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REVIEW Of I,IGO BAFFI,E DESIGN AND IJIGHT SCATTERING IN BEAM TUBE
,tanuary 5 and morning of ,January 7, 1995

noom 114 East Bridge, CaLtech, Pasadena, CA

Final Agenda
Begin Each Morning at 9:00A!I

fndicaEed Times Include Discussion

PREITIMINARIES:

9:00 Overview of Issues --- Kip Thorne
(20min)

O 9220 The PresenU Baffle and Beam fitbe Desigms
(40min) IJIGO --- Larry ,Jones

VIRGO --- ,Jean-Yves Vinet
cEO --- walter Winkler

ISSUES ITNDERLYING SCATTERING CALCULATIONS [brief presentations by some or all
O of the indicated people, followed by a general discussionl:

l-0:00 Mirror lrregularities and Light Scattering from Mirrors:
(45min) Measurements; Theory; 1/\theta^2 Approximation for dp/d\Omega;

Reciprocity Relation for Scattering Out of and Into Main Beam
--- Rai Weiss
--- ,Iean-Yves Vinets

O --- Walter Winkler
--- Eanna Flanagan [Reciprocity RelationJ

L0:45 Surface Roughness, Specular Reflect,ivity, BRDF & Scattering Cross
(45min) Secgions for beam-tube materials [small incidence angle] and for

candidate baffle materials [large incidence angle]:
o measuremeil"*ilu*ll::*

--- Bob Breault
--- .fean-Yves Vinet
--- Walter Winkler
--- Hal Bennett???
--- Eanna Flanagan

o 11:30 Beam Tube and Baffle Vibrations
(45min) --- Larry ,Jones [seismic spectra at.LIGO sites]

--- Mike Gambl-e lnormal mode analysis of LfGO beam tube]
--- Eanna Flanagan [phase noise put onto scattered light,

that scatters or diffracts off vibraUing baffles
and scatters or reflects off vibrating wallsl

--- ,tean-Yves VineE
--- walter Winkler

12zL5 Photodetector Spatial Inhomogeneities, and the Unimportance??
(LSmin) of Recombination of Scattered IJight Int,o the Main Beam at the

Photodetector Compared to Recombination at a Cavity Mirror
--- Rai Weiss
--- Kip Thorne

l-2 :30 Lunch
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SATURDAY MORNING

9:00 Special Scatt,ering Noise Effects for Special Int,erferometer
(30min) Conf igruraEions:

O Delay r,ines
--- Walter winkler

hral Recycled Interferometers
--- Kip Thorne

O 9:30 Scattering Noise and its Control in Instrumentation Chambers
(30min)

---,Iean-Yves Vinet
---Rai weiss
---Walter Winkler

O CONCTUSIONS:

L0:00 Is the present LIGO baffle desigm adequate? optimal?
(2hours) What changes should be considered?

What furEher studies should be done before freezing Ehe desigm?

L2:00 Finish
o

o
||'

o

o

o

o

o



t
SCATTERING CATCTILATIONS :

1:30 Overview of the Calculations and Final Answers for the
(60min) Gravitational-Wave uoise h(f) from the Dominant Scattering Paths

LIGO --- Kip Thorne
VIRGO --- ilean-Yves Vinet
cEO --- Walter Winkler

Det,ails of scatEering calculations assuming Full Decoherence. Each
scauuering path will be discussed individually and fully before turning
to the next one. Some or all of the following people to make
presenEations on each issue...

--- Bob Breault
--- Rai Weiss
--- Eanna Flanagan
--- Kip Thorne
--- ,Jean-Yves Vinet
--- Walter Winkler

2:30 Specular Reflection from One Elnd of the IUbe to the OLher,
(30min) Evading A11 Baffles

a
3:00 Backscatter off Baffles
(30min)

3:30 Backscatter off Near Wall
(20nin)

O 3:50 BackscaEt,er off objects ats Far End of vacuum system
,. (15min)

4:05 oiffraction Aided Reflection
(5min)

o

o

o

o

o

o

O 4:l-0
( 5Omin)

5: L0
(5:15)

o

oiffraction off Baffles; Coherent Scattering Effects
and their Cont.rol; Mechanisms of Decoherence

Reflection off Baffle Edges
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LIGO BAFFLE REVIEW
Caltech, 6 & 7 January 1 995

OVERVIEW OF /SSUES
Kip Thorne



o
PHYSICAL ORIGIN OF
SCATTERING NOISE

Light scatters
back into main
beam mode
("recombination")
Mimics grav'l

Main-beam light
scatters off
.cavity mirror

Tube or baffle
vibrations put
oscillating phase
shift on light

^ Differs from usual light-scattering
o

noise by the essential role of the
o fluctuating phase shift

' DC scattered light is NOT aproblem

a
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AGENDA

Philosophy of org anLzation

o By issue, with short presentations
by several people + discussion

o

Walk through;
changes since prelimin ary

a

o

o

o

o

o

o
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REVIEW of LIGO BAFFLE DESIGN AND LIGHT SCATTERING IN BEAM TUBE
rlanuary 6 and morning of ,fanuary 7, L995

