LASER INTERFEROMETER GRAVITATIONAL WAVE OBSERVATORY

- LIGO -

CALIFORNIA INSTITUTE OF TECHNOLOGY
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

Document Type LIGO-T970074-00- D 3/28/97

Secondary Light Noise Sources in LIGO

Jordan Camp

Distribution of this draft:
Xyz

This is an internal working note
of the LIGO Project..

California Institute of Technology Massachusetts Institute of Technology
LIGO Project - MS 51-33 LIGO Project - MS 20B-145
Pasadena CA 91125 Cambridge, MA 01239
Phone (818) 395-2129 Phone (617) 253-4824
Fax (818) 304-9834 Fax (617) 253-7014
E-mail: info@ligo.caltech.edu E-mail: info@ligo.mit.edu

WWW: http://www.ligo.caltech.edu/

file /home/jordan/cos/T970074-00-D.fm - printed March 28, 1997



LIGO-T970074-00

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 fregylency
which produce additional audio sidebands when the light is phase modulated at the RF frequency
Q. We first look at frequency noise.

The electric field of the (noiseless) lightis= EoeiwOt whegeaBdwy, are the carrier ampli-
tude and frequency.

Writing frequency noise as/ =vg +dv coswt (1)

wheredv andw are the amplitude and Fourier frequency of the frequency variation,

the total laser electric field (fEphase variation isgp(t) = 2mu,t + 2150 sinwt 2)
E, = EO|:ei<.oot + n_(?)[)(ei((.oo+ W)t ei(u)o—co)t):| 3)

Now the laser electric field of amplitude 5 phase modulated to produce RF sidebands:

iA
E= El_eI > where A.=T cosQt

= EL[l + %(eiQt + e“Qt)} forl << 1 4)

_ Eo[eiwotJr%(ei(wﬁw)t_ei(wo—w)t)} |:1+i?r(eiQt+e—iQt):|

+ i_I_(ei(ooo+Q)t + ei(ooo—Q)t)

it TIOU , i(wy+ w)t i(0y— W)t
= + — -

Eol(e " (e e ) >
iToulr i(w0+w+Q)t_ei(wo—w+Q)t+ei(w0+co—§2)t_ei(wo—w—Q)t)] (5)

20 (e

The above expression contains 9 frequency components: the carrier and 2 RF sidebands and
their associated audio sideband pairs.

+
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Figure 1 shows the frequency components of the light, including the noise audio sidebands. In this

Eoo
E.10 Eio
Eo-1 Eo1
E.ia E.11 E1a E11
| | | |
< > .
b

Figure 1: Frequency Spectrum of Light
diagram, B, refers to the electric field component of RF indgwhere +/- 1 denotes the RF
sidebands) and audio indeXwhere +/- 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 )& OE coswt
RF oscillator phase noise,&.=I cos Qt + &, coswt)

RF oscillator amplitude noise:(A.=T (1 + @A/A)coswt) cosQt

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

E = B + E kg Xyac COSWt) where Eis the amplitude of the scattered light

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

E = B + Ep Ko Xa COst)  where K 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.
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Table 1: Audio sidebands on light

Noise E—l-l E_lo E-ll Eo_l EOO EOl El-l Elo Ell Source
Source factor
Laserv | —irmdy ir |irmou | -mdu | 1 | mdu | —rmduv | ilf |irmdu| FEo
noise 2w 2 2w w w 2w 2 2w
Laser | irdE | if | ir®E | 8E | 1 | 8E | ildE | il | il3E | Eo
amp | 4E, | 2 | 4E, | 2E, 2E, | 4E, 2 | 4E,
noise
Oscv | ra, | il | Ta, 1 —Ta, | il | -Ta, =)
noise | 2~ 2 Z 4 2 4
Osc. | irdA | il | iF3A 1 iFCdA | il | if3A | B
amp. 4A 2 4A 4A 2 4A
noise
RC | Tkox,| il | Tkox,| KoXv | 1 | iKoX, | Tkox, | il | -Tkox,| Esr
phase 2 | 2 | "1 -1 > —
noise
Arm ir KXy | 1| ikgXy ir Esa
phase 2 2 2 2
noise
Signal ir |koXA 1 IkOXA ir B

2 2 2 2
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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:

EI Et EO
—
— —
-—
Er

Figure 2: Mode Cleaner equilibrium fields

E, = t,E —rE, 6)

E, = E€%r (7)

where® 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:

