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Parametric oscillatory instability
in a signal recycled LIGO interferometer

S.P. Vyatchanin, S.E. Strigin

Abstract. The undesirable effect of parametric oscillatory
instability in a LIGO (Laser Interferometer Gravitational-
Wave Observatory) laser gravitational-wave antenna with a
signal-recirculation mirror is analysed in detail. The insta-
bility is manifested in excitation of the Stokes optical mode
and elastic mechanical mode of the mirror. It is shown that, if
the eigenfrequencies of Fabry— Perot resonators in the inter-
ferometer arms are different, the parametric instability is
quite small due to a small passband band width.
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1. Introduction

Presently the sensitivity of a LIGO laser gravitational-wave
antenna expressed in terms of the amplitude of the metric
variation is approximately three times worse than its
planned value h~1x 1072 in the 100-Hz frequency
band [1, 2]. After the further improvement of a system
of isolation from noises of different types in mirrors of
4-km optical Fabry—Perot resonators and increasing the
optical power W of a wave circulating in resonators up to
~ 830 kW, it is planned to achieve the sensitivity / =~
1 x 1072,

In [3], the undesirable effect of parametric oscillatory
instability in a Fabry—Perot resonator, which can consid-
erably reduce the sensitivity of the antenna, was analysed.
This effect appears if the optical power W, of a wave
circulating in the fundamental optical mode exceeds a
certain threshold value under the condition that the fre-
quency difference wy, — @, between the fundamental optical
mode and the Stokes mode is close to the frequency of w,, of
the elastic mode of the resonator mirror. The interaction
between these three modes appears due to the pondermotive
pressure of light in optical and Stokes modes and the
parametric action of mechanical vibrations of the mirror
on optical modes. If the light power W, exceeds the critical
value, the amplitude of mechanical vibrations, as the optical
power in the Stokes mode, increases exponentially. Later, it
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was shown in [4] that, if the influence of the anti-Stokes
mode at the frequency w,, = wy + o, is taken into account,
the effect of parametric oscillatory instability will be
considerably weakened or even completely excluded.

In [5], a detailed analysis was performed for a power-
recycling mirror LIGO interferometer and it was shown that
the anti-Stokes mode cannot suppress completely the para-
metric oscillatory instability. This effect can be suppressed
by varying the shape of mirrors or introducing the low-noise
damping [6]. It was also proposed [7—9] to reduce the role of
the parametric instability by heating probe masses to change
the radius of curvature of interferometer mirrors and by
controlling the values of detunings and also reducing the
overlap factors for optical and elastic modes. Note that the
parametric instability was recently observed experimentally
[10].

The parametric instability in a signal-recirculation
mirror LIGO interferometer with identical Fabry-—Perot
resonators in its arms was analysed in detail in [11].
However, in practice such resonators have in the general
case different eigenfrequencies because the radii of curvature
of the mirrors in different arms differ from each other by a
few metres (~0.1 %). For example, for the Gauss—Hermite
mode frequencies ¢, in a Fabry —Perot resonator with the
radii of curvature R; and R, of mirrors separated by the
distance L, we have [12]

e ¢
wqmn:I q—l—(m—&—n—&-l); > (1)

L

812 = l ——— 2

¢ = arccos [ £ (g12)"/7], R,

Here, ¢ =0, 1,2... is the longitudinal coefficient and m and
n are the transverse indices of optical modes; g; and g, are
the g-factors; and ¢ is the speed of light. The sign * + ’ in
the expression for ¢ is used for g; > 0 and g, > 0, while the
sign ‘-’ corresponds to g; < 0 and g, < 0; different signs
(i,e. g1g>» < 0) correspond to an unstable resonator.

For the improved LIGO scheme with

R, =2076+3m, L=4km, 3)

g2 =g~ -0926+3x 107, ¢ ~0.385, (4)

the optical mode frequencies will differ from each other by
the value

A
qumn::t%gi(m‘Fn-Fl)loo Hz. (5)
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Taking into account that it is planned to obtain the
frequency interval of the sensitivity of the improved LIGO
interferometer scheme between 50 and 500 Hz, while the
damping factor of optical modes in the interferometer is
~2s !, this value is quite large. Note here that the
fundamental modes of Fabry—Perot resonators in the
two arms are tuned to the resonance by a feedback system.
In this case, the frequencies of additional optical modes
playing the role of Stokes modes differ slightly from each
other and Fabry—Perot resonators in the interferometer
arms are not optically identical, as was assumed in [13].

