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The goal of this paper is to analyze and to evaluate the different configurations currently con-
sidered for the interferometric detectors of gravitational waves. We first study the properties of ele-
mentary gravito-optic transducers (i.e., delay lines or Fabry-Perot resonators) using an original for-
malism which allows one to understand and to compare easily the properties of complex interferom-
eters involving these elements, such as recycling or synchronous recycling interferometers. We also
describe the new idea of using detuned Fabry-Perot resonators, and we show that, in some cases, it
may represent the best compromise between bandwidth and peak sensitivity.

I. INTRODUCTION

Long-baseline interferometers for the detection of
gravitational radiation are presently being studied in a
few countries (France, Italy, Germany, U.K., and
U.S.A.)." All these projects are based on the construction
of a large, Michelson-type interferometer with an arm
length of 1-3 km, containing some kind of gravito-optic
transducer in each arm. In order to decrease the shot-
noise level, all these interferometers will use high-power
lasers, in conjunction with light recycling techniques.
The basic idea of recycling was proposed by Drever:? it
consists in building a resonant optical cavity which con-
tains the interferometer, so that, if the losses are low and
if the cavity is kept on resonance with the incoming
monochromatic light, there is a power build-up which re-
sults in a reduction of the shot noise. This can be real-
ized in different ways, depending on the geometry of the
gravito-optic transducer [delay line or Fabry-Perot (FP)
resonator]. While the validity of this idea has recently
been demonstrated experimentally,® its theory remained
to be published.

The aim of the present study is to establish several sim-
ple models and associated formulas giving the ultimate
photon-noise-limited sensitivities of both the current in-
terferometric configurations and their planned exten-
sions. In order to carry out this program some special
tools are useful. A common formalism will be developed
which allows a straightforward derivation of the proper-
ties of arbitrary optical configurations. Comparison of
different detector configurations is facilitated by the use
of a set of standard parameters.

The cases of nonrecycling delay-line and Fabry-Perot
Michelson interferometers will first be treated in order to
develop the formalism. Then we will apply these results
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to various recycling configurations and discuss the rela-
tive merits of each configuration according to the fre-
quency range, to the bandwidth of the signal and to the
value and the localization of the optical losses which limit
the power build-up.

II. OPTICS IN A WEAKLY MODULATING MEDIUM

A. General principles

Consider a plane, transverse, traceless, monochromatic
gravitational wave of frequency v,, which propagates
perpendicularly to the interferometer plane (z=0), and is
linearly polarized along the directions of the (orthogonal)

interferometer arms (x =0 and y =0, respectively):
[hij(x,y,2,1)], _o=h;; cos(Qt + D) ,

with
h;j=diag(h, —h,0), Q=2mv, .

At every point of the optical path, the light frequency
spectrum will resolve in a carrier frequency

Vopt
and two sidebands

Vopr Vg -
The enormous ratio between optical and gravitational
frequencies allows us to neglect the polarization effects
and we shall use a scalar representation of the optical am-
plitudes. Only first-order effects in h will be considered.
The optical amplitudes at an arbitrary point of the inter-
ferometer are therefore of the form
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A(t)=(A0+%hA1€i(Qt+¢)+%hA2€_i(ﬂt+¢))e_iw' ,

O=2TVop -

We will represent the action of gravitational transducers
upon already modulated light by linear operators S acting
upon generalized amplitudes

A=(A0,A], Az)
as
A'=S-A.

According to the formalism developed in a previous pa-
per,* these operators have the general form

S 0 O
S=|S, Su O
S 0 Sy

In this formalism, the diagonal elements S;; represent the
ordinary reflectance (or transmittance) of the transducer
for each frequency (carrier and sidebands) whereas S,
and S,, characterize the power transfer from the carrier
to the sidebands, i.e., the sensitivity to the gravitational
wave. Optical elements with dispersion and no gravita-
tional sensitivity will be represented by diagonal ma-
trices, elements without dispersion nor G sensitivity by
scalar matrices (mirrors, splitters, etc.). Owing to the
/2 phase lag between the reflected and the transmitted
waves at a mirror, we shall represent the action of a mir-
ror_upon the complex amplitude of an optical wave by
iV'R for a reflection, and by V' T for a transmission.

The whole interferometer is itself a gravitational trans-
ducer and has therefore an associated global operator S.
In the following we will encounter three different cases:
when S, and S, are of equal moduli, the phase relation-
ships between both and S, will denote either pure phase
modulation or pure amplitude modulation, and when S,
and S,, are not equal, one of them is much larger than
]
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FIG. 1. Round trip in the vacuum (notation).

the other. Therefore, if the limiting noise reduces to the
shot noise, we have, for the signal-to-noise ratio (SNR),
1/2

NP7
S, S=|Spl+ 1Sl

Wopt

SNR=h

where 7; and 7 are, respectively, the integration time and
quantum efficiency of the photodetector, and P the power
of the source. In other words, the minimum, photon-
noise-limited, detectable A is

1/2
ﬁwopt 1 Ve
nP S ’

hPN_

where 8v is the bandwidth of the detector. In what fol-
lows we shall consider the quantity S, that we shall call
normalized signal to noise ratio (NSNR), as the quantity
to be optimized.

B. Standard gravito-optic transducers

Gravito-optic transducers are optical devices in which
the gravitational wave (GW) is supposed to have a detect-
able perturbing effect. Current examples are the delay
lines and the Fabry-Perot cavities. Both have associated
operators D and F which can be related to the elementary
propagation operator X corresponding to a round trip in
the perturbed vacuum* (see Fig. 1). We have A'=X-A
with

eZia)L/c 0 0
. oL sin(QL/¢) iow-)L/c ,2i(w—QIL/
x: e’ @ ¢ e Ho ¢ 0 1
QL /c M
. oL Sin(ﬂL/C)e[(zw_'_ﬂ)L/c 0 p2il@+QIL/c
c QL /c
A > »>-
1
A’ - -
R 2 R
R,T, R
n 1'1 P 2
Al
FIG. 2. n-fold delay line (notation). FIG. 3. Reflecting Fabry-Perot cavity (notation).



