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1. Introduction

By all accounts, direct detection of the strain of space
time that is due to a passing gravitational wave is a
daunting task. Given current estimates of black
hole and neutron star populations, an experiment
that would be of any value should have a sensitivity
of 10�21 or better to make enough observations to be
scientifically interesting. Laser interferometry is a
measurement technique that holds high promise to
attain such a sensitivity. Over the past 30 years,
many clever techniques for increasing the sensitivity
of the interferometer have been developed. The de-
sign and practical implementation of one of the more
recent developments, resonant sideband extraction
�RSE�,1 is the subject of this paper.

The fundamental design for most of these
gravitational-wave detectors is the Michelson laser
interferometer. The interaction of the passing grav-
itational wave with light traveling perpendicular to
its plane of orientation is a phase modulation of the
light, and the largest phase shift is obtained for a
time equal to half of the period of the gravitational
wave. This storage time is unrealistically long for a
simple Michelson—approximately 75 km for signals
at or below 1 kHz. Placing resonant Fabry–Perot
cavities into the arms of the interferometer is a way
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to increase the storage time of the light, allowing for
shorter arms. The Michelson itself is to be kept on a
dark fringe, with none of the carrier light going to the
output of the interferometer. This wastefully re-
turns much of the light to the laser, so the idea was
conceived to recycle the laser light by means of put-
ting a partially reflecting mirror between the laser
and the Michelson.2 This forms another cavity be-
tween the input, or power-recycling, mirror and the
reflectivity of the Michelson. With the appropriate
choice of transmissivity of the power-recycling mirror
�PRM�, none of the carrier light returns to the laser;
all of it is used in the interferometer �to be ultimately
absorbed by the slightly lossy mirrors�. This has the
effect of increasing the light stored in the interferom-
eter, making more photons available to interact with
the gravitational wave. To this point, we have de-
scribed the interferometers being built by the Laser
Interferometer Gravitational Wave Observatory
�LIGO� project �a set of detectors in the United
States�,3 the TAMA project �a detector in Tokyo, Ja-
pan�,4 and the VIRGO project �a Franco–Italian de-
tector near Perugia, Italy�.5

Several years ago, it was realized that one could
also add a mirror at the output of the interferometer.6
This addition gave a great deal more freedom to op-
timize the performance of the interferometer, at the
cost of additional complexity. One of these designs,
RSE, is the subject of this paper because it has been
identified as a promising configuration for the next
generation of gravitational-wave detectors. For a
more detailed description of the theory and utility of
RSE, please see the companion paper to this one.7

Figure 1 shows the configuration of a power-
recycled RSE interferometer. The Michelson inter-
ferometer is formed by the end test mass �ETM�
mirrors ETM1 and ETM2 and the beam splitter, into
1 March 2003 � Vol. 42, No. 7 � APPLIED OPTICS 1269



which the carrier light is injected from a laser. The
gravitational-wave strains the space time between
the end mirrors and the beam splitter, which is equiv-
alent �for our purposes� to shaking the end mirrors of
the Michelson. The modulation of the path length
generates phase-modulated �PM� sidebands on the car-
rier light, referred to here as signal sidebands. The
modulation for an optimally aligned gravitational
wave is differential between the two arms. Thus the
signal sidebands generated by the gravitational wave
add constructively at the dark port. Ideally, this is
the only light in the �10-kHz band around the carrier
frequency exiting at the dark port. The signal extrac-
tion mirror �SEM� at the dark port will reflect part of
the signal sidebands back into the arms, changing the
transmissivity of the sidebands to the output.

This can be accurately modeled by a three-mirror
coupled cavity, the first cavity being the average of
the arms, formed by the ETMs and input test mass
�ITM� mirrors, and the second cavity being that
formed by the ITMs and the SEM. We model the
sidebands as injected through the ETMs into the arm
cavity. We also ignore the frequency response of the
signal cavity because that cavity is typically much
shorter than the arm cavity. This allows us to fur-
ther approximate the three-mirror cavity as a simple
Fabry–Perot cavity formed by the average arm cavity

with the compound mirror formed by the ITMs and
SEM as its output mirror, whose reflectivity �ampli-
tude and phase� is given by the ITM and SEM reflec-
tivities and the SEM cavity phase.

There are two basic styles of RSE: broadband and
detuned. In broadband operation, the signal extrac-
tion cavity is resonant for the arm cavity light. This
makes the signal extraction cavity more transmissive
than the arm cavity input mirrors alone, thereby re-
ducing the arm cavity finesse for gravitational-wave
sidebands near the carrier frequency and thus in-
creasing the interferometer bandwidth. In detuned
operation, the signal extraction cavity is tuned away
from resonance for the carrier light. The coupled-
cavity transfer function Tcc of the three-mirror cavity
formed by ETM1, ITM1, and SEM is

Here �a and �s are the round-trip travel times for light
in the arm and signal cavities, rE is the reflectivity of
the arm cavity end mirror, AI � 1 � rI

2 � tI
2 param-

etrizes the loss of the arm cavity input mirror, � �
2�f is the gravitational-wave frequency, and rSEM	 �
�1 � a�rSEM and tSEM	 � 
�1 � a�tSEM are the re-
flectivity and transmissivity of the SEM corrected to
include the losses a in the signal cavity because of the
beam splitter and arm cavity input mirrors. The
phase �dt is the detuning of the signal cavity from
resonance with the carrier light. If 0 � �dt � ��2,
the transfer function Tcc is maximized for some f  0
for which neither the arm cavity nor the signal cavity
is individually resonant. Furthermore, the band-
width of the detector is narrowed. Thus the inter-
ferometer can be tuned to be most sensitive at some
nonzero frequency of interest. Such a configuration
is most useful for the detection of periodic sources in
a narrow frequency range, such as pulsars. In real
interferometers, the broadband flavor is not so useful
because its maximum sensitivity is at f � 0, where
seismic noise limits the sensitivity of the detector.
The maximum practical bandwidth for low-frequency
sources is obtained with a slightly detuned configu-
ration referred to as the optimized broadband config-
uration. This configuration is most useful for
relatively broadband sources: chirped sources, such
as inspirals of neutron star binaries, and burst
sources, such as supernovas.

Leaving aside the orientation of the mirrors and
considering only their longitudinal positions with re-
spect to the laser beam axis, the initial LIGO inter-
ferometer has four degrees of freedom: the two arm
cavity phases, the power-recycling cavity phase, and
the Michelson condition. These are typically re-
ferred to as �� and �� for the common-mode and
differential arm cavity lengths, �� for the Michelson

Fig. 1. Optical layout of the RSE interferometer. rPRM, rbs, and
rSEM are the reflectivities of the power-recycling mirror, the beam
splitter, and the signal extraction mirror, respectively. rac1 and
rac2 are the reflectivities of the in-line and perpendicular arm
cavities. Sign conventions for the mirror reflectivities are indi-
cated.