In this paper, we analysed the parametric instability in
the improved LIGO interferometer scheme with optically
different arms. It is shown that a small mismatch of the
interferometer arms causes the shift of the normal modes of
the complete interferometer, however, the probability of
parametric instability only slightly differs from that in the
case of optically identical arms. On the one hand, this results
in the possibility of developing parametric instability in the
interferometer at low optical power (a few watts) and a
small mismatch 4 = wy — wg — w,,, and on the other, the
probability of parametric oscillatory instability proves to be
extremely small due to a small damping factor of optical
modes (a few hertz).

2. Signal-recirculation mirror LIGO
interferometer with optically different
Fabry — Perot interferometers in arms

Figure 1 shows a LIGO interferometer with signal- and
power-recycling mirrors (SR and PR mirrors, respectively).
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Figure 1. Improved scheme of a LIGO interferometer: FP1 and FP2:
first and second Fabry—Perot resonators in the interferometer arms; BS:

beamsplitter; T}, T, : transmission coefficients of PR and SR mirrors.

Let us neglect optical losses and noise in mirror
suspensions and assume that the eigenfrequencies w; and
w, of Stokes modes in the Fabry—Perot resonators in the
interferometer arms slightly differ from the average fre-
quency ws = (w; + m,)/2 by the mismatch d = (w; — w,)/2
of the interferometer arms, i.e. w;,; = wg = d. We assume
also for simplicity that the damping factors and trans-
missions of the input mirrors are the same: y; =y, =y and
T, =T, =T. The distances between the input mirrors of

Fabry—Perot resonators and a beamsplitter and between the
beamsplitter and SR and PR mirrors are sufficiently small
(about several metres), so that we assume that the phase
incursions of light waves circulating between these mirrors
are constant and frequency-independent. The interferometer
is pumped through the port Fs.

Let us introduce the average and small fluctuation
amplitudes of light fields. For example, the amplitude in
the first Fabry—Perot resonator is written in the form
Fiin = %o + fiin, Where the averaged field %, corresponds
to the fundamental mode at frequency w,, and the fluctua-
tion field fj;, corresponds to the Stokes mode with the
average frequency wg. The detailed calculations of this
configuration of the interferometer are presented in [13]:

T 2ikzi (4 — Q)

n(Q) =71 11(Q)+ N F - s 6
Siin(Q) 1./1(2) 170 T (6)
e1(Q) = 2, £1(Q) — N\ Fo T 2ikz{ (4 - Q), %)
7 = 2iy ’ UI:V—H(Q_d),
VT —i(Q —d)] y—i(Q—d) )
w] +w w; —w
4 =wy —ws — oy, 0g= 12 2, d= 12 2,
T2ikzy (A — Q)
in(Q)=9L(Q)+ N, Fy ————=, 9
Sin(Q) = 724(Q) + NaFy T ©)
er(Q) = R, 2(Q) — Ny.Fy T32ikz3 (4 - Q), (10)
7 2iy @ :y—l—i(Q+d)
2TV i@t Ty —i@+d)
cT
Zl,z(Q)EXLz(Q)—M.z(Q)a "/:Ea (11)

E, = R\F|, E;=RyF,, Rip;=%,(Q=0).

Here, fiin» €1, foin, and e, are the fluctuation components of
the fields Fii,, Ej, Fain, and Ep; N;, are the dimensionless
overlap factors of optical and elastic modes; k = wg/c is the
wave vector of the optical Stokes mode; x,, and y,, are
mechanical displacements of the mirrors of Fabry—Perot
resonators [13]; and 4 is the mismatch of modes in the case
of parametric instability. Expressions (6)—(11) are written
in the frequency representation for the case of the slowly
varying amplitude of mechanical displacements Zz;(¢) =
z1(H) exp ( — iwyt) + z; (1) exp (iwy, ).