38 OPTIMIZATION OF LONG-BASELINE OPTICAL . .. 435

The value of € is +1 for a round trip along the x axis,
and —1 along the y axis. Consider now an n-fold delay
line with two mirrors of intensity reflection coefficients R
(see Fig. 2). It consists in n iterations of the X operator
and 2n — 1 iterations of the operator iV'R . Its associated
operator is thus iD where

D=(_])ﬂ~l‘/7{'2n—lxn .

Consider a Fabry-Perot cavity (see Fig. 3) with a front
mirror of intensity reflection and transmission coefficients

]

D00=( 1 )"‘/_R_ 2n -1e4in1rvoplL/c

’

_ v, 2nmv,L

Dloz(—l)an zn_lif opt Sin - &
Ve

- v 2nmv, L

Dyy=(—1)"VR ¥ ie—2 gin | ——E—

Ve

The action of this operator on an unmodulated wave is
therefore a pure phase modulation. It is convenient to in-
troduce some parameters which have their counterparts
in the case of cavities.

By introducing the storage time

2nL

s ’

c

T

Il

the time constant

' 2L
=
cR*

, R*=1—-R ,

and the normalized storage time ¢ =7, /7'’ which has the
minimum value ¢,, =R *, we get

Rn_l/zze—(1—~tm/2)

In what follows we shall consider kilometric interferome-
ters (L~3 km) so that the minimum value of 7, i.e.,
2L /c is about 2 107 s, and high reflectivity coatings
(R*=~107*%) so that 7"’ is about 0.2 s. This set of param-
eters will be referred to as the reference antenna. As will
be shown later, the best 7, for a given gravitational fre-
quency v{' is of order 1/2v{”. So far as we consider
gravitational frequencies smaller than a few kilohertz we
can assume ¢ >>t,. Two more parameters are useful —
the normalized gravitational frequency f=2mv,7"’ and
the maximum quality factor Q =2mv,,7". (In the refer-
ence antenna, when visible light is used, the quality factor
Qis about 7.5x 10" and f ~1.26v, /Hz.)

The approximate form of the operator D simplifies now
to

‘DOOI =e™',

[Dyo| = |D20|=—%e" sin

Jt
2

l )

2im2v__ —v_)nL/c
e opt g

R,,T,, with losses p,, and with a rear mirror of intensity
reflection coefficient R,. The associated operator iF
looks like the ordinary reflectance of a Fabry-Perot cavi-
ty but with the ordinary phase factor replaced by X:

F=[VR,+(1—p, VR, X]J1+VR R, X)7".

1. Response of delay-line-type detectors

In more detail, the delay-line operator involves the
three following elements:

’

e2iﬁ(2v°p'+vg )nL /c ]

If the detection system involves two delay lines, it has a
NSNR

1 . (3)

For a given gravitational frequency corresponding to f,
there exists an optimal normalized storage time:

2
to=——arctan

20
fo 2

Note that f,—0 yields 7¥'— 7", and thus 7’ may be in-
terpreted as the maximum value of the optimal storage
time.

The optimized NSNR is then

S(f)=}f2 sin fioarctan > ‘ 4)
X exp —%Oarctan _fzg l ] \ .
We have, at f = f,
20 2 fo
S(f)=—="-—exp | — ——arctan | — ” .
\/fé+4 fo 2

Therefore, we can give the limiting value of S when
f0—>0:

S(0)=Q/e .
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For f,>>1, a good approximation of the optimal storage
time is given by to=m/f: i.e.,

o=
- (0)
2v,

and the NSNR becomes simply

ie.,

2v,
S( Vg ) — Op[
Ve

2. Response of Fabry-Perot-type detectors

S(f ):_22 sin r ; For the Fabry-Perot cavity operator, the relevant ele-
f 2 fo ments are
|
B (1_pl)‘/me2imL/c+‘/RTl
00 1+‘/RlR2e2iwL/c ’
— VY (20— Q)L /
F10=i€T1\/R2 %! sin QL : e ¢ : ,
Ve ¢ | (14+1V/R R,e¥*L/*)(14+1/R R e (w- ML)
— V iRw+Q)L /c
Fy=i€T\V'R,—% sin QL € : .
Ve € (l+\/R1Rze2'wL/c)(1+\/R1R2821(w+ﬂ)L/0)

The eigenfrequencies of the cavity are determined by the
condition exp(—2iwyL /c)= —1 and consequently, when
the optical source is resonant, the preceding operator
denotes pure phase modulation. We need now some di-
mensionless parameters analogous to the delay line’s. We
may define the time constant of the cavity by

2L

Tg=

Owing to the constraint 0<R; <1—p,, we have
j

2L
c[1-V(1—p)R,]

The ratio of the time constant to its maximum value will
be named normalized time constant ¢; it obeys

2L , "
—E"<TS <T =

t, <t<1 witht, =1—v(1—p,)R, .

In the general case, the source is eventually detuned from
Av,, from a resonance v, which leads us to introduce the
normalized detuning defined by Af=2mAv,,". With
these notations, the ordinary reflectance of the cavity has
the exact expression

(1—2t+1t,,)2+(1—1,))%(1—t,, /t ) Af*t’sincX(Aft1,, /2)

\Foo|2=

where the notation sinc(x) denotes the function sin(x)/x.
Fortunately a simple approximate form can be given
when Af is much smaller than the free spectral range and
when ¢, <<1 which is satisfied when gravitational fre-
quencies are restricted to a range of values less than a few
kilohertz:

172
4t (1—1)

1+Af2?

The minimum value of | Fy, | is reached at resonance
where

IFOOIreszll-ZII -

\F00|= {1“

Within the same approximation, we have

2Aft(1—1) ]

ArgF,,=m+arctan
800 1-2t—Af2?

