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Abstract

We present a new signal-extraction scheme based on harmonic demodulation for control of a power-recycled interfero-
metric gravitational-wave detector. Demodulation at the third-harmonic frequency of a frontal phase modulation is used to
robustly extract well-separated longitudinal signals. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Severa large- and middle-scale interferometric
gravitational-wave detectors are currently being con-
structed by the LIGO [1], VIRGO [2], GEO [3], and
TAMA [4] groups. These detectors utilize variants of
a Michelson interferometer with suspended mirrors
to detect the differential arm-length changes induced
by gravitational waves from astrophysical sources.
The LIGO, VIRGO and TAMA detectors are
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Fabry—Perot—Michel son interferometers; these detec-
tors have Fabry—Perot cavities in their arms to en-
hance the phase change caused by gravitational
waves. In addition, in order to increase the laser
power inside the interferometer, al detectors use the
technique of power recycling [5].

Power recycling is implemented by inserting an
additional partially transmitting mirror in front of the
interferometer (recycling mirror RM in Fig. 1); it
forms the so-called recycling cavity together with the
rest of the interferometer, which serves as a com-
pound mirror. When the output port is kept on a dark
fringe, most of the light returning from the arms is
directed back to the laser source. The recycling
mirror reflects this light back towards the beamsplit-
ter, adding it to the input laser beam. The resulting
increase in effective input power improves the shot-
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Fig. 1. Optical layout of a power-recycled Fabry—Perot—Michelson interferometer. RM, recycling mirror; BS, beamsplitter; FM, front mirror

(I - Inline, P - Perpendicular); and EM, end mirror.

noise-limited sensitivity of the instrument. At pre-
sent, power recycling is an indispensable technique
for the interferometric gravitational wave detectors
because the output power of their laser sources is
insufficient to achieve the desired sensitivity.

A power-recycled Fabry—Perot—Michelson inter-
ferometer has four longitudinal degrees of freedom:
the fluctuations of the arm cavity lengths (5L, and
8Lp in Fig. 1) and those of the distances between the
recycling mirror and the front mirrors (81, and 81,
in Fig. 1). These degrees of freedom can aso be
represented by the linear combinations:

SL_=dLp— oL,
SL,=08Lp+ oL,
8l =8lp—al,,
8, =8lp+dl,. (1)

During the operation of the interferometer, the input
laser beam needs to be kept resonant in both arm
cavities and the recycling cavity, and the interference
fringe has to be kept dark at the detection port. Since
seismic excitation induces motions of the suspended
mirrors larger than the wavelength of the laser, the
operating point for those four degrees of freedom is
maintained by feedback controls.

Fig. 2 (excluding the components inside of the
dashed box) shows the conventional frontal modula-
tion scheme for a power-recycled Fabry—Perot—

Michelson interferometer [6—8]. This scheme em-
ploys a combination of a variant of the reflection
sensing technique [9] and a frontal (or Schnupp)
modulation [10,11]; phase modulation at a radio
frequency (w,,) is applied to the beam incident on
the recycling mirror, and a macroscopic asymmetry
(I_) between |, and |, — the so-caled Schnupp
asymmetry — is intentionally introduced. The longi-
tudinal signals necessary for maintaining al of the
four degrees of freedom are obtained by demodulat-
ing the outputs of several photodetectors, where
intensity-modulated photocurrents are induced by
fluctuations of the mirrors from the operating point.
With the conventional frontal modulation scheme,
however, a 61, signa is not obtained independently
from the 6L, signal; those signal extraction ports
sensitive to 61, are aso highly sensitiveto 6L . In
addition, the 61, and 81_ signals may vanish under
some conditions that are described later.