Let us denote the amplitudes of light waves on the
beamsplitter by F5, E; and Fy, E, (Fig. 1). We assume that
the beamsplitter transmission is Ty, = 1/2 and the phase
appearing due the wave circulation between the second
Fabry —Perot resonator and beamsplitter satisfies the rela-
tion exp(i¢,) =1, and between the first Fabry—Perot
resonator and beamsplitter — exp (i¢p;) = i. For simplicity,
we introduce the plane i (Fig. 1) in which the phase
incursion up to the beamsplitter is such that exp (ip;) =1
and the phase incursion up to the input mirror of the first
Fabry —Perot resonator is 2. Then, the amplitudes F; and
E; of fields on the input mirror of the first Fabry—Perot
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resonator (and in the plane i), the amplitudes F, and E, on
the input mirror of the second Fabry—Perot resonator, and
the amplitudes F;, E3, Fy, and E, on the beamsplitter will be
related by the expressions

_Fy —iF, 1 .
F == F=—(-F +1F N 12
1 7 2 2( 3 +1Fy) (12)
—F - F i
Fslez, F4:7§(F1—F2), (13)
po—Bob R+ E) (14)
3 V2 o V2o

For the PR mirror, we have

Fyexp(—i¢y,) = iTp"Fs — (1 — Tyy)'*Ey exp(idh,,). (15)

Es =iTp  Eyexp(icpy,) — (1 — Tyr)'/*Fs, (16)

e = (05 + D + O, (7
where T, is the transmission coefficient of the PR mirror
and 4, is the detuning of a resonator formed by the
beamsplitter and PR mirror. Let us also assume that this
resonator is in the resonance and exp (i¢,,,) = i, while ¢, is
independent of the frequency ©Q because of a small size of
the resonator (/,, < L). Therefore,

Fy= (1= Ty)' By - Ty, (18)
Es = —Tpl’Es — (1 — Ty,) '/ Fs. (19)
For the SR mirror, we write similarly
F SN a2 1/2 :

gexp(—ig) =il "Fg — (1 — T;) ""Ejexp(ig),  (20)
Eg =iTy*Eqexp(ip) — (1 — Ty,)' "y, 1)

where T, is transmission coefficient of the SR mirror. Let
us assume that a resonator formed by the beamsplitter and
SR mirror is not in the resonance and ¢ = (wg + Q) /c is
an arbitrary phase incursion, but ¢ is also independent of
frequency Q2 due to a small size of the resonator ([, < L).

By substituting (13) and (14) into the system of equa-
tions (18), (20) and taking into account (6), (7), (9), (10), we
obtain expressions for the light fields f};, and f5,

Jinlyy —1(Q —d)] + fon[r —i(Q+d)] = Z .,

Jinll= —i(Q —d)] = fonll- (R +d)| = Z_,
(22
P - iCN]g;okZI* o iCN]g;()kZz*
1 — L 5 2 = L >
1—(1-Ty)"?
V=) ——m "=, ZL.=Z1x2>,
hira-nyy T T
_ : _ 1/2
F_ = '}), _ 15 — V 1 exp(21¢)(1 TSr) (23)

1 +exp(2ig)(1 — Typ)'/*

Here, ¢ is the detuning of the asymmetric mode, which
depends on the position of the SR mirror, and y, and I'_
have a simple physical meaning. In the case of an
interferometer with optically identical arms (for d — 0),
I' — vy and y, and y_ are the damping factors of the
symmetric (~ F; + F,) and antisymmetric (~ F; — F3)
modes [11]. By summing and subtracting these equations,
we obtain

Siinlg+ —1(Q —d)] + fong- = 21, (24)
Siing- +fonlgr —1(Q +d)] = 25, (25)
:y+iF_:y+iy7$15. (26)

8+ B )

By adding now mechanical equations with the ponder-
motive light pressure force, we find

gl + ymgl = Zgﬁin(t) CXp(iA[), (27)

D3+ ymZ s = 22 foin (1) exp(iAr), (28)