1
R, 14+ Af2%(1—t,, /t)sincX(Aft,, /2)

»

—

We have further

[Fio| = ol -1 ,
VI4 AUV 1+(Af —f)H?

|Fp | = Qt(1—1) .
VI1+AfAV1+(Af +f)4?

In particular when the source is resonant (Af =0), we
have the special case

| Foo | = |12t | ,

Fp | =|Fy| =220
Pl =1Fal ==y

We have consequently, for the NSNR,

20t (1—1)

S(fl=—F0—m .
4 V14 f4?
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When the normalized gravitational frequency
fo=2mv’r" tends to zero, the optimal value of 7 has
the limiting value 7'’ /2 and the limiting value of the SNR
turns out to be Q /2. When f, >> 1, the function S(z) be-
gins to saturate as soon as

©_ 1
=—"0 -
1TVg

to= ie., 7

2
fo’
This value will be taken as a reasonable choice, for the
true optimal value is much higher but irrelevant, giving
only a slightly better value of S. In this case, we have, for
the NSNR,

40
S =557
v (f§+arn'2

in particular, (6)

17292
S(fo)=1.78-E-.

In dimensional expression, this is
S(vg)=(4vp /v 1+ (2v, V)17 1/2
and
SV =1.78v,, /vy .

Let us point out an important feature—with Fabry-Perot
cavities, it is possible to use a detuned source with respect
to the cavity eigenfrequency of an amount Af=f, so
that the sideband generated by the gravitational wave is
resonant

— (0)
vop,—v0+vg ,

leading to
ar(1—n) |'7
[Foo| = |1=—T"—775
1+ fot
and
t(1—1)
|F101= Q

(1+f(?5t2)1/2[1+(f—fo)2t2]1/2 :

When f >>1, a reasonable choice of 77 is again

and with only one resonant sideband, the optimized
NSNR becomes

Q 1
S(f)=0.89—= (7)
4 fo [1+4(1—f/f()1'72

or

S(vy)=(0.89v,, /v{)

X[1+4(1_v8/v20))2]—1/2 .

Figure 4 gives a comparison of the sensitivities versus Ve
for a delay line, for a Fabry-Perot both at resonance and
with detuning, in the conditions we have described above.

95570 T T

Sy S

100 gz

FIG. 4. Transfer function of a Michelson interferometer with
multipass arms (optimized at 100 Hz): (1) delay lines; (2) reso-
nant FP cavities; (3) detuned FP cavities.

The detuned Fabry-Perot is less sensitive than the other
configurations, but the fact that it brings a higher
reflectance makes it interesting when recycling is applied,
as we will see in the next part.

III. STANDARD RECYCLING

A. Principles of standard recycling

A classical Michelson interferometer tuned at a dark
fringe behaves just like a mirror—most of the power in-
coming from the source is reflected back. We can use it
as the second mirror of a cavity, the front mirror of it is
called the recycling mirror. It will be shown that this
configuration increases the SNR by allowing more
efficient use of the available power. Figure 5 shows the
principle of operation. Let R,,T,,p, be the parameters
(reflectivity and transmittivity coefficients, losses) of the
recycling mirror and Rg, T, pg those of the splitter. It is
easy to show that at a dark fringe we have an operator S
for the whole system:

A'=S-A,

where the relevant coefficients of S are

Y
|

FIG. 5. Sketch of the standard recycling setup.
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|G10|
1—(1—ps)V'R, | G |

|Gy |
1—(1—ps)V'R, | Gg |

G is the operator associated with a gravito-optic trans-
ducer, either a delay line or a Fabry-Perot cavity, direct-
ed along the y axis, and G’ the operator associated with
the same transducer, directed along the x axis; both have
the same coefficients G; but opposite coefficients G, and
Gg,. One sees already that the recycling rate can be opti-
mized for given losses and G, we find

(V'R Jop=(1=p,)(1=ps) | Goo | -

So that it is possible to give optimized values of the com-
ponents of the NSNR:

IS0l =(1*1’s)\/—i

|5y | =(1—ps VT,

Sl — G| (1—p,)(1—pg)? 172
OO —(1=p (1 —ps [ Go |2 ]
(1—p,)(1—pg)? 12
| S| =[Gyl 5 2
1—(1=p )1—pgs)*| Gy |

By assuming low extra cavity losses p =p, +2ps we may
write simply

G
IS1| = |G| ,
V1—(1-p)| Gy | 2 @
G
(S| = |Gy |

V1—(1=p)[Ge |

In the reference antenna we shall take p,=10"* and
ps=10"2 The problem to be discussed below is the op-
timization of either the storage time for delay lines, or the
decay time for cavities, when recycling is applied. In the
general situation, the optimal value of that time constant
will depend on the gravitational frequency f, at which
one wants to optimize, and on the recycling losses denot-
ed by p. Two frequency ranges will appear: the low-
frequency range and the high-frequency range. In the
low-frequency range, long storage times are required, the
recycling losses are therefore dominated by the
reflectivity losses in the arms, and the optimal storage
time is almost independent of p. In the high-frequency
range, the required storage times are relatively short, so
that the losses in the arms may happen to be comparable
with the recycling losses p, and the optimal storage time
will depend on both p and f,. The effective value of p
will be determined not only by the losses of the recycling
mirror and of the beam splitter, but also by the fact that
the interference on the beam splitter may be affected by
small misalignments or by a slight asymmetry between
the two arms of the Michelson interferometer.

