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1 INTRODUCTION

The function of the LIGO Length Sensing and Control (LSC) subsystem is to maintain the inter-
ferometer lengths sufficiently close to exact resonance so that the LIGO primary sensitivity
requirements are satisfied. This note derives the allowable RMS deviations from exact resonance
allowed.

The LIGO primary sensitivity requirements are

e X (100 Hz) =1 x 139m / HZ/2
e X (10 kHz) = 4 x 108 m/ HZA?

The lengths considered are

* L_: Arm cavity differential mode

* |_: Michelson cavity differential mode
* L, : Arm cavity common mode

e |, : Michelson cavity common mode

We assume the following set of IFO parameters in these calculations:

Table 1: Input Parameters

Symbol Value Description
P 6W IFO input power
Poc 450 mW GW port sideband power
Pex 130 mW GW port excess power
Ggrc 30 recycling cavity gain
o 0.98 arm cavity carrier reflectivity
re 0.985 arm cavity input mirror reflectivity
'R 0.98 recycling mirror reflectivity
Al/1 1 x 108/ HA2 Intensity Noise
k 6.7 x 16 m1 light wave number

1. LIGO Science Requirements Document : LIGO-E950018-02-E
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2 ALLOWED RMS DEVIATIONS FROM RESONANCE

2.1. Common Mode Lengths

A common mode deviation from resonance causes a decrease in the amplitude of the cavity elec-
tric field. The resultant loss of sensitivity will set the allowed rms deviation.

We have: S Di

N A Pl + IDex

where F is the arm cavity field, As the sideband recycling cavity field, iB the sideband power
at the GW photodetector, ang,fs excess noise power. We conservatively assume ghelomi-
nates the shot noise and examine the effeccoframon modems offset on gand E.

We first consider the arm cavity:

-
E TU+ Qp
EI‘
e = — — | —
E; ‘ E; >
We have:
E, = Etg+E r1+i9,)
and E, = Eirg—Ete(1+i9,)
E t2(1+ig,)
Th = =rp—— 2
1S 'cTE TP T IS @rion
Now the recycling cavity:
EO Et EI

£ = Eotr
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_ Eolr
i t2(1+i(p )
1+ . (1]
rR{rF 1—rF(1+|¢A)}( 5
_ Eolr
= -
(re—te)id A
ot T —
1+t
2
te
wherery = —rp + , as usual.
—TF
Thus for¢p , «1—rg , we can write
E Eolr
t 1+ N L %A '¢A
rR[BlO rFl_r % 1—r D Qg o% a
_ Eolr
(L+rgr )[1+ 1295 - '¥rlo
RO (L—re)(L+rgpr)rg L1+rgr

where we have neglected terms of orqfer

Finally, with B the recycling cavity field on resonance, we have:

Er

20 5 drro
1+ [(1—r|:)(1 +rRro)fg 1+ rRr0:|

The above expression gives the recycling cavity field in terms of the arm and recycling cavity
phase deviation from resonance.

E =

We require < 0.5% degradation in GW signal to noise due to deviation from resonance.
Thus |E? / |Ex? = 0.99 fromgpa
=0.995 fromyg since both carrier and sideband field decrease

Thus:

[ 20 3 2¢Rr00:|2: 001

(L=re)(X+rgrorg 1+rgr
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and

20 5 _ 20 _
(L=rp)(X+rgrg)  (T+rgrp)

0.1

With:
ro=-0.98, §=0.985 k=098

We derive:

@p =3 x10°rad and@g =2 x 10%rad

and with@y = 2 kL, andgg = 2 ki,

we find finally:
2.1.1. L,

L,=25x10%m

212, |

l,=1.6x101%m
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2.2. Differential Mode Lengths

2.2.1. Contrast Defect

We first consider the coupling of a differential length change to excess shot noise at the dark port.

N
rp I : complex arm reflectivities
I : recycling mirror reflectivity M
Eag : carrier field at dark port * Ep
Eic | Er
- | > /
l;, Ip : round-trip - -~
length in recyc cavity Er E
for carrier IR r
Eas= B -F
we haveé:
Sie (1o (1-ikl 1-ikl
> r(rp(1=ikl ) —r (1-ikl}))
Eas= =
1+ E(rp(l—iklp) +1,(1-ikl;))
2kL
o+iT
with? rp| = TLF andlp+ L, =lp+ [, =0 (we assume zero common mode length)
1+i—ned

Eic, .. 2(Lp—L) 0
AS™ 1+rgrg

1. Frequency, Intensity and Oscillator Noise in the LIGO : LIGO T960019-00D, pg. 5-6
2. Ibid, app. 1
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_ ERCikDZ(LP_LI)
= —ikg

1-1, ‘ro(lp‘ll)g

We require Rg = |EAS|2 ~ 1% Byc (Ppc is the GW port total power)
With Prc = Gre Py = 180 W and Bc = 600 mW, we find:

130L.=1.=(2*0.006 / 180%2/k  Thus:
2211 I

|.=1.3x10°m

2212 L-

L.=1.0x10"m

2.2.2. Intensity Noise Coupling

We now consider intensity noise coupling to a differential length offset.
2221 L

The noise coupling th. is?

Ax = @A 1) Xpms = @1/ 1) L.

With the assumptions that:

« Intensity noise stabilization giveal(/ 1) = 1 x 108 / HZ/2
* Ax<0.1LIGO sensitivity

we findL. = 1012 m / HZA/2

2.2.2.2 |
The noise coupling th is®

Ax = (1/130) (/1) ;s = (1/130) Al /1) 1.

we findL. = 1.3 x 1019 m / HZ/2

1. Shot noise in the Length Error Signals: LIGO-T960042-00-D
2. Frequency, Intensity and Oscillator Noise in the LIGO : LIGO T960019-00D, sec. 6.3
3. Frequency, Intensity and Oscillator Noise in the LIGO : LIGO T960019-00D, app. 3
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3 SUMMARY

We have investigated the coupling of rms deviations from length control resonances to decreased
stored power, shot noise and intensity noise. The results which give the tightest constraints are:

Table 2: Requirements on RMS Deviations from Resonance

Length Allowed RMS deviation Noise Mechanism de(g\r/; dSa/t’i\Ion
L. 1x10%2m intensity noise -> strain noise 0.5%
Ly 4%x102m loss of 1% arm stored power 0.5%
| 1.3x10°%m intensity noise -> strain noise 0.5%
Ly 5x 100m loss of 1% arm stored power 0.5%

page 8 of 8