In order to overcome these problems, a technique
that does not require any modification of the basic
optical configuration for the frontal modulation was
presented in [6]. This technique uses feedback con-
trol to the 6L, and &1, loops with different gains,
accepting several restrictions to ensure the stability
of the control system. Also, the optical parameters
must be chosen carefully to avoid the conditions that
make the longitudinal signals disappear. As more
fundamental solutions to the problems, several tech-
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Fig.2. Signal extraction scheme of power-recycled Fabry—Perot—Michelson interferometer. The components in the dashed box are the
signal-extraction ports for the 3w,, demodulation proposed in this article. The symbols | and Q represent the local oscillators whose initial
phase is same (in-phase) and orthogonal (quadrature-phase) as the phase modulation.

nigques to separate the longitudinal signals have been
investigated. Signal extraction schemes using a fre-
guency-shifted subcarrier, which is generated by an
additional modulation and a complex input optics
assembly, have been described in several papers
[8,12,13]. In our earlier Letters [14,15], we have
presented and demonstrated a technique to obtain a
ol, signal without the contribution of &L, by
precisely adjusting the optical parameters.

Here, we propose a new signal extraction scheme
for power-recycled Michelson interferometers with
Fabry—Perot arms based on frontal modulation. The
signals corresponding to 61, and &1_ are obtained
at the reflection port by demodulation at the third-
harmonic of the modulation frequency — hereafter
we call this demodulation ‘3w, demodulation’. This
technique can be realized without either an addi-
tional modulation or a modification of the basic
optical configuration as used in the conventiona
scheme. The extracted 61, signal inherently has
better separation from 6L, than the signal with the
w,, demodulation. In addition, severa options are
available to completely eliminate the 6L, contribu-
tion from the demodulated signals. The amplitudes
and the signs of the 81, and 81_ signals with the

3w, scheme have a smaller dependence on the
optical parameters as compared to the conventional
w, demodulation; the signals do not vanish for
typical optical parameters. Consequently, the control
system with our technique is greatly simplified and
becomes robust against fluctuations of the optical
parameters caused by contamination of the mirror
surfaces and by imperfections of the interferometer
such as misalignments.

2. Signal extraction with frontal modulation
scheme

2.1. Frontal modulation

The phase modulation at a radio frequency w,,
generates sidebands separated from the carrier fre-
quency 2 by nw, (n=+1,+2,...). The result-
ing electric field of the beam is expressed as the
superposition of the carrier and the nth order side-
bands given by E, i"J.(m)e(?*+nemt 'where E, isthe
amplitude of the incident electric field, m is the
modulation index, and J.(m) is the nth-order Bessel
function. At the operating point, the carrier is kept
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Tablel

Resonant conditions of the carrier and the sidebands in the recycling cavity (RC) and the arm cavities.

Order resonance in the arms by the arms phase shift phase shift in RC resonance in RC
0 resonant 0 0 resonant

1 non-resonant T T resonant

2 non-resonant T 27 non-resonant

3 non-resonant T 3 resonant

resonant with both the recycling cavity and the arm
cavities. In addition, an interference fringe for the
carrier at the detection port is kept dark. On the other
hand, the first-order sidebands are resonant only with
the recycling cavity. Because of the intentional
Schnupp asymmetry, a fraction of the first-order
sidebands leaks out even for the dark fringe of the
carrier, leading to a signal which is sensitive to a
deviation from the dark fringe for the carrier induced
by gravitational waves.

The amplitude reflectivity of the arm is a function
of the round-trip-phase ¢ in the arm, that is,

t2ree ¢
rarm((»b) =—Iegt

(2)

1—rpree ¢’

where r and t represent the amplitude reflectivity
and transmissivity, and the subscripts F and E indi-
cate the front mirror and the end mirror, respectively.
The carrier is kept resonant in the am (¢ =
0 mod 27), and all of the sidebands are kept approx-
imately anti-resonant with thearm (¢ ~ 7= mod 27).
The two arms are designed to be definitely over-cou-
pled for the resonant carrier because the reflectivity
of each end mirror is made as high as possible in
order to minimize losses caused by transmission
through the end mirrors. In this configuration the
reflectivity of the arm for the sidebands (r,,,) —
n# 0 — is unity, while that for the carrier (r,,,q) is
also roughly unity — however smaller than that of the
sidebands and with the opposite phase. The response
of the arm to fluctuations of the arm length is
represented by the derivative of the arm reflectivity
with respect to ¢, that is,

IMam(¢)

anl @) = =5

(3)

For the resonant carrier, this derivative becomes
much larger than unity owing to the phase amplifica-
tion by the cavities, while the derivatives for non-
resonant sidebands becomes negligible compared
with unity. Therefore we ignore r;,,, for n= 0.