Room 1L4 East Bridge, Calgech, Pasadena, CA

Final Agenda
Indicated Times Include Discussion

Indicated Times Are the Earllest Each ltem is Likely to occuri
up Eo 90 minutes of slippage are possible

Chairr Stan Whit,conb

PREI,IMINARIES:

9100 overview of rssues --- Kip Thorne
O t20min)

9220 The PresenE Baffle and Beem Tube Designs
(40min) LIGO --- LarrY Jones

VIRGO --- Jean-Yves Vinet
GEO --- Walter Winkler

O rssuEs uNDERLyTNG sCATTERTNG cAr,cuLATroNs tbrief presenLations by some or all
of the indicated people, followed by a general discussionl r

10:00 Mirror lrregularieies and Light" Scattering from Mirrors;
(45min) Measuremencs, Theory; 1/\Lheta^2 approximation for dP/d\Onega;

ReciprociEy Relation for Scageering Out of and InEo Main Beam

o --- Rai Weiss
--- ,Jean-Yves Vineu
--- WalEer Winkler
--- Eanna Flanagan lReciprocity RelaCion]

10:45 Surface Roughness, Specular RefleceiviLy, BRDF & Scaetering Crosg
(45min) Seetlons for beam-tube materiats lsmall lncidence angle] and for

O candidabe baffle materiaLE llarge incidence angle]:
measuremenes and theory

--- Rai Weiss
--- Bob Breault
--- ,Jean-Yves VineL
--- WaIter Winklero ::: Hl"l_ll:::;:;

LL:30 Beam Tube and Baffle Vibrations'
(45min) --- Larry Jones lseismic spectra ac LIGO sit'es]

--- Mike Gamble lnormal mode analysis of L,IGO bean t'ube]
--- Eanna Fl"anagan lphase noise put onLo Ecagtered light

O that scateers or diffracce off vibrat,ing baffLes
and scatters or refleces off vibracing wallsl

--- Jean-Yves Vinet
--- Walter winkler

12r1.5 PhotodeEecgor Spatial InhomogeneiUies, and the unimportanee??

- (15min) of Recombination of Scateered Light Into the Main Beam at the
t photodeEector Compared to Recombination at a Cavily Mirror

--- Rai Weiss
--- Kip Thorne

1.2:30 Lunch

a
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O SCATTERING CALCUI,ATIONS:

1:30 Overview of the Calculations and Final Answers for the
(60min) Gravitational-Wave Noise h(f) from the Dominant Scattering Pathe

LIGO --- Kip Thorne
VIRGO --- Jean-Yves Vinet
GEO --- walEer Winkler

pegalls of scattering caleulations assuming Full Decoherence. Each
scattering path will be discussed individuaLly and fully before turning
go the nexE one. some or all of uhe following peopJ'e to make
presentations on each issue...

--- Bob Breault
--- Rai Weiss
--- Eanna Flanagan
--- Kip Thorne
--- ,fean-Yves Vineg
--- Walter Winkler

2:30 Specular Refleccion from One End of the Tube to Che Other,
(30nin) Evading Al.l. Baffles

O 3:00 Backscacter off Baffles
(30min)

3130 Backscatter off Near Wall
(20min)

3:50 Backscat,Ler off Objects at Far End of Vacuum System
O (tsmin]

4:05 Ditfract.ion Aided Refleccion
(Smin)

4:L0 piffraction off Baffles; Coherent Scattering Effects
O (50min) and their ConErol; Mechanisms of Decoherence

5:10 Reflect,ion off Baftle Edges
(5:15 )

o
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o



SATURDAY MOR}iING

9:00 Special Scattering Noise Effects for Special InLerferomecer
(30rnin) Conf igruraEions:

Delay Lines
--- WalEer winkler

oual Recycled InterferomeLers
--- Kip Thorne

9:30 Scautering Noise and itg Congrol in Instrumentation Chamberso (3omin) 

:,,*:i.::Ti*:::'
CONCI"USIONS:

O 10:00. rs tbe present, LrGo baffle design adeguate? optimal?
(2hours) whae changes should be eonsidered?

What furEher studies should be done before freezing the design?

12:00 Finish

o

o

o

o

o

a
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o

o



o

MY GUESS AT BOTTOM LINE
O OF MEETING

o o We ate not ready to freeze
baffle design

o

I We will probably want to make
o anumber of changes in the

baffle design
c

o Wb need further measurementso and further calculations

o based on those measurements,
before finaltzing the design

o changes

o



. SOME SUGGESTIONS FOR
BAFFLE CHANGES

'1. Change design goal
from "SQL for 1 ton test mass",o 
to "0.1 SQL for 1 ton"

o = "0.03 SQL for 100kg"
2. Change baffle material

o from beam-tube steel (dP/dA = 0.01)
to Martin black or other material

o with dP/d{2 = 0.00 1

3. Baffle the first 100 meters of beamo tube (it is now bare)

4, Remove unneeded baffles from
a

central regions of beam tube

'5. RandomLze the heights of baffle
serration peaks and valleys by 0.5mm
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o