29 = 28IMEAE A CIR T 29)
 mepo,L =y ’

where 7y, is the damping factor of an elastic mode of the
mirror; m is the mirror mass; V is the mirror volume; and
u(r) is the deformation vector of the elastic mode.
Because the system of equations (24), (25) describes
coupled oscillators, it is reasonable to introduce normal
modes with the complex amplitudes &, # and eigenvalues /4,
Ay, respectively. By rewriting the system of equations (24),
(25) and equations (27), (28) in the time representation [13]

(1+%2)(0, — 11)¢ = z: exp(—iA1), (30)
Zed ymze = 22(1 + %) E(1) exp(iAz), (31)
(1+ %)@, — Jo)n = z, exp(—iAr), (32)
2y + vmzy = 22(1 + %) (1) exp(iAz), (33)
zg =2 —nZs, z,=xZ\+ 2>, (395
iy =—g. k(g2 —d)"?, = w, (36)

g

we obtain, as in the case of two optically identical Fabry—
Perot resonators in the interferometer arms, two independ-
ent pairs of equations. In the limit d — 0, the mode ¢ is
transformed to the antisymmetric mode [i.e. & — (fijn—

Sfoin)/2, z; = 21 — Z5], while the mode # is transformed to

the symmetric mode [i.e. n — (fiin +/oin)/2, z, — Z1+25).

For the most probable case, we have the rigorous
condition |y, —y_| €0 (damping factors y, lie in the
interval between 1 and 10s™', while the detuning 9,



1100

S.P. Vyatchanin, S.E. Strigin

depending on the position of the SR mirror, is approx-
imately equal to 10°s™') and can use the following
approximations for mode eigenvalues (36):

A T O S ) B A

Mz—[ 2 + D +i 2:l:D , (37)
291/2

%:@, D= {d%(g)} . (38)

In the case of identical mirrors having the same mass and
identical elastic eigenfrequencies, we can analyse independ-
ently two pairs of equations (30), (31) and (32), (33). For
example, by using substitutions &= Eexp(Ar—idf) and
z; = zzexp (A7) in the system of equation (30) and (31),
we obtain the characteristic equation

22 = —14 = 4)(A 4+ ym)- (39)
Because it is known [13] that
ym < "/'+, ’V— £ (40)

we will seek the root of the characteristic equation close to
the damping factor of the elastic mode: |4| ~ y,,. Therefore,
by using (40), we rewrite the characteristic equation (39) by
assuming that A = 0 in all parentheses containing y_, y_ (or

;L]):
(41)

The condition of parametric instability corresponds to the
situation when Rel < 0, which gives

29 -1
—Re(N - ) > 1.
Ym A+ 14

In the case of different mirrors, for which the eigen-
frequencies of elastic modes do not coincide, we consider the
displacement of only one mirror, for example, the displace-
ment x; of the end mirror in the first Fabry-Perot
resonator and introduce the quantity Z, = icN; Zykxi/L.
In this case, Eqns (27), (28), (30), and (32) can be written in
the form

(42)

(1+ %)@ = 41)E = 2, exp(—iA), “3)
(1 4+ %) (0, — Ay)n = %%, exp(—iAz), (44)
X1 + 91 = 2(E(1) + xn(1)) exp(iAz). (45)

By solving Eqns (27)—(45), we should take into account
that the effective light pressure force should be half as much
because it acts only on one mirror. By assuming that
E=C¢exp (At —iAf), n=nexp(it —iAt), and %} =Z;X
exp (A7), we obtain the characteristic equation in the
form similar to that for optically identical Fabry—Perot
resonators (d = 0) [11]:

2 1 ®?
5| to—— |-
l+x2\A—-id4—=21 A—id—1,

At Y = (46)

By using (40), we find the condition of parametric
instability in the form

2 pof 1 ~1 +f~,¢2 -
Vm 14+x2\id+4, id+2 )|~

Note that we used in all calculations the following values
of damping factors: (see Appendix C in [13]): the damping
factor for elastic modes 7, ~ 6 x (107* —107%)s™'; the
damping coefficients for symmetric and antisymmetric
modes y, ~ 1.5 s ! and y_ >2 57!, respectively; and the
damping coefficient for a Fabry—Perot resonator
y~ 100 s~