The resonant conditions for the carrier and the
sidebands in the arms and the recycling cavity are
summarized in Table 1. The modulation frequency
and the average round-trip-length of the recycling
cavity (I, =1,+1,) are chosen such that the first-
order sidebands resonate only with the recycling
cavity. As we mentioned above, the sidebands ac-
quire a phase shift of 7 relative to the carrier upon
reflection from the arms. In order to achieve reso-
nance of the first-order sidebands with the recycling
cavity, |, is set such that the first-order sidebands
experience an additional phase shift in the recycling
cavity, given by

I, o,

=1+ 2k, (4)

for an integer k — hereafter we assume k=0 for
simplicity. Hence the nth-order sidebands acquire an
additional round-trip phase shift of n in the recy-
cling cavity. As a consequence, the odd-order side-
bands resonate in the recycling cavity, while the
even-order sidebands are anti-resonant, assuming that
the asymmetry is small enough for the sidebands in
question to contribute no sign change in reflection
from the compound mirror.

The couplings of the carrier and the odd-order
sidebands to the recycling cavity depends on the
optical parameters. The amplitude reflectivity of the
recycling cavity for the nth-order light (r ) is
given by

t2r

R"comn

r : (5

= —7 -
recn R
1- IRl comn
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where rp and t; are the reflectivity and the trans-
missivity of the recycling mirror. The reflectivity of
the compound mirror (r,.,,,) is represented by

comn
n
loomn = (—1) t3r,m,COSNa, (6)

where t; is the transmissivity of the pick-off mirror,
and the parameter o =1 _ w,,,/C represents the effect
of the asymmetry for the sidebands. In order to
maximize the carrier power gain in the recycling
cavity, it is optimal for the carrier to be criticaly
coupled to the recycling cavity; the reflectivity of the
recycling mirror is set to be same as that of the
compound mirror for the carrier, which is mainly
determined by the loss in the arms and finite con-
trast. On the other hand, the coupling of the recy-
cling cavity for the odd-order sidebands depends on
the amount of the asymmetry. In practice, the optical
parameters must be chosen by considering the robust
extraction of the control signals, as described later.
The factor g, given by

tR
1—ryr '

R"comn

On = (7

indicates the enhancement of the electric field on the
beamsplitter by power recycling. As we mentioned,
the second-order sidebands are not resonant with the
recycling cavity; they are aways under-coupled to
the recycling cavity. The enhancement of the electric
field for the second-order sidebands is much smaller
than unity. We hence ignore g, in further calcula-
tions.

After experiencing a change of phase and ampli-
tude in the interferometer, the sidebands produce
intensity-modulated photocurrents at w,, and its har-
monics in the photodetectors. The information about
the interferometer is acquired by demodulating these
photocurrents. The conventional scheme uses de-
modulation at w,. When the initiad phase of the
local oscillator is the same as that of the modulation,
we define it as in-phase, while the orthogonal de-
modulation phase is defined as quadrature-phase.
The demodulated signals of the in-phase (1) and the
quadrature-phase (Q) at the reflection port are given

by the following linear combination of the deviation
of each degree of freedom:

VD = —J35(m) Jy(M) G5 ecal Farmol L

= Jo(m) Jy( m)( 95T et armo

+ 07T recolamiCOSa ) 81, (8)
V@ = —J35(m) I(M) 921 ol amiSiNa Sl_ . (9)

Only the carrier and the first-order sidebands have
been taken into account in this calculation for sim-
plicity. Also, common factors such as the demodula
tion gain and the laser power have been omitted.

2.2. Problems of frontal modulation

Since only one phase modulation outside of the
interferometer is needed to extract the signals neces-
sary for the control, the frontal modulation scheme is
considered as one of the most elegant techniques for
extracting control signals of power-recycled Fabry—
Perot—Michelson interferometers. However, there are
several problems concerning the extraction of the
él, and 81_ signals.