B. Standard recycling with delay lines

In the case when G represents a delay line, as shown
earlier, we have

|Goo | =",

Gol =16 | =2
S
So that, assuming low losses, the phase relations denote

pure amplitude modulation, and the NSNR of the global
system is given (for extracavity losses p =p, +2ps) by

‘

2
2
s(n=22

f f Vi—(1—ple %

For a given gravitational frequency denoted by f, the
corresponding optimal normalized storage time is given
by the implicit equation

sin e !,

It
2

sin

e !, 9)

toz-}z—arctan irzg[l—(l—lzJ)e_ZI"]

0

which is easily solved by iterations. For values of f
small compared to 1/p (say v’ <50 Hz in the reference
interferometer), ¢, is seen to be almost independent of p
and takes a value near 0.8 for zero frequency. The corre-
sponding limit for the NSNR is 0.4Q. A convenient in-

terpolation formula valid within this range is
to=(1.5640.18f3)"1/2 .

Now, in the case when the normalized gravitational fre-

quency is large enough (say n,”’> 50 Hz in the reference

interferometer), we can put t =x /f << 1 and write

2 12 sin(x /2)
o Vx+pfo/2

The optimal value of x is solution of

S(fo)=0

b
x+TO=tan i;—

The solution x takes values in the range [2.33,7] for
values of pf,/2 in the range [0, ]. A good interpola-
tion formula valid except for low frequencies is

0.81pf, Xo

P —— then =
4.254pf0 ST

xo=2.33+ —
4

The optimized frequency response of the recycling setup
is now
1/2

o

X0

) *of
SU=7% 2,

In particular, if the frequency f, is within the especially
interesting band 1 << f; <<1/p say 50 Hz to 500 Hz in
the reference antenna, we can write

1.17f
fo

in particular S(f,)=0.85(Q /1/f,) or, in ordinary nota-
tion,

sin . (10)

sin ,

S(f)=0.92%\/7(-)
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v
S(v, )=0-92—v(32t-(27rv‘30)7”)”2 [sin(1.17v, /v | .
g

Such an optimized transfer function (for 100 Hz) is plot-
ted in Fig. 6.

C. Case of resonant Fabry-Perot cavities
The relevant operator G is now F:

|Fool =12 ,

| Fio| = | Fyo | =Qt(1—)/V 1422
The phases are such that the NSNR with the optimal re-
cycling rate takes the form

- 20t (1—1)
V142V 1—(1—p)(1—=21)?

In the low-frequency domain, when the extra cavity
losses are small compared to the reflectivity losses of the
cavities, i.e., p <<t, which corresponds typically to the
frequency range 0—50 Hz for the reference antenna,
S (f) becomes independent of p:

1y

t—n |
S(f)= i S
f Q 1+f2t2
The optimal value of t at f = f, is then
1
Lo

IR TR E U
The corresponding optimized transfer function is

1
‘/2 3 s 172 -
— S
VI + =
2V 1+ /2

If now f is large enough ( > 50 Hz in the reference anten-
na), we can set t =x /f << 1 so that the NSNR becomes

X

~< -4
o. 100 1g Hz

FIG. 6. Transfer function of a Michelson interferometer with
multipass arms and standard recycling (optimized at 100 Hz):
(1) delay lines; (2) resonant FP cavities; (3) detuned FP cavities.

The value of x which makes S optimal is solution of

pfo
3
x’—x———=0.
2
The exact solution is somewhat cumbersome but the fol-
lowing interpolation formula is quite sufficient for our
purposes:
—1/3

rfo

1 —_

2

1
=7

In fact, if £ is not too high (within the band 50— 500 Hz
in the reference antenna), the solution differs little from
xo=1, so that we can take t,=1/f; i.e.,

TI go) — 1
27rv'g°)

The optimized frequency response of the recycling setup
is now

f 172
0
S(f)l=Q
fr+£3
in particular (12)
Q
V2o
In ordinary notation we have
S(v,) 2 | 1
g opt v(gO) [1+(Vg/v(go))]l/2 :

An optimized transfer function (for 100 Hz) is represent-
ed on Fig. 6 so as to be compared with the case of delay
lines.

D. Case of detuned Fabry-Perot cavities

As already noted, Fabry-Perot cavities can be driven
out of resonance, leading to a different response to gravi-
tational frequencies, to a slightly worse signal amplitude,
but a higher reflectivity. This mode of operation is ex-
pected to give interesting results in a recycling
configuration. Let us discuss this idea.

Assume the optical frequency to be detuned with
respect to an eigenfrequency of the cavity by an amount
equal to the gravitational frequency to be detected:

_ (0)
Vopt—Vo—f-'Vg .

The detuned cavity operator, as shown earlier, contains
the following elements:

4t (1—1)
Fo|?=1———"-
| Foo | 1+Af22
| Fpp | Qt(1—1)

TVITASAVIH (A

With an optimal recycling rate for vg:vg” and with
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Af =f,, we find the NSNR as

S(fo)
S(f)= .
f [1+(f—f0)2t2]l/2
The peak value, S(fg) is
S(fo)= Qt(1—1) (13)

[p(1+f32)+4t(1—1)(1—p)]'/%

We shall consider that p <<, for it will be seen that this
approximation holds even for relatively high frequencies
(up to the kilohertz in the reference antenna) due to the
fact that high values of the optimal time constant 7§ are
required in the detuned system. The resulting expression
for the peak value of the NSNR is

t(1—1)? i

S — SR T . A
o) Q[(pf3—4)t +4

The optimal value of ¢ is

2
34+(142pf3)?

ty=
,‘/—__—2 172
2004V 142pf3)
—5S(f,)=0 ___p{°3 . (14)
3+V 1+2pf3)

The NSNR has a narrow-band-type behavior character-
ized by a bandwidth of

8f=[3+(142pf3)21V3 .