O LIGO BAFFLE REVIEW
Caltech, 6 & 7 Janu ary 1 995

o

OVERVIEW OF SCATTERING
NOISE CALCULATIONS,

AN SW E RS, AN D I AI P LI CAT I ONS

LrGol

Kip Thorne

o
I
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HISTORY OF CALCULATIONS & METHODS
LIGO

O Kip,88/89 rr Analytic:
phase coherent paraxial optics;
phase incoherent intensity analysis

O BRO + Weiss & Whitcomb, 91 192 -r
Monte Carlo ray propagation

+ phase noise

o O Vinet found two serious errors in Kip's
analytic analysis & correspondingly in
phase noise part of BRO + WW 93 & 94

o O Eanna Flanagan & Kip, 94 -r
Analytic; complete reanalysis:

phase coherent paraxial optics;
phase incoherent intensity analysis

o

o
z
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o

REFLECTION I FORWARD SCATTERING
L

I
2R
J

o

o

Avoiding baffles

\(
rr6

ISSUES: / o-? ($tron-)t

Rai complete measurements of forward scattering

Redo analysis of attenuation down pipe, and noise
from this process, for various baffle configurations

o
.r

Proposal: Baffle the presently bare 1st 100 m
of wall after gate valve
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BAFFLE BACKSCATTER
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NEAR.WALL BACKSCATTER

With same wall backscatter B as for baffles
(F =0.01 ; Rai's recent measurement),
noise from near wall is same as from baffles,

lf change baffle material to F=0.001, then

Recommendation:
Baffle the near wall with material of F=0.001

(Recall: may want to baffle near wall anyway
to reduce reflection/forward scattering noise)

o
?
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BAFFLE DIFFRACTION

O Coherence worries for centered mirrors:
Eanna & Kip have done phase coherent,
paraxial optics calculation

O For unserrated, psrfectly round baffles, circularly
symmetric baffle vibrations, circularly symmetric
mirrors centered in beam tube [extreme phase
coherencel

r_n- )fr
L R- { 'tthwrnt 

^ d'g L.CC tau

/ 0'? "*/trF,. C{/'epl"

E"

.O To reduce noise:

Serrate baffles [alread lanned
o

o

/o

emove unnece datioll

of setation peaks and
valleys by 0.5mm (breaks coherence!)

[recommendation



o

t

o

o

o

o

t

o

)

a

BAFFLE DIFFRACTION
Centered Baffles
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BAFFLE DIFFRACTION
Very Off-Center Baffles

o O Baffles serrations neither help nor hurt the noise;
Fresnel zone pattern at baffle automatically
destroys coherencen:A**Ffr"uF

o

o

o

o

o

I

I
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PHOTODIODE RECOMBINATION

CAVITY RECOMBINATION

PHOTODIODE RECOMBI NATION
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THE SHASE NOISE ANALYSIS FROM BREAULT STRAY LIGHT ANALYSIS
R. Weiss Deccrnber 29, 1994

' The stray light analysis was carried out by Breault Research Organization (BRO) based
on a simplified model of the LIGO beam tubes and baffies. The phase noise analysis, using
the results of the BRO study, was done by the LIGO project.

BRO Analysis:

' In broaci ontline the original analysis usccl:

1. A sinrplified geometry of the LIGO tubes and baffies with one opticai cavity

2. The optical beam was placed near the tube center

a 3. Baffies had a uniform 12 meter spacing wihii a radial height of 6cnr high in the sha,pe r:f
a 45 clegree isosceles triangle. The l:affle$ w(,'rc serr;rterl at, f,he tap r:cige rvith a, cle1:i:h ar:d
period of 3rnm.

4. The closest baffie to a mirror was 1.00 meters.

O 5. The differential scattering of the tube and the baffies wa.s approximated by a Lambertian
distribution

dPrr.',(0) , ^.ff/fitr. = 0.1 cos(d) *r-t

O 6. The BRO diffraction model for bafres with serrated eclges was used.

7. An effeciive reflectivitv of the tube and baffie combinations was used in 10 discrete
sections of tire system.

8. The cavity mirror scattering (and subsequent recombination in the phase noise estimate)
O used a differential scattering

./P,"ur(d),^ 1x10-6 -13;it-inc: T sr

O 9. The stray light propagation used ASAP a "directed" Monte Carlo method to gain
sensitivity (requires experience and forethought to get the correct normalization).

10. The stray light intensity and brightness was estimated in lnap$ at the tube ends.

O 11. The path history wa$ given for each eniry in the map.

Number, iocation and type of encounter/entry

Backscatter, forward scatter or specular reflection

O Phase noise power estimate

The program broscatla.f was used, the introcluction to the prosram is given l:elow.

o
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Program calculates the phase noise from the individual paths in the BRO scattering anal-
ysis. It calculates the maximum, average and minimum phase noise for each of the trajec-

O tories given in the BRO path history tables and also uses both recombination at the final
mirror with mode filtering or recombination a,t, a nonuniform photoeletector. The estimate
is ma,de at 7 frequencies of the ground noise 1,3,10,30,10CI,300,1000 Hz.It uses tire notation
of the BRO layout.

