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Secondary Light Noise Sources in a Recycled
Interferometer with Fabry-Perot Arms

JBC, HY, SEW

Caltech

Noise on the carrier and RF sideband frequencies of the laser light
of the proposed LIGO produces strain noise at the gravitational
wave signal output. We calculate the strain noise coupling to laser
frequency and amplitude noise, RF oscillator noise, and scattered
light phase noise. We find the noise on the RF sidebands generally
dominates the strain output.

1 INTRODUCTION
The search for astrophysical sources of gravitational radiation will employ km-scale laser

interferometers. A subset of these, LIGO and VIRGO, will have the configuration of a stabilized
laser source injected into a mode cleaner filter cavity, followed by an asymmetric Michelson inter-
ferometer with Fabry-Perot arms. The frequency and amplitude stabilized light will probe the arm
cavity lengths. Gravitational radiation will produce a differential length change in the arms, caus-
ing a signal at the output port.

The presence of noise at the interferometer output must be held below the desired strain
sensitivity. The primary noise sources defining the interferometer sensitivity are seismic noise at..
frequencies, thermal noise at ...  frequencies, and photon counting noise above.. Secondary noise
sources are those which, if properly suppressed, will not limit the strain sensitivity. In particular,
variations in the phase and amplitude of the laser electric field used to probe the cavity lengths
must be carefully controlled. The Michelson configuration is insensitve to light variations; how-
ever, small imperfections such as differential losses or deviation from fringe center of the cavity
lengths will couple to the light noise to produce an output at the GW port.

In this paper we calculate the induced GW noise from the following sources of noise on the
laser light: frequency, amplitude, RF oscillator, and backscattering from the vacuum enclosure.
The approach is to write the noise as frequency components of the light, phase modulate the light,
and propagate the resultant frequency spectrum through the mode cleaner and to the GW signal
output. In section 2 we show the effect of the noise on the frequency spectrum of the light, includ-
ing the RF sidebands. In section 3 we derive the transfer function of the frequency spectrum from
the mode cleaner input to the GW output. Section 4 demodulates the spectrum and section 5 com-
pares the resultant signal with the interferometer sensitivity.
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2 NOISE SPECTRUM OF LIGHT
The light noise can be written as audio frequency components about the carrier frequencyω0,
which produce additional audio sidebands when the light is phase modulated at the RF frequency
Ω. We first look at frequency noise.

The electric field of the (noiseless) light is  where E0 andω0 are the carrier ampli-

tude and frequency.

 Writing frequency noise asν = ν0 +δν cosωt (1)

whereδν andω are the amplitude and Fourier frequency of the frequency variation,

the total laser electric field (EL) phase variation is: (2)

(3)

Now the laser electric field of amplitude EL is phase modulated to produce RF sidebands:

 where Aosc = Γ cosΩt

    for Γ << 1 (4)

+

+ (5)

The above expression contains 9 frequency components: the carrier and 2 RF sidebands and
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Figure 1 shows the frequency components of the light, including the noise audio sidebands. In this

diagram, Eab refers to the electric field component of RF indexa (where +/- 1 denotes the RF
sidebands) and audio indexb (where +/- 1 denotes the audio sidebands).

In a similar manner, we can construct the frequency spectrum for the following light noise
sources:

Laser amplitude noise: E = E0 + δE cosωt

RF oscillator phase noise: Aosc = Γ cos (Ωt + ao cosωt)

RF oscillator amplitude noise: Aosc = Γ (1 + (δA/A)cosωt) cosΩt

We also consider the variation in the light from phase noise produced by carrier and sideband
modulation in backscattering from the vacuum enclosure:

E = E0 + Es k0 xvac cos(ωt)   where Es is the amplitude of the scattered light

Finally, we write the spectrum produced by carrier modulation from an arm cavity gravitational
wave signal:

E = E0 + EA k0 xA cos(ωt)    where EA is the amplitude of the arm cavity field

The audio sidebands of these field variations are listed in Table I. The last column of the table
gives the overall source factor by which all amplitudes in the row corresponding to a noise source
are multiplied.