One of the problems is that those demodulated
signals which are sensitive to 61, have also high
sengitivity to L. The arm cavities enhance the
phase shift of the carrier induced by the deviation of
the arm lengths, resulting in large amplitudes of the
signal corresponding to 6L.. This effect of the
enhancement by the cavities at the reflection port is
represented by [r..ol in the first term in Eq. (8).
Typicaly, this first term is several hundreds times
larger than the other terms for comparable fluctua-
tions of 6L, and &l ,. Because of this large contri-
bution of 8L, the stability of the control system is
not ensured unless severa restrictions are satisfied.

Another problem is that either the 81, signal or
the 61 _ signal can accidentally vanish under some
conditions. The signal corresponding to 61, is ex-
tracted at the reflection port by means of the differ-
ence in the responses of the recycling cavity for the
carrier and the first-order sidebands. Therefore, the
term of the 81, signal in Eq. (8) vanishes when the
responses of the recycling cavity become identical
for the carrier and for the first-order sidebands. This
condition is expressed as

lreco = Mrect - (10)
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For the 61_ signd, the phase shift of the first-order
sidebands by 81_ generates the signal when they
interfere with the carrier at the reflection port. There-
fore, the amplitude of the signal goes to zero when
the carrier is criticaly coupled to the recycling cav-
ity. This condition is given by

e = 0. (11)

recO

Although these conditions are, in practice, dightly
affected by the signals produced by the higher-order
sidebands which we ignored in Egs. (8) and (9), the
presence of these sidebands does not essentially
change the situation described above.

When the interferometer is operated near these
critical conditions, changes in the optical parameters
can cause the feedback system to suffer from large
variation of the signal sensitivities and even sign-re-
versals of the signals. Unfortunately, the optical
parameters of the interferometer are usually designed
not far from these conditions. When the loss for the
carrier given by the arm cavities becomes compara
tive with the loss for the sidebands given by the
asymmetry, the reflectivity of the recycling cavity
for the first-order sidebands (r,;) can be close to
that for the carrier (r..o). Also, the reflectivity of the
recycling mirror is set so as to maximize the recy-
cling gain for the carrier. The condition for this
optimization is equivalent to Eq. (11). In order to
avoid the instability of the control system, the actual
optical parameters must be chosen carefully to have
safety margins from these critical conditions against
fluctuations of the optical parameters by, for in-
stance, contamination of the mirror surfaces or mis-
alignments of the mirrors.

3. New technique: signal extraction by 3w,, de-
modulation

3.1. 3w,, demodulation scheme

With our new technique, 61, and &1_ signals are
extracted by demodulating the photocurrent at the
reflection port using loca oscillators at the third-
harmonic frequency of the frontal phase modulation
(Fig. 2, inside of the dashed box). This scheme
improves the separation of &1, from éL,, and
ensures the robust extraction of &1, and 61_. More-

over, this technique requires neither additional opti-
ca elements nor modification of the basic optical
configuration as used in the conventional scheme.

The signals corresponding to 61, and 61_ with
the 3w,, demodulation are obtained at the in-phase
and the quadrature-phase, respectively. The calcula
tion of the signals naturally involves the second- and
third-order sidebands which do not significantly con-
tribute to the signal extraction with the conventional
scheme. The 3w,,-demodulated signals are cal cul ated
as below:

VD = —J35(m) J3( M) 92r eeal Momol SL

—3,(m) J,(M) G7T eepFamiCOS 81,

= Jo(M) J(M) (96 T recaamo

+ 05" recolam3C0S3a ) 81, (12)
V4D = —J3,(m) Jo(M) g1, ecnamiSiNa 81 _

= Jo(m) Jx( m) ggrreco FamaSiN3a 81 _ .
(13)

The demodulated signals have severa terms that
arise from the beating of the carrier and the third-
order sidebands and that of the first- and second-order
sidebands. Since the carrier and the odd-order side-
bands are resonant in the recycling cavity, both terms
contribute to the 61, and &1_ signals. On the other
hand, for the 6L, signal, only the former term
contributes to the signal because only the carrier
carries the information of the arms.

