resonance in the arm
cavity. However, the subcarrier can be adjusted to experience a phase shifluefto the
asymmetry. The amplitude reflection coefficient of the field retro-reflected from the Michelson
interferometer with arm cavities is given by

ry 0 cosEﬂTmIDE (5)

The reflection coefficient of the Michelsan, , varies sinusoidally as a function of frequency for
a fixed asymmetryl, . Light at the frequency for whigh = -1 effectively undergoes a phase
shift of Tt In most practical cases, the carrier phase is shiftenl diye to resonance in the arm
cavity, while the subcarrier acquires a phase shiftdie to the asymmetry, and there is hence no
relative phase shift between them. In the power-recycling cavity, for light at frequencies such that
v <0, resonance occurs at even multiplesfgf . Consequently, the frequency of the subcarrier
relative to the carrier is given by

Avgc=fsc = 2pfo 6)
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and phase modulation sidebands imposed on the subcarrier (SCSB), which are to be resonant in
the power-recycling cavity, must obey

Avscse= fsc—fscse= $2afg ]

wherep andq are integers. Using the suppressed carrier scheme based on the subcarrier and
subcarrier resonant sidebands at the antisymmetric port will give an error signal which holds the
subcarrier on the dark fringe. To simultaneously satisfy the dark fringe condition for the carrier,
the wavelength associated with the subcarrier frequency shift must be an exact multiple of twice
the asymmetry, for example,

C
= =2 ®
sC

Moreover, this choice minimizes the shot noise at the antisymmetric port, since destructive
interference of the carrier and subcarrier fields ensures minimal power leaking out at this port.

In principle, the power-recycling cavity length could be sensed using the signal from the
subcarrier and its resonant sidebands, SCSB, at either the reflection port or by picking off a tiny
fraction of the field inside the power-recycling cavity. This is possible because, despite the fact
that both are resonant in the power-recycling cavity, the asymmetry losses guarantee a different
phase sensitivity for the subcarrier and its resonant sidebands. The signal strength is, however,
strongly dependent on the relative losses for the subcarrier and the resonant sidebands in the
power-recycling cavity and a more robust solution is to add an additional pair of sidebands to the
subcarrier, that are not resonant in any cavity. These non-resonant sidebands, the SCNR, do not
couple into the interferometer at all and are chosen to have a minimal overlap with both
longitudinal and transverse modes of the power-recycling cavity to ensure low coupling into the
interferometer.

In Fig. 2 we plot the amplitude of the fields inside the power-recycling cavity (a) and at the

antisymmetric port (b) as a function of frequency. The horizontal axis is in terms of the

dimensionless quantity/ f, . The carrier resonance occufg § = 0 , the carrier sidebands
at f = (1,3 £5)f,, the subcarrier at = 20f, , and the subcarrier resonant sidebands at

f = (20£ 2 20+ 4f,. The subcarrier non-resonant sidebands are ideally in the valleys, at

f = (20+ 1, 20+ 3f, so that they do no couple into the interferometer.

The mirror radii of curvature, along with the cavity lengths, influence the characteristics of the
fundamental gaussian mode and the transverse mode spacing of the cavity. To ensure that none of
the circulating frequencies excite higher-order transverse modes in the cavity, coincidences in the
frequencies of the higher-order modes with the modulation frequencies are avoided. The lengths
of the cavities directly influence the allowed modulation frequencies, and the multiple resonance/
anti-resonance conditions determine their relative lengths. By varying the mirror radii of
curvature (while maintaining compatibility of the fundamental mode in the arm and power-
recycling cavities) we can achieve optimum mode spacing for avoidance of the higher-order
transverse modes.

Mirror reflectivities are chosen to optimize the interferometer sensitivity to gravitational-waves.
With arm cavity end mirror reflectivities as close to unity as possible, the arm cavity input mirror
reflectivities are chosen to give a storage time comparable to the lowest frequency gravitational

LIGO-P970016-01

leading to a power-recycling gain of ~7 for the main carrier. The interferometer parameters are
listed in Table 1.

The fields at the reflection port are detected using the rejected beam from a Faraday isolator (Fl);
a pellicle (RCPO) picks off ~1% of the light inside the power-recycling cavity. Light from these
two ports and from the dark port is incident on five RF-tuned photodetectors, demodulated at their
respective modulation frequencies, and the resulting error signals are used to servo-control the
length degrees of freedom of the interferometer. The carrier and carrier sideband signal in
reflection (PD2) is redundant with the corresponding signal at the RCPO (PD3); it is used mainly
as a consistency check.

The photodetectors are comprised of photodiodes followed by a tuned circuit, an RF amplifier,
and a mixer with low-pass filtering to achieve a low noise down-conversion of the length error
signal at the modulation frequency. These error signals are fed back to piezo-electric transducers
(PZTs) controlling the axial position of the interferometer mirrors. Each longitudinal degree-of-
freedom is controlled by two PZT actuators: one with a small bandwidth (~100Hz), but a large
dynamic range (~2m) and the other with a small dynamic range (€2, but a large
bandwidth (~20kHz). Since the interferometer is operated in air with minimal seismic or acoustic
isolation, high bandwidth and large dynamic range are crucial for a reliable length lock.