The transfer functions of delay line and resonant FP in-
terferometers are not essentially changed by standard re-
cycling apart from a gain factor, but the transfer function

0'2 T T T T T T T

RFP

FIG. 7. Transfer function for standard recycling with de-
tuned FP cavities and nonoptimal time constant. (1) £ =¢,,; (2)
t=t,5/2; (3) t =t,, /4. RFP: standard recycling interferometer
with resonant FP cavities (for comparison).

of the detuned FP interferometer becomes resonant, due
to the long time constant required. It is easily seen that,
in the limit pfy,—0, S(fy)—Q/4, and §f —4V'3. It is
more interesting to compare these characteristics to those
of the following section concerning synchronous recy-
cling. With a choice of x; two or three times less than
the optimal value, the linewidth is seen to be increased
while the peak value is only slightly decreased, giving in-
teresting transfer functions, with a finite-band response
localized in the gravitational spectrum. Examples of
transfer functions corresponding to that mode of opera-
tion are plotted in Fig. 7. Figure 8 summarizes the dis-
cussion of standard recycling systems by a plot of the op-
timal NSNR value for the different systems.

IV. SYNCHRONOUS RECYCLING

A. General principles of synchronous recycling

The basis of synchronous recycling is to include two
mutually orthogonal gravito-optic transducers in a ring
cavity of high finesse. If the effective storage time in each
arm is equal to half the gravitational period, the phase
lag between the perturbed and nonperturbed light waves,
or better, between two counterpropagating waves, is ex-
pected to increase with time up to a limiting value im-
posed by the finite losses of the recycling cavity. We con-
sider a ring cavity (see Fig. 9) with a recycling mirror of
parameters R,,T,,p, as in the previous section, and a
transfer mirror of parameter R,. In this ring cavity, two
orthogonal gravito-optic transducers, G and G’ are in-
cluded. Let G and G’ be the two corresponding
operators—both have the same G;; coefficients, but oppo-
site Gy, G, coefficients. The global operator associated
with the ring cavity included in the recycling setup is S
with

LER LA RLLL LR ARLLL T

01

‘Ej LRRRLL LB AALLLY
-
)

001
0 100 1000

FIG. 8. Optimal values of the NSNR versus gravitational fre-
quency for standard recycling systems: (1) delay lines—no re-
cycling (for comparison); (2) resonant FP—no recycling (for
comparison); (3) delay lines—standard recycling; (4) resonant
FP—standard recycling; (5) detuned FP—standard recycling
(peak value).
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S=[V'R,—(1—p,V/R,e¥*/G"-G)(1—V/R,R,e¥**/°G'-G) "',

where 2a is the total length of the transfer paths. A direct computation of the coefficients of S gives

B —T,V/R,e¥**Gyi(G;—Gow)
(1—V'R,R,e¥**/°G%)(1—1V/R R, e ¥ /°G})

0i

(i=1,2).

B. Synchronous recycling with delay lines

In the case of delay lines, the preceding setup may be regarded as a very long ring cavity of length of 4nL +2a. It fol-
lows that the free spectral range between two eigenfrequencies is ¢ /4nL (a being very small compared to L) and that a
gravitational wave of frequency c¢ /4nL will be able to transfer light power from a carrier at resonance to two resonant

sidebands. Let us develop this idea.

By replacing G by the delay line operator in the recycling formula, we obtain, assuming n >> 1,

JU— Vv,
i i Y] opt .
2Tr\/R,€IZR 2ne4me/ce 2inQL /c__OP sin

Ve

nQL

2

SlO

where z=2wa /c, S,y has a similar expression with  re-
placed by — (). It is always possible to choose z in such a
way that the carrier frequency is a resonance of the glo-
bal ring cavity:

iz 4iamL/c___ 1

e'%e
Then,
4T,\/K,e_2’2 sin? | L4
f 2
S(f)

" (1—-V/R,R,e~ )| 1—V/R,R,e e 2/ |
(15)

We intend to optimize the maximum of this function of
which is reached for fyt=m, ie., V(gO)=1/2TS. This
means that for that particular gravitational frequency,
the optical carrier and its two sidebands are resonant in
the ring cavity:

1/opt - V(gO)’ Vopt’ 1/opt + V(gO)

are successive eigenfrequencies. At

a/2 a

Laser 1.

C—F—»

v

FIG. 9. Sketch of the whole synchronous recycling setup.

T —V/R,R,e"R¥e*n*L/)(1 _1/R_R,e"R ¥e*inwl /cg—4in0L/c) ’

-
vg=v‘g°’
we have
4T,\/?,e —2n/fo?Q_
S(fo)= 2

(1—VR,R,e oy’

The optimal value of the recycling rate is therefore

VR, =(1—p,V/R,e "0

yielding an optimal peak value (R, =1):

—27/f
40 0
S(fo)=—2

T fo 1—(1—pe

with (16)

—4n/f,

p=1—(1—p, )R, .

A plot of S(v,) is given in Fig. 14. The limiting value for
very low frequencies is therefore S(0)=0; for f, not too
low we have

__ 9
S(fo)= T

When extra cavity losses p are weak (in the reference an-
tenna, p has been given the same value as in the case of
standard recycling, namely, p=2.1><10_3), we have a
flat maximum of the function S(f;): within the region
l<<fo<<4/p, S(fo)=Q/m. In the general case, the
transfer function can be expressed as

S(f)=S(fo)

21-1/2

(f =fo)

2Am/fo)N1—ple ™o

—41r/f0

1—(1—ple

(17)
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This is a resonant type response characterized by a band-
width [full width at half maximum (FWHM)] of
VAll=(1—pe ™y

—4w/f,

of
to(l—ple

for the central band 1 << f,<<4m/p, we have the very
simple result:

1
[1+%(f*fo)2]l/2,

S(f)=

3

8f=4V73 . (18)