Tcc��� �
tI tSEM	 exp��i����a � �s� � �dt��2�

1 � rI rE exp��i��a� � rI rSEM	 exp��i���s � �dt�� � rE rSEM	�1 � AI�exp��i����a � �s� � �dt��
. (1)
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phase, and �� for the power-recycling cavity phase,
as shown in Fig. 1. Each of these phases must be
controlled against the disturbances of nature for the
interferometer to work properly. The class of signal-
tuned interferometers that have the additional mir-
ror at the output have one more degree of freedom to
be controlled, the signal cavity phase �s, bringing the
total to five. In general these degrees of freedom
have a fair amount of cross coupling, which makes
the job of control more difficult. In this paper we
focus on a technique for control of such an interferom-
eter.

There are many schemes available to control a com-
plex interferometer. The choice of the best scheme
will depend in part on constraints unrelated to issues
of control of the interferometer degrees of freedom.
Because our motivation is an advanced version of the
LIGO interferometer,3 we chose a conservative ap-
proach in which we retain as many useful features of
the initial LIGO as is practical. In particular, LIGO
uses an optical heterodyne technique known as fron-
tal or Schnupp modulation8 where the carrier light is
PM before it enters the interferometer, generating rf
sidebands. This light is subsequently picked off at
various points in the interferometer and demodu-
lated to derive all length-sensing signals. LIGO also
uses a triangular Fabry–Perot cavity, referred to as a
mode cleaner, to stabilize the frequency and pointing
of the input light, as well as clean up its modal struc-
ture. The constraint is adopted that all rf sidebands
must pass through this mode cleaner, as is done in
the initial LIGO. This constrains the frequencies of
the rf sidebands to be integer multiples of some fun-
damental. In addition, the particular spectrum
used to generate the optical heterodyne signals com-
prises PM sidebands along with a single additional
sideband. We note that none of these constraints
are strictly necessary, although they do have merit.

In this paper we first describe the technique of
optical heterodyne signal extraction. The method
by which a model is constructed and analyzed to find
suitable signals to control the degrees of freedom is
discussed. In Section 2 we describe the technique of
optical heterodyning as used in our control scheme.
In Section 3 we describe in detail the control scheme
proposed for RSE as proposed for the Advanced
LIGO. In Section 4 we describe the control matrix.
In Section 5 we describe the experiment that we per-
formed to verify the control system design of the in-
terferometer, as well as the frequency response for
gravitational-wave signals predicted for RSE. In
Section 6 we present our data, and in Section 7 we
summarize the results of this experiment.

2. Optical Heterodyne Signal Extraction for Resonant
Sideband Extraction

A. General Discussion

Because optical heterodyning is central to the discus-
sion that follows, we briefly discuss it first. Similar
analyses have been done by Regehr9 and Mizuno.10

In the companion paper to this one,7 the signal
after demodulation is derived for single-sideband
�SSB� heterodyning:

S � 2�T1 E1�T2 E2�cos�� � ��, (2)

where E1,2 and T1,2 are the electric field and transfer
function for the �1� carrier field and �2� sideband field,
� is the demodulation phase, and � is the phase dif-
ference between the transfer functions. Although
the mixer output is nonzero in general, the appropri-
ate choice of � will set the mixer output to zero in the
static case. A perturbation to a path length in the
interferometer that introduces a differential phase
modulation of E1 and E2 will then appear as a non-
zero demodulated output that can be used as a signal
to correct that length. The general application of
this idea is to use one of the fields as a phase refer-
ence, or local oscillator, for the other. This implies
that the local oscillator field will somehow not be
affected by the perturbation that impresses the sig-
nal onto the other field. Achieving this goal is the
primary aim of signal extraction design for the inter-
ferometer.

Phase modulation is the most commonly used tech-
nique to generate the rf sidebands, in which case
there are two sidebands at plus and minus the mod-
ulation frequency � away from the central carrier.
In this case the signal is proportional to

S � 2��T0�T�* � T�*��cos���

� 2��T0�T�* � T�*��sin���, (3)

where 0, �, and � label the carrier and upper and
lower sideband fields, respectively; and � is the de-
modulation phase.

The demodulation phase plays an important role in
this signal extraction technique, as is evident in Eqs.
�2� and �3�. For the two-frequency example of Eq.
�2�, the demodulation phase is the variable that al-
lows the user to set the operating point at which the
output of this signal is zero. From that point, the
only way to generate a signal is to modulate the phase
of one or the other frequency because an amplitude
modulation does not change the argument of the co-
sine operator. The PM signal extraction of Eq. �3� is
a little richer in example. For cases in which the
upper and lower sidebands remain balanced, that is,
equal in amplitude and relative phase, the output can
be shown to be zero, regardless of the demodulation
phase. This allows us to define two basis demodu-
lation phases, in-phase and quadrature. In-phase
demodulation �� � ��2�, as in two-frequency demod-
ulation, measures phase modulation, whereas
quadrature demodulation �� � 0� is sensitive to am-
plitude modulation. The most useful applications of
RSE, however, typically will be detuned. Detuned
operation will result in unbalanced rf sidebands,
which causes the signal output to be nonzero for all
demodulation phases except one, as in the two-
frequency case. Conceptually, this unbalanced case
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again measures only differential phase modulations
of the frequencies involved.

B. Application to Interferometers

Gravitational-wave interferometers are complex op-
tical systems with several cavities that have a good
deal of coupling between them, as well as with the
Michelson degree of freedom. Their path-length
phases must all be held to their nominal values for
the interferometer to operate correctly. The optical
heterodyne technique described can give signals to be
used in feedback systems to control the interferome-
ter, but the difficult task is to determine how to im-
plement the most useful spectrum of rf sidebands and
where the signals are to be found such that the de-
grees of freedom are relatively decoupled. By where
we are referring to the points in the interferometer
where the fields can be picked off and directed to a
photodiode.

Given the analytical model for the demodulated
signals, the sensitivity of the interferometer to its
degrees of freedom can be determined when we derive
the transfer functions that propagate the input fields
to photodiodes at the various pickoff points in the
interferometer. The transfer functions depend on
the optical parameters �mirror reflectivities, trans-
missivities, and losses� and on the propagation
phases. These signals can be expressed mainly in
terms of the transfer functions, and derivatives of
these signals with respect to the degrees of freedom
can be taken to derive the matrix of discriminants.
This matrix gives the relative sensitivity to the var-
ious degrees of freedom at a signal port, defined as
the output of a photodiode demodulated at a specific
frequency with a specific phase. Defining the ith
field incident on the photodiode as the product of its
transfer function Ti with the incident field Eldi �El is
the laser amplitude and di is the resulting scale factor
that is due to whatever modulation technique gener-
ated the input spectral component; we assume ��2
phase between d1 and d2 for the two-frequency case�,

Ei � TiEl di, (4)

the matrix element at signal port t for the jth degree
of freedom �j is given as

Mt, j � �El�2d1 d2���T1

��j
T2* exp�i�t�

� T1

�T2*
��j

exp�i�t�� (5)

for the two-frequency case, and

Mt, j � �El�2J0 J1���T0

��j
�T� exp�i�t� � T�exp��i�t��*

� T0��T�

��j
exp�i�t� �

�T�

��j
exp��i�t��*� (6)

for the PM case. The scale factors J0 and J1 are the
Bessel functions that arise from phase modulation for

the carrier and first-order sidebands, respectively,
and �t is the demodulation phase at the tth signal
port.