The seperate regions of the calculation are:
a Regionl=inputmirror

Region 2 = 100 meters of rvall at input tnirrt-rr

Region 3 = Position of first ba{fle at 100 nreters

_ Region 4 = 307 baffies and wall 100 to 1400 meters from input mirror
a- Region 5 = 307 baffies and wall 1400 to 2700 meters from inprrt mirror

Regi<rn 6 = 307 baffies and wa,ll 2700 to 40{}0 rneters frorn inprt{: rnirror

Region 7 = Position of baffie at 4000 m(rters

O Region 8 = 100 meters of wall between 4000 to 4100 meters from input mirror

Regiong=Outputmirror
Region 10 - Reference plane inside the cavity at the input tnirror

The amplitude spectral density of posiliorr noise on a tttbe wa,li or ba,ffie is assumed to be

O isotropic and given by

x(f)=1.0**-7 1< f < l0Hzcmlsqrt(Hz)
- 10**-5 I tr*z f, > 10 Hz

The arnplitude of the angular fluctuation ncrise at tlre rvaiJs is

o rnu(f)=6x10**-9/f f > l0Hzraciians/sqrt(Hz)

The angular fluctuations include a Q of ten for the undarnpecl tube
modes. The spectrum is also used illegitin:ately for f { 10 Hz

The phase noise is summed in power with three differeut, c.a,se$

O Ca,se L Forward scabtering:

phi**2(f,theta) * (4*pi*theta*x(f )/lambda )* 
*2

Case 2 Back scattering:

a phi**2(f,theta) - (4*pi*x(f)/lambda)**2

Case 3 Specular reflectiott:

phi* * 2(f,theta,al) * (4*pi + theta* ( bI-2 +al 
) 
*mu( f ) /lamb cia) t *2

where al is the distance of the specular reflection center from one end of
t the tube and bl is the distance between the reference platre anci the

origin of the ray to be specularly reflectecl,

o
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New information after the initial estinration

The backscattering of the candidate steel for the beam tubes at 45 degrees

O incidence is smaller than that assumed in the BRO moclel by about a

factor of 8. (This is about to be a,ltered a,gain based otr the Dccetnl.rer

1994 nreasurements on the tltralificahion fesf, J:r:am trrbe)

The spatial uniformity of the photoclioclc srxrsitivity, ilritiaill' asstltnccl to ha,r'e

- an rnrs of 0.1 was rneasured to have an rms of 0.001. This rnakes
{lt!

photodetector recombination a less important process.

Vinet discovered an error in the calculatinns we had ma,de in the
estimate of the scatterecl field in the cnvity. He assertecl, ancl rve

egree, that the cavity field build up of the scattered field n:ust be inch"rcleci

I in estimating the phase noise. This has increased the phase noise by

cavity mirror recombination'

The original phase noise power estimates inclucled only lhe phase tioise

contribution from one mirror, these have tc l:e incren,secl i:y a factor of
4 to account for the four cavity tnirrors.

o
The enclosed figure shows the most recent version of the sca,ttered phase noise

budget including the above corrections.

o

o

o

a

o

o
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The recombination probabilities are:

For an unapodized beam and a non-uniforrn photocletector, ca,se 1;

av 
Prec(theta) = ((1-eta)**212*theta)*sqrt(lambda/L)

For an apodized beam (mode filterered), case 2:

Prec(theta) * (2*alpha/theta**2 )* (lamhda.lL)

a The calculation is done by surnming the irhase contribution frotn each step

in the BRO history of a single path . The BRO normaliaed intensity for

a specific path is the fractional power scattered to the refereuce plane

a,lready integrated over the specified area a,t the reference plane a,nci over

the solid angle subtended at the referenee plane of all rays a,ssociated

a with that particular path.
The specified area should really depencl ou lhe recornbination process,

I will use the waist area for both apodizecl and unapoclized estimates.

The calculation consists of

O sum phase noise**2 = sum(over a,ll pail:s in list)* BRO(intensity) +Prec(theta

last contact with tube before referer:ce plnne)*sum(phase noise**2)of BRO

described path

This is done for the ? frequencies and for three cases the max, average and

^ minimum determined from the minimrun, a,verage a,ncl maximttrn a.ngle associat,ed with
o rays coming from the BRO regions'

Initial results

Baftle backscattering dominates the phase ttoise buctgeb

Estirnated phase noise for cavity recombination lies below 1/10
O (amplitudej standard quantum limit associated with a L ton ntass. The

cavity storage time is adjusted tc be r = #- t"
couvert to a phase noise.

Iterations of the numerical analysis
o

a) The tube and baffie surface roughness was varied o = 2.5.

5.0, 7.5 p

b) The beam was moved 30cm frorn the lttlrc center.

a c) The first baffie was placed at 10 and 30 nreters froru the uearest urirlor.

cl) An unprejudiced Monte Carlo analysis was run in the 100 nreters

nearest the rnirror.