2 id/2
E - t, Ee ®)
0~ 2 o

l+r, e

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

2kl = T 9)
2TIC _
2L Qg (10)

where L, is the mode cleaner resonant lengghiskhe carrier wavenumber, afighg is the RF
frequency. Including the mode cleaner imperfections of a length offset from resonance
L', = L+ dX, and a sideband detuning from resonareevé have

@ = 2kl = %(ooo+w)(Lm+dxm) = %[n+ oL, + wod X ] (11)
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®g = 2kl = (—2:[n+ 21+ Wb, + wydx, +dQL ] (12)

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

Inserting these expressions in 8 and taking the near resonance approxifﬁatidme’cb we
obtain:

| T+2k A%
Eco = Ei| 1+ (1G,) Y (13)
%“'@]D
wL
| "+ 2kdx, +dQ Ly
Eso = Esi 1+(|Gm) (14)

for the carrier and sideband field amplitudes after the mode cleanew}je¢he mode cleaner

and g and E; are the field amplitudes of the frequency components

cavity pole,G,,, = 5

1-r,

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.

7N
ry, I : complex arm reflectivities
Iy : recycling mirror reflectivity s
Eq : field at dark port + E,
Eo  E
- | >
-4 / -4
E, E;
'R r
Ei=E1-B

Figure 3: Interferometer circulating fields
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E i i
we have E, = Et (rye Py re he) (15)

E _i i
and E, = E tg+ E_Et%R(rZE e ™) (16)
whereq@is the round trip phase shift of the carrier in the recycling cavity. Also
E _ _.
Eq= Et (r,e I(pz—rle e (17)

Combining egns. 15 - 17 gives

E, S S
7'°tR(r2e e ™
Ed: 'r —i ¢y —iQ,
1+ E(rle +r,e )

3.2.1. Carrier

We havep;c = T+ K(dx + dx.), and@,c = i+ k(dx.+ - dx.), the resonance condition for the
carrier in the recycling cavity, degraded by the common and differential mode offset. Then

E—ict (Ar +ir kdx.)
c 2 R c c -

S T (T kdx ) (18)

whereAr, =1, - 11, anddxg 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):

. -1 | . cC
ro+irg a+|G AKod X,

C
re = : (29)
1+
wC
t2 2
wherer, = rg —ﬁ, G°a = T is the buildup of the carrier in the arm cavity, is
—Tr —Tr
the arm cavity deviation from resonance a;mtd]i H1-rg) is the arm cavity pole frequency.
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- Dmcm[u '(ﬂ +iGakdx, 0
C (of0) C .
0 %l T 0

whereA.,, = Ar. , the arm cavity reflectivity match which gives the interferometer common

W
mode attenuation(, DEC {1 +rgry) ,which shows the filtering of noise on the carrier by the

coupled recycling-arm cavit)GCR = , the buildup of the carrier amplitude in the recy-

1+rgr
cling cavity; and we have dropped the sniadl,. term in the denominator.

3.211 RF sidebands

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

@ =2kl (21)
= oI 2TOM S (ax, +ax )] (22)
Tr+%w+%6+w—6+k(d>§++dxr) (23)
whered = |, - Ip is the recycling cavity asymmetry an@2._ = 11, the recycling cavity sideband
resonant condition.
Similarly, (pp=n+%w—%6—w—6+k(dxr+—dx ) (24)
Then eqgn. 18 gives
ES%= —E, t:Gxi [96 + ‘*i’— kXl (25)
whereG°r = —195 is the sideband amplitude buildup in the recycling cavity and where
1- rRCOS™—~

we have neglected the recycling cavity po,I@:f(l-rR)(Q/Zle) ~ 60 kHz.
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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.

Scattered light paths

Es. recycling mirror
Eg: ITM

Esg ETM

Esq4 dark port

[
I
I
[
I
|
[
I
|
Ess Arm cavity :
|
[

Vacuum |
Enclosurg

Figure 4: Scattered light source locations

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
Ep t; with Eg, t,. The subsequent analysis is unchanged. Thus we have:

DAcm[l + iﬂ} +iGCakdx, 0
EC _ Esr c l wc . ]
d= TtrG RE e + |kde% (26)
0 N Wl 0
E%= —Eort, G 5%5 + %5— kxe2 @7

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
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no buildup or common mode attenuation. For the carrier we refiigtce 2 withEgq,and also
setGgr = 1,A.,, =1, and apply the filtering of trenglearm cavity pole. We obtain:

E[l+|—}+|G Akdx, E

E‘a= Bl o + ikl (28)
D %L 0, O ]

ESu= —0.1E,GRC [95 4 90 —kd)gQ (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:

E[1+|—}+|G Akdx, E

E‘a= EgO +ikdxs0 (31)
O %l iwg O
O (,JCD O

E’s= 10EsiG RI[QE) + C"—E’—kde (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 Il and replace the source tﬁg%l T Eljl - %kx \BLhikx,. We
R'0 “'F

obtain:

E = _GAIkX (33)

te %L |ooD

3.225 ETM path

This path is similar to the arm cavity path except we must multiply the source term by the
ETM transmission. We have:

_ tgE e Gpikx,

= ¢ %l I(,OD (34)
F
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4 DEMODULATION OF PHOTOCURRENT

4.1. Photodetector current

If E1(0y+wy), B (wotwyy) are two electric fields incident on the photodetector wivgres, and
Wy, Wy << Wy, the optical frequency, we can write:

it oot iyt

E, = Re(Ee

+E,e )e ] (35)

—iwpt

= Re Ae ) (36)

i(0— )t

and j, =EE¥ = AA* = [E,E,[ ™ 1 ¢q] = 2R BE,[E ] (37)

where }, is the photodetector current and we have omitted terms which do not mix the two fre-
guencies.

Refering to figure 1 and writing the contributionsféor all the fields separated ¥+ w  which
will give a demodulated in-band output we have:

. i(Q+w)t i(Q-w)t i(Q+w)t i(Q-w)t
ip=2Rd EyoElL; €@ 4 BB €@ 4 B B @+ B, EDhe PN

i(Q-w)t i(Q+ )t i(Q+ W)t

+2Rg E,_,E0 e +EED_ e +EgE0 o6 +E e @Y (38)
The !4 terms represent mixing of the carrier with the RF audio sidebands

294 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=Ii pSiNQtdt (39)

With T the RF modulation period,
(t+T)

2 (Q+wt
T J’ Rd ae
t

]sinQtdt = —R¢g( g sinwt — Im(a) coswt (40)

page 12 of 21



LIGO-T970074-00

i(Q-w)t iwt]

= [Re[-dk IsinQtdt = —Im[ae (41)
Thus we can write:
V= —Am(Eoo(EXL1_1—EDy_y) + ECho(Eqq —E_49)
+ Eg(ED 30— EDo) + EDh_ 1(Eqq—E_;0) )€™ (42)

and therefore |V| =
[Ego(ED1_1—ED 1) + ERho(Eqy —E_yy) + Eg(EB 40— EDyo) + ECh_1(Eqo—E_y9)

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 =T [sinQt + (a/2)(cosQ+w)t + cosQ-w)t)] (43)
Then the mixer output is:
iQt]

V= IRe[( BoE_10-+ EqpEqoD e a—2°(cos(Q + W)t + cog(Q —w)t)dt

a,
= Re( EygE_; 1+ E9FgH) 7 cosot (44)
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5 NOISE OUTPUT AND COMPARISON WITH SIG-
NAL

In this section we add the terms of egn 39 for each noise source in Table | 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 |,
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
aMathematicacode.

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 Il we can immediately write the mixer output as:

2

rE koG AX
V= —OtzRGCRGsR P A (45)
? 1+ qur?
Ceo D
5.2. Laser Frequency Noise
5.2.1.  Carrier noise
2
rE
V= 2G5G0T A Q1 (46)
2 w W, 1+ nw ?
|]"")CCE|
5.2.2.  Sideband noise
= 5
_ 0,2 TIOL
V= -—2——tRGCRGSR PAem s (47)
5.2.3. Comparison to signal
V5\) ov L
= = (48)
Vsignal mVO X
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5.3. Laser Amplitude Noise

5.3.1. Carrier Noise

2 Ek G.d kod 'GmemE
+ +
V_rEOZC s 5EDOAXA oPRTIT0 0
= -—2——tRG rRG RD?E 0 [l (49)
0 W
O Ceo, M O
5.3.2.  Sideband noise
2
NEg.2 ¢ s _BE G ol
V= CtRGRG RDZ?OB(OGAdxA+kOdXR+| — (50)
5.3.3. Comparison to signal
Vse _ OE dXa w0 (51)
Vsignal 2EO X We

5.4. Oscillator Phase Noise

We consider noise on the RF modulator and also the local oscillator demodulation (egn 40.)