Ω Ω ωω

ω0

E00

E01E0-1

E-10

E-1-1

E10

E1-1 E11E-11

Figure 1: Frequency Spectrum of Light
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Table 1: Audio sidebands on light

Noise
Source

E-1-1 E-10 E-11 E0-1 E00 E01 E1-1 E10 E11 Source
factor

Laserν
noise

1 E0

Laser
amp
noise

1 E0
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1 E0
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phase
noise

1 Esa

Signal 1 EA
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3 TRANSFER FUNCTION OF LIGHT FREQUENCY
SPECTRUM TO DARK PORT

3.1. Mode Cleaner

We propagate the light frequency spectrum through the mode cleaner and to the IFO dark
port in the following way. Starting with the mode cleaner, we write the equilibrium cavity field
equations (see fig. 2) as:

(6)

(7)

whereΦ is the round trip phase change suffered by the light in traversing the cavity and t and r are
the amplitude transmission and reflection of the mode cleaner mirror. The 2 equations may be
combined to give:

(8)

The round trip phase for the frequency components is calculated as follows. The resonance
conditions for the carrier and RF sidebands are:

(9)

(10)

where LM is the mode cleaner resonant length, k0 is the carrier wavenumber, andΩRF is the RF
frequency. Including the mode cleaner imperfections of a length offset from resonance

 and a sideband detuning from resonance dΩ we have:

(11)
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Figure 2: Mode Cleaner equilibrium fields
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(12)

whereω is the audio frequency of the noise source under consideration.

Inserting these expressions in 8 and taking the near resonance approximation eiΦ ~ 1 + iΦ we
obtain:

(13)

(14)

for the carrier and sideband field amplitudes after the mode cleaner. Hereωm is the mode cleaner

cavity pole,  and Eci and Esi are the field amplitudes of the frequency components

listed in table I.

3.2. Interferometer

We continue with the propagation of the fields of eqns 15-16 to the interferometer dark port. In
fig. 3 we show the circulating fields in the interferometer.
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Figure 3: Interferometer circulating fields
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we have (15)

and (16)

whereφ is the round trip phase shift of the carrier in the recycling cavity. Also

(17)

Combining eqns. 15 - 17 gives

3.2.1. Carrier

We haveφ1C = π + k(dxr+  + dxr-), andφ2C = π + k(dxr+  - dxr-), the resonance condition for the
carrier in the recycling cavity, degraded by the common and differential mode offset. Then

(18)

where∆rc = r2 - r1, anddxR is the recycling cavity deviation from resonance. The circulating fields
for the arm cavity give the following expression for the carrier arm reflectivity (see Appendix I):

(19)
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Then (20)

where , the arm cavity reflectivity match which gives the interferometer common

mode attenuation, ,which shows the filtering of noise on the carrier by the

coupled recycling-arm cavity; , the buildup of the carrier amplitude in the recy-

cling cavity; and we have dropped the smallikxr+  term in the denominator.

3.2.1.1 RF sidebands

For the sidebands we take the arm cavity reflectivity = 1 and the following expressions for
the recycling cavity phase shifts:

φI = 2 k lI (21)

= (22)

     = (23)

whereδ = lI - lP is the recycling cavity asymmetry and 2Ω LR = π, the recycling cavity sideband
resonant condition.

Similarly, φP = (24)

Then eqn. 18 gives

(25)

where  is the sideband amplitude buildup in the recycling cavity and where

we have neglected the recycling cavity pole  frc = (1-rR)(Ω/2π2) ~ 60 kHz.