To measure the length sensitivity matrix a modulation signal is added to one of the error signals of
the length servo. The optical response is then deduced from the ratio of the measured error signal
(photodiode) over the measured control signal (PZT), that is, the forward gain of optical plant.
This measurement is repeated for each longitudinal degree-of-freedom. The signals are digitized
by analog-to-digital converters under control of a VME-based computer system. Since the control
signals at low frequencies are dominated by acoustic and seismic noise, a modulation frequency
of 2.2 kHz is chosen. Unfortunately, the highest sampling rate achievable by our system is only
1 kHz. To make a meaningful measurement the signals are first high-pass filtered to remove the
low frequency component, before they are undersampled. As a result the 2.2 kHz modulation
frequency is aliased down to 200 Hz. Since angular alignment can reduce the power build-up in a
cavity and, therefore, lower the length sensitivity, an auto-alignment system [18],[19] is turned on
prior to each measurement. This stabilizes each mirror angle to within 1% of the divergence angle
(that is, 1% of 0.24 mrad or 2i#ad). In our case, the quadrant photodiodes of the alignment
system — which are placed exactly at the same ports as the length sensors — have the advantage
that their response was previously calibrated in absolute values. Consequently, the sum of all four
quadrants is used for the measurement of the error signal, rather than the signals coming from the
monolithic length photodiodes.

The amplitude spectral densities of the measured time series for each sensor are computed using
off-line analysis tools. The actuator signal amplitude at 2.2 kHz is used to determine the
displacement modulation applied to each degree of freedom. Normalizing the sensor signals to the
input light power, modulation depths, the quantum efficiency and the transimpedance of the
sensors, the length sensitivity matrix of the interferometer is calculated.

Since the free spectral range of a cavity is well known from its length, the response of the PZT
actuators can be calibrated by driving through multiple resonances of (sub)carrier and sidebands.
The calibration errors of the length actuators were then estimated to be about 10%. The
uncertainty of the light built-up in the power-recycling cavity is estimated from the knowledge of
the total power losses. An uncertainty of 0.01 in the round-trip loss of the power-recycling cavity
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wave of interest; the power-recycling mirror reflectivity is chosen for near-critical matching of the
carrier, for given interferometer losses.

The technical limitations of radio frequency techniques and the physical constraints on the
interferometer parameters combine to determine the choice of modulation parameters. Phase-
modulation frequencies above 5 MHz are used to ensure that the laser technical intensity noise
does not dominate over shot noise. On the other hand, working at frequencies below 100 MHz
makes the implementation of the electronics more practical. For the carrier sidebands to
efficiently exit the antisymmetric port, modulation frequencies of tens of megahertz are necessary
given the practical asymmetry of few tens of centimeters. Consequently, the subcarrier frequency
shift must be a few hundred megahertz to ensure the dark port condition for both the carrier and
subcarrier.

3 EXPERIMENTAL VERIFICATION

We define the length sensing matkix ~ such that
S(1,81) = 234(T)Iy ()P, Y L8l cost+ @) ©
T

whereS is the light intensity at the modulation frequency ori-thesensordl; is the deviation
from resonance of theth degree of freedonty; are the elements of the length sensitivity matrix
in the static field limityy; is an intrinsic RF phase, is the power on theth detectorQ; and';

are the RF modulation frequency and depth, respectively, foithheensor.

A table-top scale interferometer was constructed to test this multiple carrier scheme by
quantitative determination of the length sensitivity matrixA schematic overview of the table-

top scale Fixed Mirror Interferometer experiment is shown in Fig. 3. The laser source is a
frequency and power stabilized CW*Arser with a wavelength of 514.5 nm and typical output
power of 250 mW. The laser light is split into two paths; the light transmitted through BS1 is used
for the frequency stabilization and the reflected light goes to the main interferometer input optics
train. Light reflected from BS1 is further split by BS2. The reflected beam is the carrier path
where PC3 generates the carrier sidebands; the transmitted light is used to generate the frequency-
shifted subcarrier. Vertically polarized light reflected from PBS2 passes through an acousto-optic
modulator (AOM) modulated at 195.5 MHz and a curved mirror reflects the frequency shifted
component back toward the AOM. The light which passes twice through the AOM acquires a
frequency shift of 391 MHz with respect to the carrier. Double passing the quarter-wave plate
(QWP) converts vertically polarized light to horizontally polarized so the 391 MHz component is
transmitted through PBS2. PC4 and PC5 impress the subcarrier resonant and non-resonant phase
modulation sidebands, respectively. Carrier and subcarrier light with all the associated modulation
frequencies are recombined on BS3 and launched into a fiber which serves as a spatial mode filter.