C. Synchronous recycling with Fabry-Perot cavities

1. Classical properties of coupled cavities

When the gravito-optic transducers are Fabry-Perot
cavities, the recycling setup may be viewed as a system of
three cavities: two long cavities of length L coupled by
means of a third short one of length a (see Fig. 10). If we
ignore losses and external coupling, we can see that such
an optical device has a system of eigenfrequencies ob-
tained by duplication from the spectrum of a single iso-
lated cavity—each eigenfrequency v, of the isolated FP
cavity is split into two new eigenfrequencies: v 4,vg cor-
responding to symmetric and antisymmetric eigenmodes.
The values of v 4,vg depend on the tuning of the coupling
short cavity. When the coupling cavity is at a maximum
of transmission, the coupling is strong and the difference

|v4—vs |

is of the same order of magnitude as the free spectral
range. On the contrary, if the coupling cavity is at a
maximum of reflection, the coupling is weak, and the fre-
quency gap becomes small. Assuming extremely high
reflectivities of the rear mirrors and finite reflectivities of
the front mirrors, it can be shown that

1-VR,
———cot(z/4) | ,
1+V/R,

2mw(v 4 —vy)L /c =arctan

1-vR,
———tan(z/4) | ,
1+V'R,

e

B ——
a

2m(vy —vy)L /c = —arctan

arm 1 arm 2
coupling

cavity

FIG. 10. Coupled cavities.

where z is the propagation phase over the length 2gq, i.e.,
the tuning of the short cavity (see Fig. 11). We have,
furthermore,

c 1—R,
v, —Vg=——arctan |[——————
2v/R sin(z /2)

7L . (19)

For z near O or 2w, that is, for a high transmission
coefficient of the coupling cavity, we have

va—vsl=77,
4L
which is the free spectral range of a ring cavity of length

4L. Because of the strong coupling, the front mirrors are
ignored.

For z=1, at the maximum of reflectivity of the cou-
pling cavity, we have

cR’l"__l__

47T L 'n-'r:g

[vs—v,l|= », Rf=1-R, «<1,

where 7§ is the common time constant of both long cavi-
ties. For high values of 7, values of | v, —vg| compa-
rable with gravitational frequencies can be attained, and
power can be transferred from the carrier to one sideband
provided that their frequencies coincide with v, and vy,
respectively. We are going to discuss this idea below.

2. Synchronous recycling with FP cavities

Figure 12 summarizes the notation involved. The opti-
cal paths were separated for more clarity. We have as-
sumed a separation between the two counterpropagating
waves so that we can apply the preceding formula for
synchronous recycling which is valid for a ring cavity.
This can be practically done by suitable elements which
are not taken into account here, for their losses can be in-
cluded in the transfer losses. By using the matrix algebra
presented in Secs. IT A and II B, it can be shown that the
operator associated with the whole system is such that

(2L7c )_\l'A

(=1
B
—

FIG. 11. Eigenfrequencies of a system of coupled cavities.
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— VY,
2T,v/R,T?R,—* sin
4

g

oL
c

2

|310|=

We have used the following notation:

_ 2wa

(1—P1 )‘/_R—zeZiwL/C_i_‘/Rf1

| 1+ReZimL/C|2' 1+ReZi(w—0)L/c|2| —\/R_,Ii—,eizelll—\/ﬁeize_ |

(l_pl ),\/-1(—2‘_,2[((4)——Q)L/t,‘_i_,\/Rf1

zZ=

, R=vVRR,, F= -
c ‘/ 1722 1+Re2m)L/c

’ —_

- 1+Reli(w—ﬂ)L/c

Only one sideband can be made resonant at time. We shall confine our attention on §,,. The discussion for S, is quite

analogous. The NSNR is therefore S(f)= | S, | .

Let Af be the normalized detuning of the source with respect to an eigenfrequency of an isolated cavity:

Af =2m(vy, —vo)7", and let f be the normalized gravitational frequency: f =2m7v,7". With this notation we obtain
2T,\/ET%R2—%sin2 Itm.
S(f)= |1—\/—RI—R;eiﬂ"'|2|1—\/mei(Af_f)t”'|2AB (20
r
with - _ ArgF =m+arctan 2And—t) l ,
A=|1-VR,R,e“F?|, B=|1-V'R,R,e“F> | . 1-2t—Af%?

We assume the frequency of the source (carrier) to coin-
cide with the antisymmetric eigenfrequency of the sys-
tem:

%+ArgFEﬂ (mod2m) .

In order to find the peak value of S(f) we assume further
the lower sideband frequency to coincide with that of the
symmetric eigenmode:
z
2

Let us see at which value of f the preceding coincidence
takes place. We must have

tan(ArgF)=tan(ArgF_ )= —tan(z/2) .

+ArgF_=0 (mod27) .

A general form of the phase of a detuned cavity was
given in Sec. II B 2 yielding

L
a/2
a/2 L
R
A > : R,
Y IR T |
, » P,
R.T.g 1 1’71
A’

FIG. 12. Synchronous recycling with FP cavities: notation.

2Af —f)t(1—1)
1—-2t—(Af —f)t?

ArgF _ =m+arctan

By solving in f the preceding equations we obtain the
gravitational resonant frequency as a function of the car-
rier detuning:
fop= =2+ 22
0 Aft :
The requirement that Af makes the carrier to coincide
with the antisymmetric eigenmode is now

2Aft(1—t)
1—2t—Af?%?

21

—tan | —
2

the solution of which relates the antisymmetric detuning
Af 4 to the tuning of the coupling cavity:

172

z z

Af 4t=(1—t)cot 2t (1—1)2cot? +1-2¢

(22)
The same equation would give the symmetric detuning:

172
Afgt=(1—1)cot g — [(1=12cot? | Z | +1—2

(23)

The resonant gravitational frequency can be related to z
by

Sot=(Af 4 —Afs)
172
(1—1)cot? | £

=2 +1—2¢

The laser source can be properly tuned to coincide with
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the antisymmetric eigenfrequency, by locking it on the
minimum of reflection of the ring cavity corresponding to
the antisymmetric resonance. We intend now to optimize
S(fo) when f, has its minimum value, namely, when
z=1; then

Af gt=V1=-2t,
Afst=—V1-2t ,
for=2vV1-21 .