C. Application for our Proposed Resonant Sideband
Extraction System

In the initial LIGO interferometers, as well as in
RSE, there are only three points at which indepen-
dent heterodyne signals are accessible—the reflected
light, the pickoff light inside the power-recycling cav-
ity, and the transmitted light to the dark port.11

The cavity lengths of the initial LIGO interferometer
can be, and in fact are, controlled with a single set of
PM rf sidebands at some frequency f1.9,12 Although
there are four degrees of freedom and only three
points at which signals can be found, the rf sidebands
are balanced, and each photodiode has two demodu-
lation phases, giving six signal ports for three degrees
of freedom. This is generally no longer true when
the signal-recycling mirror is added. There is one
more degree of freedom, but most importantly, in
detuned operation the second demodulation phase is
no longer useful. In theory, this is not true—the
second demodulation phase will simply have some
offset that could be zeroed when summed with the
appropriate voltage. In practice, this is not a good
idea because the value of that offset is subject to
fluctuations in input amplitude, alignment, and other
perturbations that would then couple into the length
control system, degrading the performance. Hence
signal ports with offsets are considered unusable.
That leaves only three signal ports for five degrees of
freedom.13

The proposal analyzed and tested here is to add a
SSB to the PM sidebands. As noted above, the fre-
quencies will be integer multiples of some fundamen-
tal, specifically the mode-cleaner free spectral range,
so that they can all pass through the mode cleaner.
By adding a rf sideband at frequency f2, we obtain two
more demodulation frequencies: one at f2, which
measures the beat between the SSB and the carrier,
and one at f1 � f2, which measures the beat between
the SSB and one of the PM sidebands. At the re-
flected and pickoff photodiodes, there are now at least
six signal ports for four degrees of freedom, when we
assume that the only signal taken at the dark port
photodiode is ��, the gravitational-wave signal.
Because we have more signals than degrees of free-
dom, we need use only one of the new demodulation
frequencies.

3. Optimization of Interferometer Parameters

The choice of mirrors in the RSE interferometer is
tightly constrained by the desire for the best possible
sensitivity to astrophysical gravitational waves. In
the companion paper we discuss the constraints
placed on the mirror reflectivities by unavoidable
mirror imperfections7; here we lay out the basic is-
sues for length sensing and control. The arm cavity
input mirrors and SEM are generally chosen to opti-
mize the frequency response for detection of some
specific gravitational-wave signal, such as the in-
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spiral of a neutron star binary system. This desired
frequency response fixes the arm cavity input mirror
and SEM reflectivities to obtain the desired cavity
pole frequencies. The PRM is then chosen to opti-
mally couple the light into the arm cavities, thus

fixing its reflectivity. The beam splitter has as
nearly as possible R � T � 1�2 to balance the powers
in the two arms. The microscopic phases of each
path length are similarly constrained by the need for
carrier resonance in the arm cavities and power-
recycling cavity, by the Michelson dark-fringe condi-
tion, and by the detuning of the signal cavity. By
microscopic we mean the phase, modulo 2�. So all
the optics and the microscopic path lengths are fixed
by astrophysical considerations and thus have little
room for variation.

It is the freedom to choose the macroscopic path
lengths �in so many meters or centimeters� that is
used to couple the rf sidebands into the interferome-
ter in the appropriate way. First, the rf sidebands
are not to resonate in the arm cavities, so that they
can act as an independent phase reference, or local
oscillator, for the carrier signals that are generated
therein. However, one of the rf sideband frequen-
cies is needed at the dark port so that it can be the
local oscillator there for the gravitational-wave sig-
nal. The rf sidebands will have to resonate in the
power and signal cavities to have any appreciable
magnitude at the dark port. Our choice is to use the
PM sidebands for the gravitational-wave local oscil-
lator. The SSB will resonate only in the power-
recycling cavity. In this way, the SSB can act as the
local oscillator for the PM sideband that resonates in
the signal cavity, thus deriving the signal for the new
degree of freedom. For purposes of length sensing
and control, the remaining parameters to optimize
are the difference in distances of the two arm cavity
input mirrors to the beam splitter �the Schnupp
asymmetry8�, which sets the reflectivity of the Mich-
elson interferometer for the various rf sidebands and
the frequencies of the rf sidebands.

We consider the broadband RSE case first be-
cause it is simpler. Because we heterodyne the
gravitational-wave signal with PM sidebands, as is
done in LIGO, the rf sidebands must pass through
the interferometer with high efficiency. If the PRM
and SEM have equal reflectivities, then this could be
simply done by our choosing both the power-recycling
and signal extraction cavities to be resonant for the rf
sidebands and setting the Schnupp asymmetry for
zero reflection for the rf sidebands. In general, how-
ever, the PRM and SEM will have different, and
fairly low, reflectivities, and so good rf sideband
transmission will require that we set the Schnupp

asymmetry such that the three-mirror coupled cavity
formed by the PRM, the Michelson interferometer,
and the SEM has nearly unity transmission.

The transfer function of this three-mirror coupled
cavity simplifies to

where rac is the reflectivity of the arm cavities �as-
sumed equal� for the rf sidebands �in practice rac � 1�.
The Michelson phase for the rf sidebands �� is given
by

�� �
�mod�l1 � l2�

c
�

�mod�

c
. (8)

The macroscopic length difference � is the Schnupp
asymmetry. Two different choices for the asymme-
try will optimize the transmission. One is a small
asymmetry, given by

� �
c

�mod
arccos��1 � a�

rPRM � rSEM

1 � rPRMrSEM�1 � a�2� , (9)

for which both cavities are undercoupled as seen from
each other; that is, the field reflected from each cavity
does not change its sign. Therefore both must be
resonant. The other is a much larger asymmetry,
which depends on which mirror has the higher reflec-
tivity: For example, if the signal mirror has the
higher reflectivity, then

� �
c

�mod
arccos��1 � a�

rSEM � rPRM

1 � rPRMrSEM�1 � a�2� .

(10)

In this case the SEM is overcoupled as seen by the
PRM, the field reflected from the signal extraction
cavity undergoes a sign change. So the power-
recycling cavity length is chosen to be antiresonant
�exactly � out of phase with resonance� such that,
with the addition of this sign change, the power-
recycling cavity becomes resonant. Considerations
of the transmission of laser frequency noise to the
output port favor small asymmetries, and more im-
portantly the LIGO vacuum envelope allows only � �
50 cm, so we ignore the large-asymmetry solution.