Wherever possible, optical design choices were made which minimize differences from the
LIGO-scale application and which allow the significant features of the scheme to be verified. The
arm cavities have a finesse Bf=~160 . The power-recycling mirror transmissivity is a few
percent greater than the total interferometer losses to allow for possible degradation of mirror
quality or loss accumulation. A pellicle pick-off in the power-recycling cavity and imperfect
contrast at the beam splitter introduce an additional loss of 5% in the power-recycling cavity,
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will affect the length sensitivities by 16% — 25%, depending on the matrix element. The estimated
errors from the transimpedance gains of the photodetectors are 5% for modulation frequencies
below 40MHz and 10% otherwise. The uncertainties of the photodetector quantum efficiency and
the absolute light power incident on each detector give additional errors of 5% and 6%,
respectively. The statistical errors are estimated from the noise level in the measured power
spectrums. For diagonal elements the statistical errors are between 1% and 6%. Since off-diagonal
elements are generally small, their measured values can easily be dominated by statistical
fluctuations. Since the above errors are independent of each other they are added in quadrature.

4 RESULTS

The matrix elements are predicted using a plane wave model of the interferometer (equivalent to a
model with a single TEly mode) where the phase modulated fields are propagated and the
sensitivity of the sensor signals to small deviations from resonance are calculated. The
experimentally determined values for the matrix elements are compared with the model values in
Table 2. Good agreement with the model is found, with the predicted values of most elements
lying within experimental error bars. All measured matrix elements that dominate the rows of the
sensitivity matrix are within 20% to 40% (28% on average) of the model prediction. (The other
values are generally small and unimportant.) In addition, we find that the design philosophy of a
highly non-singular — and therefore robust — control matrix has been realized and was observed
experimentally to be advantageous. We conclude that the multiple-carrier frontal modulation
scheme successfully decouples the sensing signals for the length degrees of freedom of a power-
recycled Michelson interferometer with Fabry-Perot arm cavities.

The planned control topology for the initial LIGO interferometer is based on a single carrier
frontal modulation scheme because of the relative simplicity of its optical implementation.
However, possible future configurations — such as a Mach-Zehnder readout [20] or a dual
recycled interferometer [21] — may not have “good” length discriminants for control of all
degrees of freedom with a single carrier scheme only and, therefore, additional frequencies may
be inevitable.
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FIGURE CAPTIONS

Figure 1: Optical layout of an interferometric gravitational wave detector to be used by LIGO.
RM refers to the power recycling mirror, BS to the beam splitter, ITM to the input test mass and
ETM to the end test mass.

Figure 2: Amplitude of the fields (relative to the input power) as a function of frequency offset
from the double resonance of the carrier (in unitf,ahe half free spectral range of the power-
recycling cavity) in (a) the power-recycling cavity and (b) at the antisymmetric port. The narrow
carrier double resonance occursfat 0 and agaih at+13.3f , the free spectral range of
the arm cavity. The field amplitude in the power-recycling cavity at 0 is lower than the one
at f = 20f, (the subcarrier resonance), since the carrier sees additional losses in the arm
cavities. The sinusoidal envelop is due to the Michelson transmissivity corresponding to the
asymmetry. The interferometer parameters used in this calculation are given in Table 1.

Figure 3: Schematic overview of the Fixed Mirror Interferometer, including the input optics train.
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FIGURES
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TABLES
Modulation Interferometer | Mirror radii of Mirror power Mirror power
frequencies lengths curvature reflectivities losses
fess = 58.7MHz | Ic = 384m Radgy = 6.0 m Rey = 0.93 Lgy = 0.005
fse =391MHz | Ly =L, =0575m | Radpy = Rgs = 0.475 Lgg = 0.050
focsg= 391 MHz | Ip = 0.383m Radeqy = 150m | Ripy = 0.97 Ly = 50x 10°

fsenr= 323 MHz

Rerw = 0.099885 | | 100, 166

Table 1: Interferometer parameters for the Fixed Mirror Interferometer experiment.

Sensor, rf-phase Ib lc L L2

and photodetectol  meas  calc] meas. calg. meas. calc. meas. cplc.
SCSB, Q-phase, PD5  —40(10) 43 174) 0 21025 02k  —2.8(25) —0.22
SCNR, I-phase, PD1] —0620) g1 200(50) 21§ 28(30) 17 —3130) 1)
CSB, Q-phase, PD4 -54(35) 0 -10(35) (.05-2220(490) 1940  1700(490) 1945
CSB, I-phase, PD2 ~12090) 4.7 60(90) |9434001100) 5144 4900(1100) 5146
CSB, I-phase, PD3 —350(650) 2P5  270(650) —[REDOQL1000) 3650( 41000(11000) 36510

Table 2: The measured values (with their experimental errors in parentheses) and the
calculated values of the length sensitivity matrix. The most important values are shown in
bold face. The photodetector positions are given in Fig. 3.
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