In this same special case, the reflectivities of the cavities
are the same for the carrier and the sideband and we have

|F* | =|F?|=1-2t.

If fo>1, we have t=2/f, and

rs~1/mvy as found in Sec. IVC 1.
Taking into account that Af ,,Af, f, are small com-

pared with the free spectral interval of the cavities, we

find an approximate form for the peak value of the
NSNR:

consequently

r

[1-VR,R,(1—20)]*

The optimal value of R, is V'R, =(1—p,)V/R,(1-2t),
so that the optimal peak value is finally

1
S(fo)=10f,t? (24)
fo)=30/o 1—(1—p,)R,(1—21)

S(fo)=4Qfot?

(see Fig. 14). The relation giving f,¢ as a function of ¢
can be inverted giving

4

SV 1+ f5/4—1) (25)
fo

t=

so that, if f,>>1, the approximation t=2/f, holds.
Then

_o 1
S(fo)= 4 1+pfo/8°

where p has the same definition and value as in Sec. IV B.
If further f is not too high (f, <<8/p) we have an es-
timation of the optimal value of S(fg): S;,,,=~Q/4. In
fact, S(f,) has a flat maximum of about that value in the
range 1 << f,<<8/p (50 Hz to 500 Hz in the reference
antenna, and falls to zero when f, becomes either very
small or very large.

Let us return now to the general case, when z denotes
an arbitrary tuning of the coupling cavity, not near z=0
(mod 27m) however, and let us study the transfer function
S(f). It is possible to give a very simple approximate
form of S(f) when f is near f, and f, in the optimal
range defined above: 1 << f; <<8/p. Let us set

f=So
fo

K= << 1

neglecting second-order terms in ¢ or k, only the phase
term in the quantity named B will change and with

i(2ArgF _ +2z) a4
e —e 4ixtan(z/4)

we obtain
2
St : sin“(z /2)
=2/ [142sin%(z/4)][1+2cos(z /4)]
% 1
2ik cot(z/4)
2t[1+2sin¥(z/4)

which yields, owing to the relation fyt =2 /sin(z /2),

—172
S(f= Q0 |sin(z/2) | 4(f —fo)cos*(z/4)
3+ sin¥(z/2) [1+2sin¥(z/4)]?
(26)
The gravitational bandwidth is, therefore,
pr— 1 2
of=v3 T2/ pypy)
cos(z/4)

In the special case z =m we have simply

s(H=2 1 Sf=4V3. @)

T4 (14 (f =) /41

The preceding form is quite similar to that found for de-
lay lines. The synchronous recycling system using
Perot-Fabry cavities is however continuously tunable in
gravitational frequency by adjusting the optical path in
the coupling cavity and the corresponding reflectance
phase of the cavities (see Fig. 13) by tuning the frequency
of the laser, instead of discretely (by changing n) in the
case of delay lines. Figure 14 summarizes the results ob-
tained for the sensitivities of the two types of synchro-
nous recycling systems.

S/IQ nse

T
0 100 200

FIG. 13. Transfer functions of a synchronous recycling inter-
ferometer with FP cavities at various reflectivity phase
(ArgF =m/2, /4, w/8, m/16): tunability.
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.M‘ 100

10000

FIG. 14. Synchronous recycling interferometers: peak value
of the NSNR: (1) case of delay line; (2) case of FP cavities; (3)
standard recycling with detuned FP and optimal time constant
(for comparison).

V. WIDEBAND AND NARROW-BAND ANTENNAS

The discussion of the different recycling schemes has
shown that the gravitational frequency response of the
corresponding interferometers can be deeply different
from that of the initial nonrecycled transducers. As a
first approximation we can distinguish between the cases
of wideband responses, and the cases of resonant, or
narrow-band responses. In all the following cases we will
give numerical estimations of the shot-noise limited sensi-
tivity based on the reference antenna and on an effective
laser power 7P of 10 W at a wavelength of 0.5 um, which
yields
172

ﬁwop‘ ~2x107"0O Hz 12,

nP

A. Wideband antennas

Apart from the ordinary nonrecycling interferometers
involving delay lines or FP cavities, the standard recy-
cling scheme provides us three new wideband systems
that are to be compared. Recall the essential features of
each.

1. Michelson interferometer with delay lines and no recycling
Zero-frequency limit of the NSNR amplitude:
=Q/e .

Optimal storage time for f,>>1, corresponding optimal

response and minimum detectable, photon noise limited
h:

_ T _20 o f 20
fo=T» SUI=Tpsin g SUo)=T "

at v=100 Hz, we have hpy =1.7Xx 10" Hz 1”2,

sin

2. Michelson with FP cavities and no recycling

Zero-frequency limit of the

S(0)=07/2.

NSNR amplitude:

Optimal time constant and optimized response:

2
t0=7[')— >
40 1
S(fl=—f
o fo (14af2/f3)172
4
SUo=5 1

for v{'=100 Hz we obtain hpy=1.9X 1072 Hz~'/2.

3. Michelson with delay line and standard recycling

Zero-frequency limit of the
S$(0)=0.4Q.
Near-optimal time constant, optimized response in the

band 1 << fo, pfo << 1,

NSNR amplitude:

23
0= fo
S(f)—092Q\/f0 sin | L ”fH,
fo
S(f4)=0.85
fo) ‘/ 7

for v\*'=100 Hz, we have hpy=3.5x 107 Hz~!/%

4. Michelson with resonant FP cavities
and standard recycling

Zero-frequency limit of the NSNR: S(0)=Q /2.
Optimal time constant, optimized response in the band

fo>>1L,pfo<<1:

1
to=70“ ,

s(f=—2 1

Vo A+
S(fo)—':