There are many combinations of frequencies and
lengths that can be used in the interferometer. Be-
cause the carrier is antiresonant in the power-
recycling cavity, so as to become resonant when the
overcoupled arm cavities come into lock, the rf side-
bands can resonate only in the power-recycling cavity
if their frequencies are odd integer multiples of half of
the cavity’s free spectral range. This argument ap-
plies to each of the modulation frequencies. Clearly
the difference of the two rf sideband frequencies will

T �
itPRM�1 � a�rac sin����tSEM exp��i��� � �s��2�

1 � rPRM�1 � a�rac cos����exp��i��� � rSEM�1 � a�rac cos����exp��i�s�
� rPRMrSEMrac

2�1 � a�2 exp��i��� � �s��

, (7)
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be some integer multiple of the power-recycling cav-
ity free spectral range.

We chose to use fixed rf sideband frequencies at f
and 3f, where the f sideband resonates only in the
power-recycling cavity and the 3f sidebands resonate
in both power-recycling and signal extraction cavi-
ties. In the interest of broadband operation, the 3f rf
sidebands are PM sidebands.

PM sidebands, although convenient to produce, are
primarily useful only for a broadband RSE inter-
ferometer. In the detuned interferometer, the sig-
nal cavity is off resonance for the carrier. In this
case, it is generally not possible to resonate both the
upper and the lower rf sidebands equally in the cou-
pled power-recycling and signal extraction cavity.14

The sideband phases in the signal cavity are

��SB � �carrier �
�mod2l

c
. (11)

The carrier phase in the signal cavity is some fraction
of ��2. For the upper and lower sidebands to sense
the same cavity system, their phases need to be
equal; and for resonance, this phase needs to be some
integer multiple of �. That is,

�
�mod2l

c
� n� � �dt, (12)

where �dt is the detuning phase and n is an integer.
The detuning phase is the offset phase of the signal
extraction cavity from resonance for the carrier fre-
quency. In general, no solution for n and l exists.
To maintain significant rf sideband power at the dark
port for good signal-to-noise ratio in the
gravitational-wave signal port, we choose to optimize
for one of the rf sidebands at the expense of the other.

This we do by changing the length of the signal
cavity such that the change in its free spectral range
compensates for the cavity detuning for one of the PM
rf sidebands. This length change is

�lSEC � �dt

c
�mod

, (13)

where SEC is the signal extraction cavity. For any
significant new detuning, the position of the signal
mirror would need to be reset. This can potentially
be done without breaking vacuum, for example, if the
suspension of the signal mirror were mounted on a
rail or if its isolation platform were widely adjustable.
However, it is unlikely that the interferometer could
be dynamically detuned. Shifting its position by the
distances necessary would most likely cause the in-
terferometer to lose lock. We expect that the oper-
ation of the interferometer will not require frequent
detuning, especially in the optimized broadband case.

Another solution would be to adjust the rf sideband
frequency to resonate one sideband in the signal cav-
ity. This has the disadvantage of requiring the
mode-cleaner cavity length to be varied to pass the
sidebands. Because the mode cleaner is a high-

finesse cavity, this operation is not trivial and like-
wise would disturb its lock. In addition, any
sidebands at other frequencies needed to control the
interferometer would also need to be adjusted to
match the mode cleaner as well.

The additional rf sideband at f is then needed to
generate signals for the degrees of freedom �� and �s
��� can still be measured at 3f �. Because cross cou-
pling with the arm cavity degrees of freedom compli-
cates the control of these modes, it is useful to restrict
attention to demodulation at 2f �or possibly 4f �,
which measures the beat note between the f and the
3f rf sidebands, neither of which are sensitive to the
arm cavities. Because the 3f rf sidebands are PM,
one option would be that the rf sidebands at f be
amplitude modulated so that the relative phases be-
tween them and the PM rf sidebands are ��2.15 We
instead use a SSB for the rf sideband at f. If there
are rf sidebands at �f, then demodulation at 2f mea-
sures the beat between �3f and �f, �f and �3f, and
�f and �f. Only one of these pairs is useful to gen-
erate the measured signal for the signal extraction
cavity because only one of the 3f rf sidebands is res-
onant there. We also found through modeling that
use of the SSB rf sideband at f tended to generate a
more diagonal matrix of discriminants than did
amplitude-modulated rf sidebands.

4. Matrix of Discriminants

We now turn to the analysis of the control signals
themselves. Having chosen the sideband frequen-
cies and nominal lengths in the interferometer, we
can find the demodulation phases that yield a null
signal at the operating point and expand to first order
to find the linear signal output at the various signal
ports as the lengths in the interferometer are varied.
This will yield a matrix, the matrix of discriminants,
showing the signal at each port for each degree of
freedom. As mentioned above, by adding the SSB
we have more signal ports than our five degrees of
freedom. Our matrix will be controllable if we can
find a 5 � 5 submatrix that is nondegenerate.

There are two types of signal in this scheme. The
first type measures the signal that is due to the beat
of the carrier and the PM rf sidebands and is referred
to as the PM output. The second type arises from
the beat between the lower PM rf sideband and the
SSB rf and is referred to as the SSB output. A sam-
ple matrix of discriminants for an optimized broad-
band interferometer is shown in Table 1. We
calculated these discriminants both analytically from
Eqs. �6� and �7� using simple approximations to the
coupled cavity transfer functions16 and by using the
software program TWIDDLE,17 which was developed to
calculate interferometer transfer functions with a
minimum of simplifying assumptions. The agree-
ment is good.

Given that the carrier is built up because of reso-
nance in the high-finesse arm cavities, the PM output
signals in all three photodiodes are dominated by the
arm cavity degrees of freedom �� and ��. Ideally,
the dark fringe condition diagonalizes the common-
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and differential-mode signals, with �� showing up
only in the reflected and pickoff signal ports and ��

only in the dark port signal port. Some deviation
from this rule will occur because of imperfections in
the matching of the arm cavities and mismatch in the
beam splitter. However, with high-quality optics,
these effects are small and they are ignored. When
analyzing the reflected and pickoff signal ports, we
considered only ��, ��, ��, and �s. At the dark port
signal port, which is sensitive to differential signals,
only �� and �� are considered.

The SSB output signals are barely influenced by
the arm cavities, so �� and �� can be ignored. The
SSB output signals in the dark port are also signifi-
cantly smaller than the ones found in the reflection
and pickoff ports because they require transmission
of the nonresonant SSB through the signal cavity.
As a result, analysis of the SSB output will be done
only in the reflected and pickoff signal ports.

The �� signal is not the dominant signal in any
port. However, in the pickoff PM port, only the ��

matrix element is larger. Analysis of an ill-
conditioned 2 � 2 submatrix similar to the one de-
fined by the ����� matrix elements in the reflected
and pickoff PM signal ports was a large part of the
thesis of Regehr.9 He showed that such a plant can
be stable and how to set specifications for loop gains
such that system performance degradation that is
due to the cross coupling is minimized.

The SSB output signals, which are used for �� and
�s, are also somewhat ill-conditioned. It might be
expected that this would occur because, analyzed in-
dependently, the signal cavity has a higher finesse
than the power cavity. This implies that the phase
gain is larger for �s and so it would dominate the ��

signal.