In order to investigate the amplitudes of the sig-
nals with both of the w, and 3w, schemes, we
introduce a realistic model of a large-scale interfer-
ometer, shown in Table 2. In the calculations, we
have taken into account the higher-order sidebands
up to second order for the signals with the
scheme, while the sidebands up to third-order are
taken into account for those with the 3w,, scheme.
Numerical calculations in the following sections are
based on this model interferometer.

3.2. Reduction of the 6L, signal at the reflection
port

One of the advantages of the 3w, technique is
that the 81, signal inherently has better separation
from 6L, compared with the w,-demodulated sig-
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Table2
The numerical parameters of the model interferometer used in the calculations.

Symbol Value
Modulation frequency W/ 2 15 MHz
Modulation index m 0.8 rad
Arm length L 3km
Length of recycling cavity I./2 5m
Asymmetry I_ variable
Reflectivity of the front mirrors r2 0.97
Reflectivity of the end mirrors r2 0.9999
Reflectivity of the recycling mirror ra variable
Transmissivity of the pick-off mirror t3 0.995
Loss of the mirrors 100 ppm
Reflectivity of AR coating 0.001

nal. In order to compare the separation of the &1,
signal from &L, for each scheme, we introduce the
separation ratio S, for the n w,,, scheme, defined as

% Vn(l)
=— 14
S 68L+Vn(|) (14)

where a bigger S, means a better separation of the
6l, signd. In Fig. 3, S and S; for our model
interferometer are plotted as functions of the asym-
metry. In this calculation the reflectivity of the recy-

Signal ratio (8/,/5L,)

0.0 0.1

02 03 04 05 06 07
Asymmetry [m]

Fig.3. The sensitivity ratio 61, /8L, with the w,, scheme (S,
dashed line) and the 3w,, scheme (S;, solid line) at the reflection
port, as a function of the asymmetry. The sensitivity ratio is
reduced with the 3w, scheme when the asymmetry is smaller
than 0.4 m. Each curve has a singular point where the signal ratio
becomes particularly large (explained in Section 4.1).

cling mirror is 0.95 so that the recycling gain for the
carrier is maximized. The separation is actually more
than 30 times better with the 3w,,, scheme when the
asymmetry is smaller than 0.4 m. For some asymme-
tries either S, or S, becomes infinity. We will return
to this point in Section 4.1.

By introducing very rough approximations, the
separation of the 61, signals are considered for
general sets of the optical parameters. Assuming a
small asymmetry, i.e. a < 1, the recycling factors
are comparable for the carrier and the odd-order
sidebands. The reflectivity of the recycling cavity for
the non-resonant second-order sidebands is unity,
while those for the other resonant sidebands are
smaller than unity, i.€. [T ecol [Trecth [Trecsl << Mrecal ~
1. The reflectivities of the arm for both the carrier
and the sidebands are assumed to be unity. Accord-
ing to these approximations, we can ignore the third
term of Eg. (12) compared with the second term.
After all, the comparison of the separations S;/S, is
simplified to the following expression:

E - Ji(M) Jp(M) Teey o7 (15)
Sl ‘]0( m) ‘]3( m) Mrec3 glzrreco - ggrrecl

The leading factor J,(m)J,(m)/J,(m)J,(m) is ap-
proximately equal to 3 when m is smaller than unity.
The magnitude of the other part depends on the
optical parameters. In general, when the asymmetry
issmall, S;/S, tends to be large because of the S;'s
dependence on g2 /T g3
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3.3. Amplitudes and signs of the signals with the
3w, demodulation

Another advantage of the 3w,, demodulation is
the robustness of the &1, and &1_ signals. The
amplitudes and signs of the signals with the 3w,
demodulation are less dependent on the optical pa
rameters than those with the conventional scheme.
Furthermore the 61, and 61_ signals with the 3w,
scheme do not vanish for typical optical parameters.
Thus, near the conditions represented by Egs. (10)
and (11), the amplitudes of the signals obtained with
3w, scheme become larger than those with the
conventional scheme.