Changes in the phase noise porver estinrntes rvere less than a factor 4

O for any of these iterations. The changes c&n be understood by anall'tic
methods,

o
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Angular distribution of scatter

The scattered field dscat @lo the O0-mode) can be calcu-

lated as

dscat - rh6 - ooodoo '

Conversion to angular space by 2-dim Fourier transformation:

,h" (g *, gv) - FT (dr.", (r, y)) .

The scattering function f (.9) is given by

averaging over the azimuthal dependence of rlsa:

/(.r) = * lour"@,p)d,e.

Relation between scattering angle t9 and spatial wavelength A,

depending on the light wavelength ), is given by tl = ,\/A.
,\

'==p Minimumangled-in =i =5P,rad,
Ar

maximum angle d-u* = d-inT = l mrad,

with D = diameter of the component and N = number of
data points in one dimension.
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Rdard Sctrilling, MPCI Garcftitp, 29.t1-94 175439

corresponds to P : 10-6Suprosil refr. index

beom rodius: w : 10.0 mm
wovelength: tr - 1064 nm
totol scottering loss:

1-Po.o : 7-03'10-s
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Suprosil substrote (refr. index)

beom rodius: w:1Omm

wovelength: l:1 O64nm

totol scottering loss:
1 -Po,o:5.53'10-5
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OrO

Suprosil surfoce A

beom rodius: w : 10.0 rnm
wovelength: I: 1O64 nm
totol scottering loss:

1 -Po,o : 4.72"10-5

aooooIoo

Oo o o o o
o o o oo
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oreo corresponds to P - 1O-o

oreo correspo to P : 1O-6
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Suprosil surfoce

beom rodius: w : 10.0 mm
wovelength: tr :
totol scotterinq

4nm
SS:

1-Po,o : 1. .1 0-4
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oreo corresPonds to P:1 0-o

Herosif surfoce (R:Skm) fr 
q'vv vv'!--r 

m*n
beom rodius: w:l0mm / ^-, A \ O

wovelength:I:1064nm/,--\1
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Herosil surfoce (R:3km)

beom rodius: w:1Omm

wovelength: l:1064nm
totol scottering loss:

1 -P6.e:3.92'10-s

oreo corresponds to P:10-6
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tuWsffi1r lffilcanl*tg' O1.12.0't lQ€:lO

Silicon somple 1i

beom rodius: w : 10.0 mm
wovelength: tr: 1064 nm
totol scottering loss:

1-Po,o: 1.99'10-s

Silicon somple 2i

beom rodius: w : 10.0 mm
wovelength: tr - 1064 nm
totol sccttering loss:

1-Po,o : 3.62'10-s
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nobndscflep, ilFClcarcil$ 01.12.94 lO:(PlF

Herosil somple 1

beom rodius: w : 10.0 mm
wovelength: tr: 1064 nm
totol scottering loss:

1-Po,o : 2.14'10-s

Herosil somple 2

beom rodius: w : 10.0 mm
wcvelength: )\ : 1064 nrn
totol scottering loss:

1-Po,o : 3.58'10-s
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Robnd SamE, lpQGad-|g, Ol.12.9tl 15:4&48

HZ #5 (uncooted)

beom rodius: w : 10.0 mm
wovelength: l: 1064 nm
totol scottering loss:

1 -Po.o : 2.41 '10-5

oreo corresponds to P: 1O-6
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Robnd Sad|ip, liPCI Gcn*qr S.12.04 13:47:18
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Rolrnd Schillin', MPQ Orrchin6,3. 1. 1995 - l0:lE

Power loss due to scattering

Conversion into higher order modes:

I l::r6rh*n d'a d'v '

The distorted light field th4 can be described as

,h6(n, yl = d(r, A)' rhoo(r, Vl

(incident beam assumed to be Pure 0O-mode).

The a m plitude oos contained i n ,b a is given by

f f+@
@oo = J J _*{orhss 

d'n dy .

It depends on the beam radius ur of the incident beam.

The power Pscat lost from the fundamental mode is

Pscat - 1 - o3r.

(trmrt, =
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(lens effect subtrocted)
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Suprosil substrote: refroctive index vorioiions
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Suprosil substrote: refroctive index voriotions

Zrmx

Zmin
Z rrtts

39.83
*31 .47

18.10

nrl
rm
n'T]

Eo

'oo

nz

/ u / ros /Zeiss / relin dex / xmission.f md



t
I
f

oaoraa))taI

20

-20

Suprosil substrote: surf qce B
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Suprosil substrote: surfoce A
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Herosil substrote: somple 2 (R = Skm)
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Herosil substroie: somple 1 (R = Skm)
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Silicon substrote: somple 2i (R = Skm)
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Silicon substrote: somple 1i (R = Skm)
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Rofand Scfrilling, MFCI Gatchir€, 30'11'94 ro"51:24
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Measurements

All measurements have been performed by Zeiss:

Two-dimesiohal arrays d(*ry) of A[ x A[ data points

describing the deviation from the ideal case,

Af - 341, 385 or 414 (depending on the sample),

covering about 96yo of the full aperture of the samples

(i.e. 230 or 180 mm).