<.
V'2fo
for vi"'=100 Hz, we have hpy =4.2X 107> Hz~'/%

We can conclude that delay lines and Fabry-Perot sys-
tems are almost equivalent from this theoretical point of
view, either in conventional or recycling antennas.
Furthermore we note that standard recycling provides a
gain of 0.4/ f, within the preceding range. When no re-
cycling is applied, the optimal NSNR is proportional (for
fo>>1) to Q/f, ie., t0 v, /vy and thus, is indepen-
dent of the interferometer arm length, provided that the
suitable time constant is achieved: Whether it has been
obtained by many reflections over a short distance or by
few reflections over a long distance does not matter. On
the other hand, when recycling is applied, we see that the
NSNR becomes proportional to Q /v f, and that the in-
terferometer size is now important. A larger size allows
fewer reflections in achieving the optimal time constant
thus lowers the reflectivity losses of the arms, which per-
mits a higher power buildup in the system and finally a
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better SNR. If we now examine the very-low-frequency
limit, all systems are limited by their upper bound on the
possible storage times: this is why the zero-frequency lim-
its for all wideband systems is a fraction of Q. In that
very-low-frequency part of the gravitational spectrum,
the photon noise limited sensitivity will improve linearly
with the length of the detector.

B. Narrow-band antennas

Let us recall briefly the essential features of the three
types of narrow-band receivers for GW that we have en-
countered up to now.

1. The standard recycling setup with detuned FP cavities

Zero-frequency limit of the peak value of the SNR:
S§(0)=Q /4.

Optimal time constant, optimized response in the band
l<<fo,pfo<1:

2
hhy=—"—"""—"577;7 >
07 34 (1+2pf2) 2
— 172
201+V 1+42pf3)
S(fo)=0Q —_—
3+V 1+2pf2)
S(£o)
S(f) fo

T —fo ]V

Bandwidth: 8f =[3+(1+2pf3)!/2]V'3; for the reference
antenna at vgo’z 100 Hz, we get hpy=2.3x10"%
Hz~'7, 8v,=15.4 Hz.

The features of this kind of recycling become identical
to that of synchronous recycling when p tends to zero.

2. The synchronous recycling setup with delay lines

Zero-frequency limit of the peak value of the NSNR:
S§(0)=0.

Optimal storage time, optimized response in the band
fo>Lpfo<<l:

T

0 1
=—, S(fHi== .
to 2 (f 7 (L42(f —fo ]

Bandwidth: §f =4V'3; for the reference antenna we have
at v\'=100 Hz, we get hpy=8.3x10"% Hz '
8v,=5.5Hz.

3. The synchronous recycling setup with FP cavities

Zero-frequency limit of the peak value of the NSNR:
S(0)=0.

Optimal time constant, optimized response in the
range fo>>1, pfy <<1 assuming an antiresonant cou-
pling cavity (z =)

_2 _9 1
fo’ SU=7 [1+L0f —fo)?1V?

Bandwidth: 8f=4V'3; for the reference antenna: at

v{'=100 Hz, we get hpy=10"2*Hz~!/%, v, =5.5 Hz.

Delay lines or Fabry-Perot cavities in synchronous re-
cycling systems are thus almost equivalent. We can say
that the gain obtained at the peak value of the NSNR by
synchronous recycling is roughly a factor of 0.15f, with
respect to no recycling, and a factor of 0.4/ f, with
respect to standard recycling, when the optimal decay
time is achieved, we also note that standard recycling
with detuned Fabry-Perot cavities is characterized in the
realistic part of the gravitational frequency spectrum by
the same characteristics as the synchronous recycling.
For shorter values of the decay time, a smaller peak value
of the NSNR, but a larger bandwidth are obtained.
Moreover, the product (peak value)X (bandwidth) is
larger in the standard recycling system with detuned cav-
ities, which means that it should be especially interesting
in the case of not purely monochromatic sources.

The scaling factor Q shows the importance of the inter-
ferometer arm length. The synchronous recycling system
is very sensitive to intracavity losses: an increase of the
apparatus size results in fewer reflections to reach the
suitable time constant, therefore, in a higher finesse of the
ring cavity, which increases the SNR.

V1. CONCLUSION AND PERSPECTIVE

We have presented here a unified formalism for the
study of all the kinds of passive interferometers which
have been proposed so far for the detection of gravita-
tional waves. This allowed us to compare directly the rel-
ative shot-noise limited sensitivities of these interferome-
ters. The important results are the following.

(i) The sensitivity gain brought by the use of recycling
techniques varies with the gravitational frequency: for
the reference antenna, in the frequency range between 50
and 500 Hz, it is roughly equal to the square root of this
frequency (expressed in Hz) in the case of a wideband an-
tenna (standard recycling), and to the frequency in the
case of a narrow-band antenna (synchronous recycling).
It lies between these two values in the intermediate case
of detuned recycling.

(ii) The use of a recycling technique calls for very long
arm lengths: the sensitivity is proportional to the length
in the case of a narrow-band recycling system, and to the
square root of the length, in the case of standard recy-
cling.

(iii) Delay-line or Fabry-Perot gravito-optic transduc-
ers show essentially the same sensitivity in all cases, but
the Fabry-Perot systems are much more versatile: while
any modification of the transfer function of a delay-line
system requires a major change of the apparatus (moving
or changing mirrors), the response of a Fabry-Perot sys-
tem can be adapted rapidly with just a slight change of
the laser frequency or a micrometric movement of one
mirror.

(iv) The new technique of standard recycling with de-
tuned cavities gives the possibility of finding a comprom-
ise between bandwidth and peak sensitivity, which should
prove to be very useful, specially at the time of the detec-
tion of the first signals, when the sensitivity of wideband
systems will still be marginal.



38 OPTIMIZATION OF LONG-BASELINE OPTICAL ... 447

(v) The smallest detectable gravitational-wave ampli-
tude h,, obtainable with a realistic laser (nP =10 W) and
the use of recycling techniques should guarantee the ob-
servation of a few events per year, since the present
theoretical estimations for strong extragalactic sources in
the local cluster give amplitudes / around 3 102,
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