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REVIEW of LIGO BAFFLE DESIGN AND LIGHT SCATTERING IN BEAM TUBE
January 6 and morning of January 7, 1995
Room 114 East Bridge, Caltech, Pasadena, CA

Final Agenda
Begin Each Morning at 9:00AM
Indicated Times Include Discussion

PRELIMINARIES:
9:00 Overview of Issues --- Kip Thorne
(20min)
9:20 The Present Baffle and Beam Tube Designs
(40min) LIGO --- Larry Jones

VIRGO --- Jean-Yves Vinet

GEO --- Walter Winkler

ISSUES UNDERLYING SCATTERING CALCULATIONS ([brief presentations by some or all
of the indicated people, followed by a general discussion]:

10:00 Mirror Irregularities and Light Scattering from Mirrors:
{45min) Measurements; Theory; 1l/\theta”2 Approximation for dP/d\Omega;
Reciprocity Relation for Scattering Out of and Into Main Beam
--- Rai Weiss
~-- Jean-Yves Vinet
--- Walter Winkler
~-- Eanna Flanagan [Reciprocity Relation}

10:45 Surface Roughness, Specular Reflectivity, BRDF & Scattering Cross
(45min) Sections for beam-tube materials [small incidence angle] and for
candidate baffle materials [large incidence angle]:
nmeasurements and theory
--- Rai Weiss
--- Bob Breault
--- Jean-Yves Vinet
-~~~ Walter Winkler
--- Hal Bennett???
--- Eanna Flanagan

11:30 Beam Tube and Baffle Vibrations
(45min) --- Larry Jones [seismic spectra at.LIGO sites]
--- Mike Gamble [normal mode analysis of LIGO beam tube]
--- Eanna Flanagan [phase noise put onto scattered light
that scatters or diffracts off vibrating baffles
and scatters or reflects off vibrating walls]
--- Jean-Yves Vinet
--- Walter Winkler

12:15 Photodetector Spatial Inhomogeneities, and the Unimportance??
(15min) of Recombination of Scattered Light Into the Main Beam at the
Photodetector Compared to Recombination at a Cavity Mirror
-~-- Rai Weiss
--- Kip Thorne

12:30 Lunch
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SATURDAY MORNING

9:00 Special Scattering Noise Effects for Special Interferometer
(30min) Configurations:

Delay Lines
--- Walter Winkler

Dual Recycled Interferometers
--- Kip Thorne

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

---Jean-Yves Vinet

---Rai Weiss

---Walter Winkler

CONCLUSIONS:

10:00 Is the present LIGO baffle design adequate? optimal?
(2hours) What changes should be considered?
wWhat further studies should be done before freezing the design?

12:00 Finish



SCATTERING CALCULATIONS:

1:30
{60min)

2:30
(30min)

3:00
(30min)

3:30
(20min)

3:50
(15min)

4:05
(5min)

4:10
(60min)

5:10
(5:15)

Overview of the Calculations and Final Answers for the
Gravitational-Wave Noise h(f) from the Dominant Scattering Paths

LIGO --- Kip Thorne
VIRGO --- Jean-Yves Vinet
GEO ~-- Walter Winkler

Details of scattering calculations assuming Full Decoherence. Each
scattering path will be discussed individually and fully before turning
to the next one. Some or all of the following people to make
presentations on each issue...