Fig. 4 shows the amplitudes of the &1, signa
with both schemes calculated for the model interfer-
ometer. In this calculation, the reflectivity of the
recycling mirror has again been chosen to be 0.95.
The w,, signal vanishes for an asymmetry of 0.4 m.
On the other hand, the 3w, signal has only a mild
dependence on the asymmetry, resulting in a larger
81, signal with the 3w,, scheme than with the o,
scheme for asymmetries below 0.5 m.

Fig. 5 shows the amplitudes of the &1_ signal
with both schemes. In this calculation, the reflectiv-
ity of the recycling mirror was varied around 0.95,
where the carrier is criticaly coupled to the recy-

S

<

[}

T

2

S

£

<L

10’2 1— ------ i— --------------------- :— ------ j ------------- -
00 01 02 03 04 05 06 07

Asymmetry [m]

Fig.4. Comparison of the amplitudes of the 81 signals with the
o, Scheme (dashed line) and the 3w, scheme (solid line).
Horizonta axis is the macroscopic asymmetry between the beam-
splitter and the two front mirrors. In this calculation, the reflectiv-
ity of the recycling mirror has been chosen to be 0.95 so that the
recycling gain for the carrier is maximized. The amplitude of the
61, signal with the w,, scheme goes to zero at the asymmetry of
0.4 m, while that with the 3w,,, scheme has a smaller dependence.

10°

\.
0|

Amplitude (A.U.)
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Reflectivity of Recycling Mirror

Fig.5. Comparison of the amplitudes of the 1 _ signals with the
o, scheme (dashed line) and the 3w, scheme (solid line).
Horizonta axis is the reflectivity of the recycling mirror. In this
calculation, the asymmetry is set to be 0.3 m. The amplitude of
the 81 _ signal with the w,,, scheme goes to zero at the reflectivity
of 0.94, while that with the 3w, scheme has a very wesk
dependence.

cling cavity. With the w,, demodulation, the ampli-
tude of the 61 _ signal highly depends on the reflec-
tivity of the recycling mirror. For a reflectivity of
0.94, the signal completely vanishes. In this calcula-
tion the asymmetry is fixed at 0.3 m as an numerical
example, though the situation is, in practice, hardly
affected by choice of the asymmetry.

From the figures, one can see that the 3w,,-de-
modulated signals do not vanish with typical optical
parameters. This robustness of the signals is ex-
plained by two facts. First, these demodulated sig-
nals are not affected by the coupling of the carrier
and the first-order sidebands to the recycling cavity
because the presence of the carrier and the first-order
sidebands are not essential in the signal extraction
with the 3w,, scheme. Secondly, the amount of the
second-order sidebands at the reflection port, which
is essential for the 3w, scheme, does not depend on
the optical parameters because the second-order side-
bands are not resonant in the recycling cavity.

We can compare the amplitudes of the signals
with both schemes using the same approximations as
used in the previous section. The ratios of the signal
amplitudes with both schemes are defined as

85,+V3f') 35|,V3(Q)

S, = , S =" (16)
! ‘73|+V1(|) 35|,V1(Q)
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Using the approximations, S, and S_ can be ex-
pressed as

Jp(m) of
= 2 — 2 , (17)
‘]O( m) gl I’recO gO rrecl
- Jo(m) i (18)
- ‘]0( m) rrecO

Both S, and S_ have the factor J,(m)/J,(m) in
common, which is about 0.09 for m of 0.8. There-
fore, the amplitude of the signals with 3w,,, scheme
are substantially smaller than those with the w),
signals. Nevertheless, S, and S_ can be larger than
unity because they also have an inverse-proportional
dependency on r.., and r,..,; such situations are
caused by the optical parameters near the conditions
represented by Egs. (10) and (11), as seen in the
figures.