Note also that the conditions of parametric instability
for the improved LIGO interferometer scheme with opti-
cally different arms exactly correspond to the instability
conditions obtained earlier [11] for an interferometer with
identical arms (d = 0). Indeed, conditions (42) and (47) will
transform to Eqns (2.16) and (2.30) in [11] if we assume that

(47)

A — —y_+10, A — —,. (48)
The dependence of the eigenvalues /; , of normal modes
on the arm mismatch d gives complete information on the
probability of appearance of parametric instability com-
pared to the case of optically identical arms. Curves in
Fig. 2 illustrate qualitatively this dependence. One can see
that the real parts of 4, (with the opposite sign), which are
damping factors for the normal resonator modes, weakly
change over the entire range of the arm mismatch d.
Therefore, a strong dependence of the parametric instability
A on the mode mismatch is also preserved in the improved
LIGO interferometer scheme with optically different arms
(47), i.e. parametric instability can be observed if the value
of 4 is relatively small: |4 4+ Im(4;,)| < y,,7_ ~2 s
One the one hand, in the case of parametric resonance
(the total mismatch is small), the parametric instability in a
SR mirror interferometer appears for relatively low optical
power. For example, if [4+1Im(4))|<y,,y_ and
|4 +Im(4y)| » 7., y_ [i.e. the second term in (47) is negli-
gible small], the parametric oscillatory instability takes place
even when the power of a wave circulating in the interfer-

—Re 7,

T

Y+
d
Im /5 /
1
0
d

Im 7,

Figure 2. Qualitative dependences of the real and imaginary parts of the
eigenvalues of normal modes on the mismatch d of the LIGO interfero-
meter arms.
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ometer arms is low (W,~5W) (for w,=10"s",
Jm =6 x 1074 s71 Ny /u ~ 1) [13].

On the other hand, in the case of large mode mismatches
|44 Im(4,)] > 7., y_, the parametric instability can appear
only at high optical powers [W, ~ |4+ Im(4))|*)]. For
example, if the mismatch is about 1 kHz [ie. |4+
Im(4,)| ~ 6 x 10%], by using parameters from [13], we obtain
that the parametric instability occurs at W, ~ 10° W.

One can see from the lower curve in Fig. 2 that the
mismatch d of interferometer arms can strongly change the
frequencies of the normal modes of the LIGO interferom-
eter. At the same time, the mismatch does not change the
density of optical modes in Fabry—Perot resonators and,
hence, the probability of appearance of parametric insta-
bility.

3. Conclusions

We have analysed the parametric instability effect in the
improved scheme of a signal-recirculation mirror LIGO
interferometer with optically different arms. The neglect of
this effect can lead to a considerably decrease in the
sensitivity of a gravitational-wave antenna. The conditions
of parametric instability have been obtained both in the
case when all the mirrors have the same mass and identical
elastic eigenfrequencies and in the case when these
frequencies are different.

The calculations performed in the paper have shown
that, although the mismatch d of the LIGO interferometer
arms changes the frequencies of the normal modes of the
interferometer, the probability of the appearance of para-
metric instability is almost the same as that in the LIGO
interferometer with optically identical arms. In addition, the
parametric instability in this interferometer is relatively
small because of a small width of the interferometer
passband.

Note also that a direct experiment is the most efficient
method for eliminating parametric instability. To observe
the parametric instability in experiments with a SR mirror
interferometer, we can change the mismatch 6 of a SR
mirror resonator and the mismatch d of interferometer
arms. The methods for changing the mismatch ¢ by varying
the position of the SR mirror and the arm mismatch d by
varying the radius of curvature of mirrors due to nonuni-
form heating were proposed in papers [7—9, 11]. These
methods allow one to study in detail a relatively broad
frequency interval for finding parametric instabilities.
Together with calculations of the elastic eigenmodes of
mirrors, these methods give very important information on
the possibility of excluding parametric instability in the
LIGO interferometer.
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