=+ Limited spatial resolution of = 0.5 mm

No direct measurements of scatter have been performed,

only simulations of the scatter to be expected from such

components (based on the Zeiss measurements).

We will see:

. 3-D plots of the distortion function d(*, A)

o Fourier spectra of the distortions

o Power loss due to scattering (for angles 5 1 mrad)

. Distribution of scatter into higher-order modes

. Angular distribution of scattering

o The scattering function /(.9)
o Scattered power outside a cone of half angle t9

O
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Scattering of optical components for gravitational wave detectors

Mainly truo effects:

. limitation of pourcr-recycling gain due to scattering losses

. reduction of sensitivity by spurious fake signals

Mainly two origins:

. roughness of optical surfaces

. inhomogeneity of substrates traversed by the light

We have evaluated data measured by Zeiss:

i.,:

material
number of

samples
diameter thickness

radius of
curvature

quality measurement possible use

fused silica
1 240 mm 75 mm 31m/oo standard

polishing
curved surface

uncoated & coated
main mirror

silicon
monocrystal

2 240 mm 75 mm 3km/oo best effort
polishing

curved surface main mirror

fused silica
Herasil 310

2 240 mm 75 mm 3km/oo best effort
polishing

curved surface main mirror

fused silica
Suprasil 3L1

1 187 mm 32 mm oo/oo top grade
homogeneity

optical path,
both surfaces

beam splitter,
FP mirror
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Power loss due to scattering

,h6@, yl = d(*, U) . rhoo(*, Yl

(incident beam assumed to be pure 0O-mode).

The amplitude oos contained in ,ha is given by

r r*oo
@oo = J J_*rh6rhoodr 

dy .

It depends on the beam radius ur of the incident beam.

The power Pscat lost from the fundamental mode is

Pscat - 1 - of,,,.

The distorted light field th4 can be described as

Conversion into higher order modes:

f f+@
amn = I I rh6rh*n dn dy .

J J-*

o



ror - tcfl-vt

Measurements

All measurements have been performed by Zeiss:

Two-dimesional arrays d(r, y) of AI x A[ data points
describing the deviation from the ideal case,

A[ = 341, 385 or 414 (depending on the sample),

covering about 960 of the full aperture of the samples
(i.e. 230 or 180 mm).

=+ Limited spatial resolution of = 0.5 mm

No direct measurements of scatter have been performed,

only simulations of the scatter to be expected from such

components (based on the Zeiss measurements).

We will see:

. 3-D plots of the distortion function d(*ryl
o Fourier spectra of the distortions

o Power loss due to scattering (for angles 5 1 mrad)

o Distribution of scatter into higher-order modes

. Angular distribution of scattering

o The scattering function /(,9)
o Scattered power outside a cone of half angle tl

19 12. 199{ - 16 28
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w : 2O.O mm Holle-Zeiss mirror #5 (cooted)
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Angular distribution of scatter

The scattered field thscat fu I o the 00- mode) ca n be ca lcu-

lated as

4rcut ='ha- aoolhoo'

Conversion to angular space by 2-d im Fou rier tra nsform ation :

,lru(f *,fy; - FT(+r.u, @,il).

The scattering function /(rt) is given by

averaging over the azimuthal dependence of tl.ta:

1 fzT
/(.e) - ; J, ,h^(,e, p) dp .

Relation between scattering angle t9 and spatial wavelength A,

depending on the light wavelength .\, is given by rg - 
^lA

A
==+ Minimum angle d*in = D = 5 trtrad ,

AT
maximum angle d*u* = d-inT = L mrad,

with D - diameter of the com ponent and Af
data points in one dimension.o
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Angulor distribution of scottering
Suprosil substrote: surfoce A

(cveroged)
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tilt corrected
beom rodius: w:1 0.0 mm
wovelength: tr:1064. nm
totol scottering loss:

1 -Pe,e:{.72'1O-s
peok volue: lp:3.J9.10J
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0.5 1.0
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Angulor distribution of scottering
Suprosil subslrote: surfoce B

(overoged)
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tilt corrected
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tilt corrected
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Angulor distribution of scottering
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tilt corrected
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o Ti:::f
aus in central Surfaces

Iqrerfect Substrates (y/nl ?