4, Discussions

4.1. Further reduction of §L

Since the enhancement of the 6L, signal in the
arm cavities is still large, the reflection port is not
independent from 8L, even with the 3w,, scheme.
We propose two techniques to further separate the
61, signal from &L .. One is an optimization of the
optical parameters to set the reflectivity of the recy-
cling cavity for the third-order sidebands to be zero.
The other is to remove the third-order sidebands
from the injected light by applying a weak modula-
tion at the 3w, frequency.

In the first technique, the 61, signal is separated
by adjusting the optical parameters of the interferom-
eter so that the interferometer does not reflect the
third-order sidebands to the reflection port. This
condition is represented by

rrec3 =0. (19)

When this condition is realized, the contribution of
6L, to the in-phase signal with the 3w,, demodula-
tion — which is proportional to r .5 — is eliminated.
This effect is seen in Fig. 3 as a singular point at the
asymmetry of 0.17 m. This technique is an analogy

to the signal separation technique for the w,, demod-
ulation that is reported in our earlier Letters [14,15].
In the original technique, the contribution of §L, is
eliminated from the signal with the w,, demodula-
tion in the case of r,; = 0, which corresponds to an
asymmetry of 0.52 m. In general, Eq. (19) is satis-
fied with about one third of the asymmetry compared
with the sideband elimination for the first-order side-
bands. This may make it more difficult to obtain
sufficient modulation sidebands at the detection port
in the presence of contrast defect.

Since the contribution of 6L, with the 3w,
scheme is inherently smaller than that with the o,
scheme, the required accuracy of the optical parame-
ters for a certain separation ratio is relaxed compared
with that for the w,, scheme. In our model interfer-
ometer, the asymmetry must be set with an accuracy
of 1.3 mm to obtain a sensitivity ratio of unity with
the w, scheme. On the other hand, 27 mm is
required with the 3w,,, scheme; the required accuracy
in the optimization of the asymmetry is thus relaxed
by a factor of 20.

Another approach for eliminating the 6L, signa
is to remove the third-order sidebands from the
incident beam. This can be achieved by applying an
additional weak phase modulation a 3w, with ap-
propriate amplitude and phase. For instance, a modu-
lation index of only 0.024 a 3w, cancels out 3w,
sidebands caused by an w,, modulation with a mod-
ulation index of 0.8. Although this technique re-
quires an additional modulation to the input light, it
has a great advantage that the &1, signa is sepa-
rated from &L, without any tuning of the interfer-
ometer itself.

4.2. Experiment at the 3-m prototype interferometer

The technique using the 3w, demodulation is
now being investigated with a 3-m prototype power-
recycled Fabry—Perot—Michelson interferometer at
the University of Tokyo [15—17]. This interferometer
has its mirrors suspended in vacuum, and the optical
configuration is very similar to the large-scale inter-
ferometers. We have aready realized the stable oper-
ation of the 3-m prototype with the 3w, technique.
The details of the experiment will be described in a
future publication.
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5. Conclusion

We have proposed a new signal extraction scheme
for the control of power-recycled Fabry—Perot—
Michelson interferometers with frontal modulation.
In this technique the recycling cavity length (81 ,)
and the Michelson path difference (61_) are ex-
tracted by demodulating the photocurrent at the re-
flection port with the third-harmonic frequency of
the phase modulation. The technique can be realized
by just putting additional demodulation circuits at
the reflection port. The extracted signals are inher-
ently less sensitive to the common motion of arm
cavities (8L, ) than with the ordinary w,,, demodula
tion — the sengitivity to §L_ is more than 30 times
reduced for the model interferometer. As compared
to the conventiona scheme, the &1, and &1_ sig-
nals with the 3w,, scheme are less dependent on the
optical parameters; the signals do not vanish for
typical optical parameters, and the sign-reversals of
the signals do not occur. As a result, the design of
the optical parameters is greatly simplified with the
3w, scheme.

We also propose two techniques for further sepa-
ration of the &1, signal from &L, with the 3w,
scheme. One is to eliminate the third-order sidebands
from the reflected light by optimizing the optical
parameters. In our model, the required accuracy in
the optimization of the asymmetry for the third-order
sidebands is 20 times relaxed in comparison with the
conventional scheme. Another technique is to re-
move the third-order sidebands from the input light
by applying the weak modulation at 3w,,. Although
this technique requires the additional modulation, it
has an advantage that the 61, signal is separated
from &L, without any tuning of the interferometer
itself.