5. Experiment

We did an experiment at the California Institute of
Technology that was designed with the principles dis-
cussed in Section 3 to validate the design and show
the RSE frequency response. Figure 2 shows the
optical layout of the RSE tabletop prototype. The

placement of the optics in Fig. 2 is close to scale. As
a full description of the apparatus is available else-
where,16 we present here only the highlights needed
to understand the operation and results of the exper-
iment.

A. Description of Components

All the optics were located on a single 5 ft by 12 ft �1.5
m by 3.7 m� optical table on vibration isolator legs.
The light source was an Lightwave nonplanar ring
oscillator Nd:YAG laser with 100-mW output power
and 1064-nm wavelength. This model of laser has
been measured to have a frequency noise spectrum of
roughly 200 Hz�
Hz at 100 Hz.12 Integrating this
down to 1 Hz yields an equivalent length noise of
roughly 10�10 m rms for cavities approximately 1 m
long. We measured �2 � 10�9 m rms displacement
noise on the table, so frequency noise of the laser was
not a concern. Following the beam path from the
laser, the first pair of lenses circularized the beam
from the laser. The Faraday isolator and ��2 plate
isolated the laser from reflected light. The Mach–
Zehnder interferometer generated the input light
spectrum by phase modulating the light in one path
and frequency shifting the light in the other. The
following pair of lenses mode matched the beam into
the RSE interferometer, and another Faraday isola-
tor isolated the Mach–Zehnder from the main inter-
ferometer. Two steering mirrors followed the last
Faraday isolator and were used as a periscope to
align the input beam into the main interferometer.

The interferometer mirrors in Fig. 2 are the nom-
inal seven mirrors for RSE as shown in Fig. 1. Sev-
eral steering mirrors were used to fit the optical paths
onto the table and also to provide convenient points to
control the various cavity lengths. Two pickoffs
were also placed in the beam path inside the inter-
ferometer: one in the power-recycling cavity, just

Fig. 2. Layout of the optical table for the RSE experiment. The
dark line of the interferometer mirrors indicates the highly reflec-
tive side of the optic. The two beams going to the optical spectrum
analyzer do not actually perform any interference. At any one
time, one of the beams was blocked so that the other could be
analyzed. SM, steering mirror; BS, beam splitter; EOM, electro-
optic modulator.

Table 1. Matrix of Discriminants for an Optimized Broadband
Interferometera

Signal Port
�MHz� �� �� �� �� �s

Reflection 81 2400 0 �1.7 �0.51 0.37
2400 �0.0006 �1.7 �0.51 0.34

Pick 81 96000 0 54 �71 51
96000 �0.09 54 �71 47

Dark 81 0 �77 0 �0.097 0
0 �77 0 �0.097 0

Reflection 54 0 0 �0.25 �0.014 �0.35
0 0 �0.25 �0.015 �0.35

Pick 54 0 0 �6.3 �0.057 9.6
0 0 �6.4 �0.055 9.7

aNumbers in bold are predictions from TWIDDLE, whereas light-
face numbers are generated from approximate analytical formulas;
81 MHz is the PM frequency, and 54 MHz is the SSB frequency.
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past SM1, and one in the signal extraction cavity, just
before SM6, to provide signals and diagnostics.

The most generally useful interferometer is the
optimized broadband configuration, the configuration
we tested. The ITM mirrors had a measured trans-
mittance of TITM � 1.65%. The ETM mirrors, which
ideally have the highest reflectance possible, had
TETM � 300 parts per million. The SEM had a mea-
sured transmittance of TSEM � 36%. Although this
is high, it does give a fairly nice representation of an
optimized broadband frequency response.

For the relatively high losses expected for an inter-
ferometer in air, the optimum coupling into the arm
cavities chosen would dictate a PRM with a trans-
mittance of approximately 30%. However, optimi-
zation of astrophysical sensitivity in the presence of
thermal noise and cavity loss expected in the Ad-
vanced LIGO leads us to expect that it is more likely
that TPRM � TSEM.16 Therefore we chose a mirror
with a measured transmittance of TPRM � 60% for
the PRM. This gave a power-recycling gain of ap-
proximately 3.5 and had the added benefit of being
easy to control. The beam splitter had RBS � 56%
and TBS � 43%.

The steering mirrors inside the interferometer all
had nearly unity reflectance. The pickoffs in the
power and signal cavities were antireflection-coated
windows, each surface reflecting �0.2%. The first
periscope mirror located just before the PRM trans-
mitted 1.4% of the light from the PRM, thus acting as
a third pickoff.

Within the Mach–Zehnder, most of the light was
needed at the Pockels cell because the carrier light
passed through this device. Only a small amount of
light was needed at the acousto-optical modulator
�AOM� because this generated only the SSB rf side-
band used for signal extraction. The first beam
splitter in the Mach–Zehnder reflected approxi-
mately 5%. The recombining beam splitter had T �
44% and R � 56%. We wanted to keep the rfs below
100 MHz because rf electronics and photodiodes are
then easier to make and more readily available.
Our AOM was a 27-MHz frequency shifter, which set
the drive to the Pockels cell at 81 MHz.

For diagnostic purposes, the dc photodiodes in Fig.
2 were used to monitor the light power stored in the
arms. The four cameras were used to monitor power
buildup, mode shape, and alignment. An optical
spectrum analyzer �OSA� monitored the power in
each of the rf sidebands and the carrier in both the
power and the signal cavities, although not at the
same time.

The cavity lengths were controlled by piezoelectric
transducers �PZTs� on which the mirrors were
mounted. To have both high bandwidth and large
dynamic range, the actuation was split between slow
PZTs �bandwidth �10 Hz� with large range on which
the SM1–SM6 steering mirrors were mounted, and
fast PZTs �bandwidth �10 kHz� of low range on
which the PRM, SEM, ETM1, and ETM2 mirrors
were mounted.18 In terms of the degrees of freedom,
the actuation of �� was done by the PRM and SM1

mirrors and that of �s used the SEM and SM6 mir-
rors. The arm cavity degrees of freedom �� and ��

used common-mode and differential combinations of
the arm 1 and arm 2 actuators, where arm 1 used the
ETM1 and SM4 mirrors and arm 2 used the ETM2
and SM5 mirrors. The Michelson degree of freedom
�� used only slow actuators on SM2 and SM3. The
Mach–Zehnder degree of freedom �MZ �effectively,
the path difference between the two arms� also used
the slow–fast actuation scheme on its mirrors.

We generated all three rfs—f, 2f, and 3f—from a
single oscillator. A HP8656B synthesized signal
generator supplied 27 MHz � f �. This was split three
ways by a power splitter. One path was amplified
and sent to the AOM. The second path was fre-
quency doubled and filtered to provide relatively pure
54 MHz �2f � for signal demodulation. The third
path generated a square wave from the 27-MHz input
and bandpassed the 81-MHz �3f � component, which
was then used to drive the Pockels cell and to demod-
ulate other signals. This frequency was split into
four paths, three of which included a voltage-
controlled phase shifter that allowed the demodula-
tion phases to be independently adjusted. The 54-
MHz paths also included phase shifters.