.A

?-nec-b€st

T-iaput

L a$fEn_best

P_laser

Detector Bfficiency

P-ear!_recyc_cav_00

P_carr_bright_00

P-carr_arm_on_00

P-carr-arn_of f_OO

P-carr_d.rk_00

P_carr_dark_total

Carr Contrast D€fect

P-sb-bright_OO

P_sb-dark_oo

P_sb_dark_total

Ca[|aa_best

Absolute Carr Aslrm Port

Absolute 1\ro-SB Asyfir Pou

h{Dcl

h | 1O0Hz I

Eq.frr, AttOrfroerA l' ross DrE ro (m-l
l.,rr(t/tOR Roo0{r639

O'
T,!o

y€3

1OO ppG

2.6rlt

2 .99t

.12 h

2.5 rat.ts

.8

37. 85

36.86

2454.4

2460.9

3.197r10^-12

2 . 980.10^- 5

1.52'10^-7

2t -34

0.$581

o.9082

. o5ll33

.00?a dw

3 - 3{ .tl{

5. 01.tO^-24

7 . {8rt,o^ -2{

l, tI

oo
11400

yes

1OO P[xr

5. 83t

2,99t

.151555 rr

2-5 watts

.8

17. 158

15.1r19

1095. O

1097.8

3.112r10^-5

5 .462' rO^ -2

7.95?r10^-3

13.71

o.9242

o. 9550

,6126

133 nva

408 nn

9 . 09'10^ -24

1 . 35r 10^ -23

t3l

.o972

.077 r|*f

10. 9 nta

7 . t9.10^ -24

1. ro.r0^-21

oo
T,€.to

lxt

10O plrn

2.651

2-99t

.10!!6?5 n

2.5 uaEta

.8

3?.88

35.88

2462.5

2t62.5

2.884.10^-25

2 - 513.10^-12

1. tt2.10^-13

35.73

o.98{6

0.9845

.00105

6.5'l.O^-9 nw

.00138eht

rl - 85"1O^-24

7.25.LO^-24

11900

yea

1OO ppm

3 .25t

2. 99t

.122111 xr

2.5 ratts

.8

30. ?58

29.762

1992.4

1993 .7

1 - 4{?r 10^ -5

1.9f,3'10^-2

1.298r10^-3

23.85

o.901?

o.9ao5

.4671

{3.f nw

2.12.9 sfl

6 - 18. lo^ -24

9 - 21.10^-2rl

z t.7

O Values

. o{54

-0036 df

2.31 nw

5. 42.10^ -24

8. OErlO^-24

o
1t500

ye3

1OO Dpat

{. o3t

2.993

.135 c

2.5 satts

.8

24.805

23.808

1600. 2

1601.8

5.970'10^-5

3.?53r10^-2

3.1{6.10^-3

19. 65

o- 91t?

O.9tl86

-5432

80.? dtl

l2.l - 9 r|*{

?.18.10^-2{

1.07.10^-23

{6. g

o
t/20s

ye3

190 ppat

15. 91

2.99t

.265838 rn

2.5 uatt.s

.8

6. 305

5. 306

3?9.60

383.53

1.785r10^-4

o.Lt22

{. 109.10^-2

4.82'l

o. 9508

o.9721

.5882

220 nw

5ll nw

1. 56.10^ -23

2.{3.10^-23

{fo 5

Repeat the hlfl calculations, nar using an Output uode Cleaner li.e. all non-TEMOO modes aat the asldmetric bearasplitter Inrt are elininatedl:

Garnaa_best_tlc

Absolute Carr Asynrn Pos
lorly TGUOo rernaing)

Absolute Tro-SE AslM poe
{o'}ly 

"EuoO 
relnainsf

h_Hc{DCl

h-uC ( IOOHz)

, soo62

7.2'10^-22 stitl

"00047 nw

rl . 85.10^ -2{

?.25.10'-2jt

.00142

8-O*10^-9 nl{

.O02L nw

i! . 8?* 10^ -2{

7 -26.LO^ -24

. 0671.

. 017 !nt{

5. l1l rltt

6.O?*10'-2rl

9.Ol'ro^-2rl

. l49l

. 441 rst{

25.3 nw

1 .30* 10^ -23

r.90*10^-23
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Inputloutput bata For FFT Sinulation program:

(All runs below are done wieh the lanbda/40o Calflat

Ouant i r.y

Run Data and Results

surfaces. and t.he originally faked. non-rescaled substrates. )

Values

A

RltS in Central Surfaces

T_Rec_b€st

T_input.

L-aslmm_best

P_laser

Gamna_best

P_ca rr_recyc_cav_OO

P_carr_br igtrr*0O

P_carr_a rm_on_O0

P_carr_arn_of f_00

P_carr_dark_O0

P_carr_dark_to!a l

Carr Contrast Defect

P-sb*dark_0O

?-sb_dark_total

h lDCl

h I l5OHz I

5O ppm

r/400

4 .561

2.991

.145 tn

2 uatts

.6494

21 -924

20 -926

1409.3

1{ 12.9

{.035.10^-5

8. l5l. r o^ -2

?.935r 10^ -3

o.90?6

4.9472

9.193r10^-24

L -?7d. lo^ -23

l5O ppm

1t40a

7. O8t

2 _991

.17? ro

2 watts

.5844

1rt.11l

13.116

89s.32

s9?.58

2. 527'10^ -5

5.253r1O--2

?.9?9r10^-3

o.9363

0. 962 3

1.101.10^-23

2.119*to^-21

LOO ppn

1/{OO

5.81t

2.99r

.161555 n

2 watts

.6126

17. r58

16.149

1095. O

1097. S

3.112.1o^-s

6 - 462. ta^ -2

?.957r10^-3

o,9242

o. 9560

1.02r10^-2f

1.95.10^-23
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to: Vacuum group
from: D. Shoemaker and R. Welss January 2q,lgg3
concernlng: Backscatter measurements on steel and Martin

l{e have measured the backscatter of severar surfaces atfor polarlzation perpendicular and parallel t,o the plane