The experimental study of the 3w, scheme is
now being carried out at the 3-m prototype interfer-
ometer at the University of Tokyo.

Acknowledgements
The authors would like to thank G. Heinzel and S.

Kawamura for useful discussions. A part of this
research is supported by a Grant-in-Aid for Creative

Basic Research of the Ministry of Education
(10NPO801).

References

[1] A. Abramovici, W.E. Althouse, R.W.P. Drever, Y. Gursel, S.
Kawamura, F.J. Raab, D. Shoemaker, L. Sievers, R.E. Spero,
K.S. Thorne, R.E. Vogt, R. Weiss, S.E. Whitcomb, M.E.
Zucker, Science 256 (1992) 325.

[2] VIRGO Caollaboration, VIRGO Fina Conceptual Design,
1992.

[3] K. Danzmann, H. Luck, A. Rudiger, R. Schilling, M.
Schrempel, W. Winkler, J. Hough, G.P. Newton, N.A.
Robertson, H. Ward, A.M. Campbell, JE. Logan, D.I.
Robertson, K.A. Strain, J.R.J. Bennett, V. Kose, M. Kilhne,
B.F. Schutz, D. Nicholson, J. Shuttleworth, H. Welling, P.
Aufmuth, R. Rinkleff, A. Tunnermann, B. Willke, Proposal
for a 600m Laser-Interferometric Gravitationa Wave An-
tenna, Max-Planck-Ingtitut fur Quantenoptik Report 190,
Garching, Germany, 1994.

[4] K. Tsubono, 300-m laser interferometer gravitational wave
detector (TAMA300) in Japan, in: E. Coccia, G. Pizzella, F.
Ronga (Eds.), Proc. First E. Amaldi Conf. on Gravitational
Wave Experiments, June 1994, World Scientific, Singapore,
1995, p. 112.

[5] R.\W.P. Drever, Fabry—Perot cavity gravity-wave detectors,
The detection of gravitational waves, D.G. Blair (Ed.), Cam-
bridge Univ. Press, Cambridge, 1991, p. 306.

[6] M.W. Regehr, Signal extraction and control for an interfero-
metric gravitational wave detector, Ph.D. thesis, California
Institute of Technology, 1995.

[71 M\W. Regehr, F.J. Raab, SE. Whitcomb, Opt. Lett. 20
(1995) 1507.

[8] R. Flaminio, H. Heitmann, Phys. Lett. A 214 (1996) 112.

[9] RW.P. Drever, JL. Hal, F.V. Kowalski, J. Hough, G.M.
Ford, A.J. Munley, H. Ward, Appl. Phys. B 31 (1983) 97.

[10] L. Schnupp, talk at European Collaboration Meeting on
Interferometric detection of gravitational waves, Sorrent,
1988.

[11] R. Takahashi, J. Mizuno, S. Miyoki, N. Kawashima, Phys.
Lett. A 187 (1994) 157.

[12] JA. Giaime, Studies of laser interferometer design and a
vibration isolation system for interferometric gravitational
wave detectors, Ph.D. thesis, Massachusetts Institute of
Technology, 1995.

[13] D. Sigg, N. Mavalvala, JA. Giaime, P. Fritschel, D. Shoe-
maker, Appl. Opt. 37 (1998) 5687.

[14] M. Ando, K. Kawabe, K. Tsubono, Phys. Lett. A 237 (1997)
13.

[15] M. Ando, K. Arai, K. Kawabe, K. Tsubono, Phys. Lett. A
268 (2000) 268.

[16] K. Kawabe, S. Nagataki, M. Ando, K. Tochikubo, N. Mio,
K. Tsubono, Appl. Phys. B 62 (1996) 135.

[17] M. Ando, K. Arai, K. Kawabe, K. Tsubono, Phys. Lett. A
248 (1998) 145.