Because we measured the RSE transfer function by
driving the ETMs with their mirror actuators, and
the PZT response and electronics bandwidths limited
this to a bandwidth �1 MHz, the arm cavities needed
to be as long as reasonably possible so that the peak
could be well below 1 MHz with minimal detuning.
We chose the arms to be 2.66 m, which mode matched
the input waist �0.8 mm� to the 4-m radius of curva-
ture end mirrors.

The rf sidebands used to control the interferometer
needed to resonate in the power-recycling and signal
extraction cavities. The shortest power-recycling
cavity length consistent with a free spectral range of
54 MHz is 2.78 m. The nominal signal extraction
cavity length for broadband RSE is 1.85 m, consistent
with a free spectral range of 81 MHz. A detuning of
27°, or 0.47 rad, was chosen to yield the peak in the
frequency response at roughly 130 kHz. This detun-
ing requires a shift of the length of the signal cavity
of

�l �
�dtc

2�fmod
� 27.8 cm. (14)

This set the signal extraction cavity length to 2.13 m.
The choice of asymmetry in a gravitational-wave

detector is influenced by many competing design de-
cisions that are detailed elsewhere.16 We set the
asymmetry to optimize the diagonality of the matrix
of discriminants. We did this numerically by vary-
ing the asymmetry until a reasonable matrix was
found, which was at 27.7 cm.

B. Experimental Process

Setting the demodulation phases properly requires
care. This is because, owing to the various phase
shifts in the optics and electronics of the experiment,
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they cannot reliably be predicted in advance.
Rather, they must be inferred from the state of the
interferometer itself and its error signals. What is
more, it is necessary that the demodulation phases
and servo gains are set right before there is any hope
of acquiring lock. To deal with this we locked the
interferometer in several intermediate stages before
locking the full RSE configuration. This also helped
us to align the optics, and, in general, simply get our
bearings. Every case of locking the RSE interferom-
eter went through the stages outlined in Subsections
5.B.1–5.B.3 to align the optics and set the phases and
offsets before final lock was acquired. Only at the
end, with the final transfer function measurement,
came full confidence that the interferometer was
locked correctly.

1. Fabry–Perot Michelson
The Fabry–Perot Michelson �FPM�, obtained when
the PRM and SEM are misaligned sufficiently that
the power and signal cavities do not resonate, was a
fairly straightforward configuration to lock and diag-
nose. The signal ports used to lock the ��, ��, and
�� degrees of freedom were the same used to lock
RSE: namely, the reflected PM, the dark port PM,
and the pickoff PM signal ports, respectively.

We did several operations on the FPM in prepara-
tion for RSE. First, we optimized the demodulation
phases for �� and �� for their strongest signal by
driving the common-mode and differential-mode mo-
tions of the ETMs above the servo unity gain fre-
quency and adjusting the demodulation phase until
the signal at the drive frequency at the desired port
was maximized. The uncertainty in the optimum
demodulation phase was roughly �5°. We opti-
mized the demodulation phase for the �� degree of
freedom by maximizing the signal discriminant while
sweeping the Michelson, with the arms blocked in-
ternally. The error here was roughly �10°.

We set the initial demodulation phases for the SSB
signals by finding the phase that zeroed the output of
the mixer while the FPM was locked. To distinguish
between an electronic offset and an offset generated
by poor choice of demodulation phase, we varied the
demodulation phase through its range and noted the
maximum and minimum voltages out of the mixer.
Ideally, these should be equal, and any inequality
would be due to offset, which we then nulled in the
feedback amplifier. We then tuned the demodula-
tion phase to zero the output voltage.

Finally, we measured the gravitational-wave
transfer function to the dark port as a calibration for
the RSE measurement, which we describe in Subsec-
tion 6.B.2.

2. Dual-Recycled Michelson
The demodulation phases for �� and �� need to be
changed when we go from the FPM to detuned RSE
because of the imbalance of the rf sidebands in RSE.
We found these new phases with the dual-recycled
Michelson �DRM�, in which the power and signal cav-
ities were aligned and the arm cavities were inter-

nally blocked. Also, the DRM was expected to have
the same power levels in the various sidebands as
RSE, as measured by the OSA at the power and
signal cavity pickoffs. Last, measurement of the 3 �
3 matrix of discriminants was a useful characteriza-
tion of the interferometer at this point because the
coupling of the minor degrees of freedom can more
clearly be determined without the overwhelming con-
tribution from the arm cavity signals �most notably in
the PM signal ports�.

The procedure to acquire lock began with the arm
cavities internally blocked and the power and signal
mirrors grossly misaligned. We locked the Michel-
son �� with low gain and swept the SM1 mirror
through several fringes while bringing the PRM into
alignment, which we determined by optimizing the
power-recycling cavity buildup on resonance.

Three signal ports were monitored in this sweep:
the reflected PM and both the reflected and the pick-
off SSB port. Ideally, the optimum SSB demodula-
tion phases would have been the same as those of the
FPM; however, imperfect lengths of the power and
signal cavities, even of the order of 1 cm, can cause
the zero-signal demodulation phases to shift by a few
degrees from their settings in the FPM. We ob-
served shifts of this order and corrected them.

We then locked the power-recycled Michelson, with
�� controlled from the reflected PM signal port and
�� from the pickoff PM signal port, both with low
gain. The signal cavity slow piezo, SM6, was then
swept over several fringes as the signal cavity mirror
was brought into good alignment as judged by the
mode shape seen by the camera at the signal cavity
pickoff. The signal cavity perturbed the �� and ��

servos too much for the cavity powers to be a reliable
measure of alignment.

We then locked the DRM using a bootstrapping
method. After first switching on the power and sig-
nal cavity servos with minimal gain to the fast servo
only, and using the reflected SSB and pickoff SSB
signal ports, respectively, we tuned by hand the
Michelson to the carrier dark fringe �as seen by the
OSA at the signal cavity� using the bias of the slow
high-voltage PZT drivers. We then hand tuned the
power and signal cavities into lock by tuning the slow
power and signal mirrors, again using the bias of the
slow high-voltage PZT drivers. When the OSA
showed the lower rf sideband to be around five times
larger than the upper rf sideband, as expected, we
fully activated the �� and �s servos. The Michelson
signal port then had a large offset, as expected be-
cause of an improper demodulation phase. While
maintaining the dark fringe condition for the Mich-
elson by hand, we varied the demodulation phase for
the pickoff PM signal port until its output was nulled.
We then switched on the �� servo and fine tuned its
demodulation phase to best enforce the carrier dark-
ness at the dark port as measured by the OSA at the
signal cavity pickoff.

At this point we could set the demodulation phase
for the �� signal for the RSE experiment by adjust-
ing the demodulation phase for the reflected PM sig-
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nal such that its output was zero. This can be done
because the rf sideband phases should not change in
RSE relative to the DRM, and the carrier should
simply reverse its sign. The �� phase did not need
to be changed as there was no offset generated for the
dark port signals at 81 MHz because of the lack of
carrier. Thus it could be optimized post-RSE lock.