The surf,aces are:

llLe4(catTtrL- 'et|ct

1fr' d) Frl't cf

black

5145 Angstroms
of incidence.

Martln black
rrOrlglnal'rsteel used by BRO

Heavy oxlde steel blue/brown

Bcad blasted 7511C

Drrd blasted 231tC

5145 Angstroms
--------NEW MEASURE},IENTS-

tsRDF thetainc polarlzation
L/sr degrees

unp
45
rv-.t
par

45
perP
Par

ai

perp
par
unp

45
perp
par

study 
r",eln,4
,J Cd.t,.4 /

S"t's"!l \-/i.i'r. \r1e .o,nz

< -._?-- - e. l''.,lAat I t

6328 Angstroms 6328 Angstroms
BRO MEASUREMENTS MARTIN DATA

for stray light
oxide surface

BRDE
L/ sx

1 .Oe-L (adopted
L.0e-1. (adopted
1.0e-1 (adopted
1.0e-1 (adopted

2.7e-2

L .1e-2

4 .8e-1

I ->3e-2

BRDF
L/ sx

1. 0e-3
1 1o-?

,
vaLue) I

value ) :.

value )

value)

Material

Martin BL l.8o'3 0
Martin 81 45
Martin Bl l.?c-3 45
Martin Bl 2,2a-3 45
Martin Bl L.5e-3 45

Original 2->3e-1 0
Original L.7->2a-2 45
Original. 3->3.2e-2 45
Original 1.6->1 ,8e-2 4S

lleavy Ox 3 .2->5.5e-2 0
Heavy Ox 7 ,7 ->9. 2e-3 4 s
Heavy Ox 1 .0->1.3e-2 45
Heavy Ox l. . 1->1 ,4e-2 45
Heavy Ox 45

Bead BI ?5 3.0->3.5e-1 0
Bead Bl ?5 2.1->2.2e-2 45
Bead Bl ?5 3.4->3.5e-2 45
Bead Bl ?5 3.3->3.5e-2 45
Bead 81 ? 45

Bead BI 23 2.5->3.2e-t 0
Bead BI 23 L.9->2.3e-2 45
Bead 81 23 3.7->3 ,9e-2 45
Bead 81 23 3.3->3.5e-2 q5

Measurement uncertainty in BRDF +-
background subtractlon)

Conclusions : Assuming dominant
Phase nol,se power derived from

perp
par

Le-4 l/sr (due to fluctuation in

contribution ls back scatter. ,

BRO stray ltght r.rodel to be corrected

*s" -
,: 

$,: ,

o

multlplylng by factor:

Orlglnal material
Heavy Oxlde' Bead Blast ?5
Bead Blast 23
Martin Black

0.10
0.2L
0.19
0.015

0.2
- 0.14

0.35
0.39
0 .022

o

by
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Figure 1. Visible BRDF of Martin Btack (f,). Figure 2..Visible BRDF of Martin Black (30.).
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Figure G. Infrared BRDF of Marrin Btack ($). Figuro 4. Infrared BRDF of Martin Black (30").
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a bachccat0lo{9s.txt Thu r7an 512:53109 1995 1

file: backscat010495 . txt
to: fiLe
from; R. Weiss January 4, 1995
concerning: Apparatus for scaEcering measurements from gteel and beam t,ube

o
H€-Ne laser with parameEers:

lambda = 0.633 microns
po$rer = 1.L mW

w0 = 2.44 x L0^-2 cm
z0 = 29.5 cm
Nominal beam divergence 1/2 angle = 8.3 x 10^-4 radians

Back scattering collimating system:

mirror diamet,er = 8.57 cm
hole in mirror = 0.80 cm
focal length = 100 cm
det,ector disEance = 100 cm
Si detector = 0.3 x 0.3 cm"2
Band pass filter at 0.6328 micron

on resonance t,ransmission = 0.85
bandwidth = 1..1 x L0^-3 micron

Forward Ecabtering system:

Angular accept,ance of detecting system = 11 degrees
Defining aperEure at detector = 0.745 cm
Phot,omulbiplier detector RCA (Burle) 4903

aperture = 3.35 cm
spectral response ' 520

Electronics:

Mechanical chopper frequency = 343 Hz
Transimpedence amplifier: 1M, L0M, 100M (ohm); thermal noise limit, on all
Detected noise eguivalent power (L00M) = 4.6 x 10^-14 waets,/sqrL(Hz)
Det,ect,ion bandwidth = 5.3 x 10^*L Hz

Calibrat,ion:

Mart,in Black: dP/d(omega)/Pinc normal incidence - 2 x 10^-3 sr^-1,
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