E
c
d

Eco

2
--------tRG

c
R

Acm 1 i
ω
ωc
------+ iG

c
AkdxA+

1
iω
ωcc
--------

+


---------------------------------------------------------------- ikdxR+

 
 
 
 
 

∼

Acm ∆r c=

ωcc

ωc

2
------ 1 r Rr0+( )⋅∼

G
c
R

1
1 r Rr0+
--------------------=

2
ω0 Ω ω+ +

c
----------------------------

 LR
δ
2
--- dxr+ dxr -+( )+ + 








π πω
Ω
------- Ωδ

c
------- ωδ

c
------- k dxr+ dxr -+( )+ + + +

π πω
Ω
------- Ωδ

c
-------– ωδ

c
-------– k dxr+ d– xr -( )+ +

E
s
d E– so= tRG

s
Ri

Ωδ
c

-------
 ωδ

c
------- kdxR– 

+

G
s
R

1

1 r R
Ωδ
c

-------cos–
--------------------------------=



LIGO-T970074-00

page 10 of 21

3.2.2. Scattered light phase noise

The scattered light we consider enters the interferometer at the locations shown in figure 4,
after backscattering from the vacuum enclosure. We must modify the above expressions to
account for the change in noise source location, including the filtering and amplitude gain factors.

3.2.2.1 Recycling mirror path

For a source of scattered light at this location, we replace in eqns 20 and 25 the source term
E0 tr with Esr tr. The subsequent analysis is unchanged. Thus we have:

(26)

(27)

3.2.2.2 Dark port path

Scattered light injected at this location couples to the recyling cavity in the following way.
The recyling cavity is almost transparent to the sidebands, so that only 10% of the incident ampli-
tude is reflected. However the carrier returns along the beam splitter symmetric path with almost

Esr

Scattered light paths

Esr:  recycling mirror

Vacuum
Enclosure

EsaEsd

Esd: dark port
Esa: Arm cavity

Figure 4: Scattered light source locations

EsI:  ITM
EsE: ETM

EsI

EsE

E
c
d

Esr

2
-------trG

c
R

Acm 1 i
ω
ωc
------+ iG

c
AkdxA+

1
iω
ωcc
--------

+


---------------------------------------------------------------- ikdxR+

 
 
 
 
 

=

E
s
d E–= srtrG

s
Ri

Ωδ
c

-------
 ωδ

c
------- kdxR– 

+



LIGO-T970074-00

page 11 of 21

no buildup or common mode attenuation. For the carrier we replaceE0 tr / 2  withEsdp and also

setGc
R = 1,Acm =1, and apply the filtering of thesingle arm cavity pole. We obtain:

(28)

(29)

(30)

3.2.2.3 ITM path

For this path we find a large sideband buildup, and the carrier field dominated by a term
which couples directly to the dark port and undergoes single cavity filtering with no common
mode attenuation:

(31)

(32)

3.2.2.4 Arm cavity scattering path

In this case the scattered carrier light enters directly into the arm cavity. We use the expres-

sion of Appendix II and replace the source term  with Esaikxv. We

obtain:
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4 DEMODULATION OF PHOTOCURRENT

4.1. Photodetector current

If E1(ω1+ω0), E2 (ω2+ω0) are two electric fields incident on the photodetector whereω1>ω2 and
ω1, ω2 << ω0, the optical frequency, we can write:

(35)

(36)

and ip = EE* = AA* = (37)

where ip is the photodetector current and we have omitted terms which do not mix the two fre-
quencies.

Refering to figure 1 and writing the contributions to ip for all the fields separated by  which
will give a demodulated in-band output we have:

  ip =

+ (38)

The 1st 4 terms represent mixing of the carrier with the RF audio sidebands

       2nd 4 terms represent mixing of the carrier audio sidebands with the RF sidebands

4.2. Demodulation

The gravity wave port mixer output is the product of the photodetector signal with a quadrature
phase reference:

Vout = (39)

With T the RF modulation period,
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=    = (41)

Thus we can write:

V =

  + (42)

and therefore    |V| =

                Carrier x RF audio sidebands                   Carrier audio sidebands x RF

4.2.1. Demodulation Phase Noise

Phase noise on the local oscillator demodulation produces audio sidebands about the demodulator
frequency.