5.4.1. Sideband noise

2
re a A..G wL kd
V= —°t§G°RGSRD—°[‘*’—5(kOGAdxA)+ om m Xf} (52)
2 4 | c c

5.4.2. Comparison to signal

—Véa = a_ow_édi“ (53)

Vsignal 4c X
5.5. Oscillator Amplitude Noise
5.5.1.  Sideband noise

2
_ |'E02 C S

2
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5.5.2.  Comparison to signal

Vea _ 8A Xy 0

Vo~ T2A X o

signal

5.6. Scattered light Phase Noise - RM path

5.6.1. Carrier noise

w

0
% Acma

re
V= TOtﬁEerCRGSR KX,

5.6.2. Sideband Noise

e
V: TOtZREerCRGSR D(OXV(A

cm)

5.6.3. Comparison to Signal

Vr _ E_sr«/éAcva
Eop GupX

Vv

signal

5.7. Scattered light Phase Noise - Dark Port path

5.7.1. Carrier Noise

[
e

[
|_\
+
£1é
0o,

S
V= TEgtrE<G'R KX,

5.7.2. Sideband Noise

Eg c s

2
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OOod
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Comparison to Signal

Vsd — 2«/_2Esd Xy
Vsignal tRGCREO GaX

5.8. Scattered light phase noise - ITM path

5.8.1.

5.8.2.

5.8.3.

Carrier noise

€

(9)

s

OO0
|

(|

[E

+

o || E
cle
o,
[

Sideband Noise

_ I_EO C S
V= TtRIOESIG RG Rl:kOXV(Acm)

Comparison to Signal

Vsl — 2«/_2Esl Xy
Vsignal tRGCREO GaX

5.9. Scattered light phase noise - ETM path

5.9.1.

5.9.2.

Carrier noise

Gk X
V= tgt E TE tsG'r b=t

2
1+2
wC

Vse  _ 2tFtBEsE§/
\%

Comparison to Signal

signal tRGCREO X
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5.10. Arm Cavity Phase Noise

5.10.1. Carrier Noise

[ EqtyGRG AikX,

l1 . OW?
1+ QFCD

tFEsa ﬁ/

V= tE_

5.10.2. Comparison to Signal
Y,

sa

Vsignal tRGCREO X
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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 = 102
dxa = 1012 m
dx, = 10%m
Table 2: Derived limits on Light Noise Sources
Noise Source Parameter Value
Laser frequency ov 107 Hz | HA?
Laser amplitude OE/ Ky 108/ HZL/2
Oscillator Phase A 104 | HA/2
Oscillator Amplitude 0A /A 108/ HZL/2
RM scattered light E/E 10°°
Dark Port scattered light &/ By 35y 107
ITM scattered light §/E 3.5 x 107
ETM scattered light E/E 5 x 106
Arm scattered light &/ B 7 x 108
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APPENDIX 1 ARM CAVITY REFLECTIVITY

B
E; L+ dx,
_ &
=g = )
-—
With the usual circulating field analysis we can write:
2 o
tce
ro = rF+F—_i¢
l+ree
where ® = 2k(L+d —2[?mo+w%L+d
= 2k( X) = O ¢ Xa)
2Lw
= 1T+T+2k0dxa
Thus
-1. W N
ro+rgi g— +KkyGdx,
o 0 F Q’oc 0~a O
C
1+i Eg + koGt
C
where w. = —C—Dl-—_r—E G°a = 2 and, = r (®= 1)
¢ 2L I'F ' A 1_rF ’ 0 ¢

Also with Ax;ms< 102t m and g ~ 1 we have:

Foti %% +koGalAX,
Cc
B

1+i—
(8

re

(69)

(70)

For w >> wy 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:

7N
Es
-+
i Ea
- -+
/ -+ —
Er Er
'R e r=1
Eq
L + dx,
2TV, + W
Then En = Eg+Eg =E,+Epe I2k(LWLOD%‘)( 1) wherdé = g
sothat E,= =
(l_rF)%l E
1+ikd
and  E4= Bl |X(i)
(1—rF)%L+ O
Now Eg = source field of audio sidebands
= EOD 'R_rr) ' lex
2 M +rgrgi—r .0
E ikX
Thus Eg= —tgGoG—2— (71)

5 'RVR
o

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