Table 2 summarizes the measured changes in
demodulation phases and those predicted by the
TWIDDLE model between the DRM and the FPM ex-
periments. Given the uncertainties in proper de-
modulation phase setting of roughly 10° that is due to
cross-coupling offsets, these numbers agree quite
well. Table 3 shows that the relative carrier and
sideband power levels were also in agreement with
expectations.

3. Resonant Sideband Extraction
Having locked the FPM and DRM, we sufficiently
aligned the interferometer and appropriately set the
demodulation phases to lock RSE. We adjusted the
servo gains for �� and �� down to compensate for
the increase in cavity gain expected because of power
recycling.

We acquired lock by turning on all the fast paths
for all servos except for the �� servo, hand tuning the
Michelson for a carrier dark fringe, and hand tuning
the �� and �s slow piezos until the rf sideband pow-
ers seen in the signal extraction cavity by the OSA
were at their nominal values. By adjusting some
cavity lengths slowly �and apparently randomly� for a
few minutes, we could usually lock the interferome-
ter, as noted by seeing the powers in the arm cavities
increase simultaneously. We then completely acti-
vated all servos except for the �� servo and then

carefully tuned the �� PZT to obtain a carrier dark
fringe and then switched on that servo as well. Lock
was usually robust, once acquired, and the inter-
ferometer would remain stable for up to several
hours.

Initially, the interferometer did not lock in the
same place as did the DRM, as could be seen by the
change in the rf sideband powers in the power and
signal cavities seen by the OSA. We could restore
agreement by adding a modest offset to the pickoff
SSB ��s� signal port. We are not certain of the
source of this offset, but cross coupling of the PM and
SSB rf electronics could have been the cause because
there would have been a significant amount of power
at PM in the pickoff signal port.

Having restored the rf sideband powers in the
power and signal cavities to their correct levels, we
then found that the carrier power in the arm cavities
was typically approximately 15–20% low. By dith-
ering the arm cavity lengths and comparing the
power fluctuations at one and two times the dither
frequency, we could show that the arms were locked
close to the fringe center, excluding lock offset as the
source of power loss. Attempts at increasing the
power by alignment were also not successful. Be-
cause we measured excess power at the reflected pho-
todiode, we accepted that there was some
combination of mode matching and misalignment
that contributed to the decrease in the expected car-
rier power in the interferometer. This was subse-
quently modeled as a coupling factor less than unity
for the carrier when we compared the interferometer
response with predictions.

6. Data and Results

Verification of the design of this interferometer is
demonstrated by several metrics. First is when we
simply acquire and hold lock. Second is when we
measure the control matrix and show that it agrees
with our model. Third, and most importantly, is
when we show agreement between the measured and
the modeled gravitational-wave transfer function.

A. Dual-Recycled Michelson

Success in locking and characterizing the DRM is
useful because the signal ports used to control RSE
depend on this subconfiguration being locked cor-
rectly. Our signals for all degrees of freedom com-
mon to RSE and the DRM ���, �s, and ��� depend
only on the rf sidebands, which are insensitive to the
arm cavities.

So that the effect of the various servos could be
neglected, we lowered all the gains as much as pos-
sible while still maintaining lock, and the measure-
ment was made at frequencies higher than the
highest unity gain frequency. Unity gain frequen-
cies of approximately 5–10 Hz for the �� and �s, and
approximately 1 Hz for ��, kept the DRM locked
sufficiently for this measurement. We collected
data from 70 to 200 Hz: Above 200 Hz, resonances
in the actuators begin to corrupt the data. For the
�� and �s measurements, we drove the fast piezo and

Table 2. Demodulation Phase Changes for the DRM Relative to the
FPM

Signal Port
�MHz�

Measured Phase
Change �deg�

Model Prediction
�deg�

Reflected 81 ���� �18.5 �14
Pickoff 81 ���� �72 �73
Reflected 54 ���� �5 0
Pickoff 54 ��s� �2 �4

Table 3. Powers in the DRM as Measured by the OSAa

Light Frequency Pickoff Signal

�81 1 1
1 1

�27 1.1 0.02
1.3 0.01

Carrier 3.0 0
2.9 0

�81 MHz 2.9 0.16
3.6 0.17

aExperimental numbers are in lightface; TWIDDLE numbers are
in bold. This is a relative measurement because the OSA output
is not reliably calibrated. Hence all modeled and measured pow-
ers are scaled to the �81-MHz �PM� rf sideband.
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measured the ratio of the low-pass filtered mixer out-
put �oi� to the fast piezo voltage input �ij�. For the
�� degree of freedom, the drive was applied to the
slow piezos.

Explicitly, the control matrix element Mij has the
following form when the measurement is made high
above the unity gain frequency:

oi

ij
� APZTPopticsSPD�mixer. (15)

The fraction oi�ij is the measured transfer function.
The desired matrix element is represented by Poptics.
We measured the actuator gains APZT and sensor
gains SPD�mixer independently by sweeping the Mich-
elson or the appropriate cavity through its free spec-
tral range. The effects of the pickoff, attenuators,
photodiode gain, cable, and mixer losses are all con-
tained in SPD�mixer. The measured data are scaled
to an input power of 1 W for comparison with
TWIDDLE. The dc matrix is shown in Table 4, along
with the prediction from TWIDDLE. The measured
values in Table 4 and their associated errors are de-
rived from a fit to the data along with the readout
gain calibration errors. The measured values
showed no frequency dependence within the range of
measurement, as expected. The errors in the model
are taken from the known uncertainties in the pa-
rameters used to generate the model. The largest
contributors to uncertainties in the modeled matrix
are the demodulation phase and length errors.

The agreement here is reasonably good, and nearly
all elements are within their errors. Perhaps the
worst agreement comes at the �� signal in the pickoff
SSB port. The reason for this discrepancy is not
understood. The �� signal in the same port is like-
wise significantly different; however, the errors in the
measured and modeled values are large.

B. Resonant Sideband Extraction

1. Matrix of Discriminants Measurement
It was more difficult to measure the matrix of dis-
criminants for RSE than for the DRM because of the
presence of the arm cavity signals. Most notably,
the arm cavity common mode ���� coupled strongly
in the pickoff PM signal port, which was the source of
the control signal for ��. Also, the gains of the arm
cavity servos had to be kept high to maintain lock,
making it impossible to work above the unity gain

frequency. Therefore our measurements needed
more careful analysis. It is possible to show16 that
the measurement of a minor degree of freedom ���,
��, or �s, here called signal 2� in the presence of the
strong �� signal �signal 1�, which derives its control
through the reflected PM signal port, is given by

o1

i1
� S1 P11�1 �  1 H2 P21�A1 � S1 P11A1, (16)

o2

i2
� S2 P22�1 �  1� 2�A2, (17)

o2

i1
� S2 P21�1 �  2 H2 P21�A1 � S2 P21A1, (18)

o1

i2
� 0. (19)

Here we assume that the measurement is taken
above the unity gain frequency for loop 2 �H2P22 ��
1�, which corresponds to the minor degree of freedom,
but below the unity gain frequency for loop 1 �H1P11
�� 1�, which corresponds to the �� degree of freedom.
In relations �16�–�19�, S, P, and A are as in Eq. �15�;
H is the feedback gain; and  is the strength of the
small signal discriminant relative to the large one.