The quadrature demodulation spectrum is:

  A = Γ [sinΩt + (ao/2)(cos(Ω+ω)t + cos(Ω−ω)t)] (43)

Then the mixer output is:

V =

= (44)
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5 NOISE OUTPUT AND COMPARISON WITH SIG-
NAL

In this section we add the terms of eqn 39 for each noise source in Table I to form the mixer out-
put, and compare with the output from an arm cavity signal at the limit of the interferometer sen-
sitivity. To summarize, we use the the audio sideband amplitudes and source factors in Table I,
apply the phase shifts, filtering and gain factors from passage through the mode cleaner and inter-
ferometer (eqns. 13-14, 20, 25, 26-30), and demodulate the resultant frequency spectrum accord-
ing to eqn. 39. As many terms are involved, the sums were evaluated symbolically with the use of
aMathematica code.

For each noise source we list the largest noise couplings for both the carrier and sideband noise.
We then compare the dominant noise term to the arm cavity signal at the interferometer sensitivity
limit.

5.1. Arm Cavity Signal

With the carrier field of appendix II we can immediately write the mixer output as:

(45)

5.2. Laser Frequency Noise
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5.3. Laser Amplitude Noise

5.3.1. Carrier Noise

(49)

5.3.2. Sideband noise

(50)

5.3.3. Comparison to signal

(51)

5.4. Oscillator Phase Noise
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5.5.2. Comparison to signal

(55)

5.6. Scattered light Phase Noise - RM path
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5.7.2. Sideband Noise
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5.7.3. Comparison to Signal

(61)

5.8. Scattered light phase noise - ITM path

5.8.1. Carrier noise

(62)

5.8.2. Sideband Noise

(63)

5.8.3. Comparison to Signal

(64)

5.9. Scattered light phase noise - ETM path

5.9.1. Carrier noise

(65)

5.9.2. Comparison to Signal

(66)
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5.10. Arm Cavity Phase Noise

5.10.1. Carrier Noise

(67)

5.10.2. Comparison to Signal

(68)
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6 DERIVED LIMITS ON NOISE SOURCES
We assume all of the above noise sources must be held to <10% of the arm cavity signal at

the level of the interferometer sensitivity at f = 100 Hz.  In the following table we assume the fol-
lowing interferometer imperfection and list the derived limits on the noise sources.

Imperfections

Acm = 10-2

dxA = 10-12 m

dxr = 10-10 m

Table 2: Derived limits on Light Noise Sources

Noise Source Parameter Value

Laser frequency δν 10-7 Hz / Hz1/2

Laser amplitude δE / E0 10-8 / Hz1/2

Oscillator Phase a0 10-4 / Hz1/2

Oscillator Amplitude δA / A 10-8 / Hz1/2

RM scattered light Esr / E0 10-5

Dark Port scattered light Esd / E0 3.5 x 10-7

ITM scattered light EsI / E0 3.5 x 10-7

ETM scattered light EsE / E0 5 x 10-6

Arm scattered light Esa / E0 7 x 10-8
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APPENDIX 1 ARM CAVITY REFLECTIVITY

With the usual circulating field analysis we can write:

where

 =

Thus

where   ,  , and

Also with ∆xrms < 10-11 m and rF ~ 1 we have:

(69)

(70)

For ω >> ωc this expression reduces to 1, as is the case for the arm cavity reflectivity for the
RF sidebands.
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APPENDIX 2 ARM CAVITY SIGNAL
We solve for the circulating field in the recycled IFO, where the audio sidebands are seen as a
source field to be added to the circulating field:

Then  =       where

so that

and

Now Es = source field of audio sidebands

Thus (71)

This expression contains the arm cavity pole and the recycling cavity field amplification.
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