Relations �16�–�19� show that measurement of the
small signal matrix elements is difficult, and mea-
surement of the coupling of the small signal into the
port controlling the strong signal is impossible.
Therefore we restricted measurement of the matrix
to the ��, ��, ��, and �s degrees of freedom in the
pickoff PM signal port and the reflected and pickoff
SSB signal ports. We also ignore cross coupling of
�� in the pickoff PM signal as small and uninterest-
ing. We discuss measurement of the �� signal in
the dark port PM signal port—the RSE transfer
function—in Subsection 6.B.2. Measurement of the
transfer functions was more difficult with RSE than
with the DRM because the interferometer was more
sensitive to disturbances. The amount of drive ap-
plied to the mirrors had to be reduced, making the
measurements noisier. Table 5 shows our results.

The measurements of ��, ��, and �s in the pickoff
PM signal port are not directly the matrix elements,
but rather the combination that is due to the cross
coupling as indicated in relation �17�. The overall
agreement is modest, with most elements near or

Table 4. DRM Matrix of Discriminantsa

Signal Port �MHz� �� �� �s

Pickoff 81 0.73 � 0.043 �0.75 � 0.081 �0.30 � 0.041
���� 0.82 � 0.019 �0.69 � 0.068 �0.39 � 0.017
Reflected 54 0.11 � 0.0066 �0.035 � 0.0032 �0.094 � 0.013
���� 0.12 � 0.0089 �0.057 � 0.013 �0.11 � 0.0078
Pickoff 54 �0.11 � 0.023 0.023 � 0.014 �0.32 � 0.042
��s� �0.069 � 0.0056 �0.0091 � 0.036 �0.32 � 0.023

aMeasured values are in lightface; the predicted TWIDDLE values are in bold.
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within the predicted errors. The errors in Table 5
have the same origins as those in Table 4.

2. Resonant Sideband Extraction Transfer
Function
The short arm cavities on our optical table put the
detuned RSE transfer function peak into the 100-kHz
range, where the mirror actuators have a forest of
resonances. Making a measurement of the transfer
function by excitation of the end mirror piezos is then
best accomplished in a relative sense, as done by
Heinzel et al.19 We measured the differential-mode
transfer function of the FPM subconfiguration as a
reference. We lowered the gain of the �� servo as
much as possible while maintaining a good lock and
averaged five measurements of the transfer function
from 10 kHz to 1 MHz, above the unity gain fre-
quency �approximately 4–5 kHz�. We then made
the same measurement with the locked RSE inter-
ferometer. Because the same sensors and actuators
are used in both measurements, dividing the transfer
functions cancels out these elements, leaving only the
optical transfer function of RSE relative to the FPM.

The first measurement was simply that of the
gravitational-wave signal transfer function of RSE,
shown in Fig. 3. The modeled fit to the data uses all
the measured parameters, with a few small adjust-

ments. First, the relative magnitude plots are
scaled by a multiplicative factor of 0.9, which is con-
sistent with the observed deficit in carrier power
buildup. The model demodulation phase is varied
by 4° from the phase that maximizes the �� degree of
freedom in the FPM case. This is consistent with
the expected uncertainty of �10° in the demodulation
phase. The modeled detuning is also offset by a

Fig. 3. Measurement of the RSE gravitational-wave transfer
function, relative to the same measurement in the FPM. The
modeled predictions are the dashed curves.

Fig. 4. RSE transfer function of Fig. 3, as well as one with an
offset added to the �s signal. Model-predicted transfer functions
are shown in dashed lighter colors. For clarity, the additionally
detuned magnitude data are shifted downward by 1.5.

Table 5. Matrix of Discriminants for the RSE Interferometera

Signal Port �MHz� �� �� �� �s

Pickoff 81 410 � 55 0.50 � 0.11 �1.06 � 0.29 �0.10 � 0.046
���� 310 � 25 0.46 � 0.16 �0.60 � 0.14 �0.16 � 0.03
Reflected 54 0 0.090 � 0.010 �0.029 � 0.0041 �0.11 � 0.039
���� 0 0.13 � 0.010 �0.060 � 0.013 �0.12 � 0.0084
Pickoff 54 0 0.13 � 0.031 0.041 � 0.016 0.35 � 0.092
��s� 0 0.070 � 0.0058 0.011 � 0.037 0.34 � 0.024

aMeasured values are in lightface; the predicted TWIDDLE values are in bold. The ��, ��, and �s elements in the pickoff 81 row are
actually the cross-coupled matrix elements predicted by relation �17�.
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small amount, approximately 5% from the designed
detuning. The reason for this is believed to be re-
lated to the trouble with dc offsets in the signal ports
�most notably, the pickoff SSB port� and the inability
to adequately separate these offsets from errors in
the demodulation phase.

The fact that the detuning phase can be affected by
offsets in the pickoff SSB ��s� signal port gave us a
method to detune the interferometer without break-
ing lock: We simply removed the 15-mV offset
added to the pickoff SSB signal port mentioned above.
The resulting shift in the transfer function that is due
to this phase shift is shown in Fig. 4, which shows the
data from Fig. 3 as well for comparison. The modeled
fit to the additionally detuned data varied only the
detuning phase. The detuning represents a shift of 9
kHz, from 130 to 121 kHz, corresponding to 1.7° of
phase shift in the signal cavity.

We also tested the sensitivity RSE transfer func-
tions to demodulation phase. The effect of adjusting
the demodulation phase in the dark port PM signal
port ���� by 46° is shown in Fig. 5. The best fit to
the data is given by a phase shift of 43°.

7. Conclusion

This experiment was intended to demonstrate a re-
alistic scheme to control a RSE interferometer with
power recycling, which it has done. In addition, it
was able to verify the RSE gravitational-wave trans-
fer function.

Scaling this control scheme for use in an Advanced
LIGO would undoubtedly require some modification.
For example, our system for generating the input
laser spectrum is inefficient, discarding as it does
more than half of the carrier light. Moreover, use
of an AOM to generate the SSB may be impractical
at high laser power. Nevertheless, we see no par-

ticular problem in scaling that would preclude use
of this scheme in Advanced LIGO or some other
gravitational-wave detector.

This research was supported by the National Sci-
ence Foundation under awards PHY-9986274, PHY-
9801158, PHY-9700601, and PHY-9210038.
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H. Rong, D. Sigg, and M. Zucker, “Readout and control of a
power-recycled interferometric gravitational-wave antenna,”
Appl. Opt. 40, 4988–4998 �2001�.

13. The alert reader may have asked about demodulation at 2f1.
This approach is tricky because the approximation of only
first-order PM sidebands is not strictly accurate in practice.

14. A. Freise, G. Heinzel, K. A. Strain, J. Mizuno, K. D. Skeldon,
H. Lück, B. Willke, R. Schilling, A. Rüdinger, W. Winkler, and
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