--- Bob Breault
--- Rai Weiss

--- Eanna Flanagan
--- Kip Thorne

--- Jean-Yves Vinet
--- Walter Winkler

Specular Reflection from One End of the Tube to the Other,
Evading All Baffles

Backscatter off Baffles

Backscatter off Near Wall

Backscatter off Objects at Far End of Vacuum System

Diffraction Aided Reflection

Diffraction off Baffles; Coherent Scattering Effects

and their Control; Mechanisms of Decoherence

Reflection off Baffle Edges
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- OVERVIEW OF ISSUES
Kip Thorne



PHYSICAL ORIGIN OF
SCATTERING NOISE

Light scatters
back into main
beam mode

(“recombination”)
Mimics grav'l
wave

Tube or baffle
vibrations put
oscillating phase
shift on light

Main-beam light
scatters off
cavity mirror

_ Differs from usual light-scattering
noise by the essential role of the
. fluctuating phase shift

* DC scattered light is NOT a problem



AGENDA

Philosophy of organization

By issue, with short presentations
by several people + discussion

Walk through;
changes since preliminary
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Final Agenda
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Reciprocity Relation for Scattering Out of and Into Main Beam
--- Rai Weiss
--- Jean-Yves Vinet
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--- Eanna Flanagan [Reciprocity Relation]

10:45 Surface Roughness, Specular Reflectivity, BRDF & Scattering Cross
(45min) Sections for beam-tube materials [small incidence angle] and for
candidate baffle materials (large incidence angle]:
measurements and theory
~--- Rai Weiss
--- Bob Breault
--- Jean-Yves Vinet
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(45min) --- Larry Jones [seismic spectra at LIGO sites]
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and scatters or reflects off vibrating walls]
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Details of scattering calculations assuming Full Decoherence. Each
scattering path will be discussed individually and fully before turning
to the next one. Some or all of the following people to make
presentations on each issue...

--- Bob Breault
-~~ Rail Weiss

--- BEanna Flanagan
--- Kip Thorne

--- Jean-Yves Vinet
~--- Walter Winkler

Specular Reflection from One End of the Tube to the Other,
Evading All Baffles

Backscatter off Baffles

Backscatter off Near Wall

Backscatter off Objects at Far End of Vacuum System

Diffraction Aided Reflection

Diffraction off Baffles; Coherent Scattering Effects

and their Control; Mechanisms of Decoherence

Reflection off Baffle Edges



SATURDAY MORNING

9:00 Special Scattering Noise Effects for Special Interferometer
{30min) Configurations:

Delay Lines
--~- Walter Winkler

Dual Recycled Interferometers
--=- Kip Thorne

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

--~-Jean-Yves Vinet

---Rai Weiss

--~-Walter Winkler

CONCLUSIONS:
10:00 Is the present LIGO baffle design adequate? optimal?
(2hours) what changes should be considered?

What further studies should be done before freezing the design?

12:00 Finish



MY GUESS AT BOTTOM LINE
OF MEETING

® We are not ready to freeze
baffle design

® We will probably want to make
a number of changes in the
baffle design

® We need further measurements
and further calculations
based on those measurements,
before finalizing the design
changes



* SOME SUGGESTIONS FOR
BAFFLE CHANGES

*1. Change design goal
from “SQL for 1 ton test mass™,
) to “0.1 SQL for 1 ton™
= “0.03 SQL for 100kg”

2. Change baffle material
. from beam-tube steel (dP/d€2 = 0.01)
to Martin black or other material
. with dP/dQ = 0.001

3. Baffle the first 100 meters of beam
* tube (1t 1S now bare)

4. Remove unneeded baffles from
central regions of beam tube

*5. Randomize the heights of baftle
serration peaks and valleys by 0.5mm






LIGO BAFFLE REVIEW
Caltech, 6 & 7 January 1995

OVERVIEW OF SCATTERING
NOISE CALCULATIONS,
ANSWERS, AND IMPLICATIONS
[LIGO]

Kip Thorne
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HISTORY OF CALCULATIONS & METHODS
LIGO

® Kip, 88/89 -- Analytic:
phase coherent paraxial optics;
phase incoherent intensity analysis

® BRO + Weiss & Whitcomb, 91/92 --
Monte Carlo ray propagation
+ phase noise

® Vinet found two serious errors in Kip’s
analytic analysis & correspondingly in
phase noise part of BRO + WW, 93 & 94

® Eanna Flanagan & Kip, 94 --
Analytic; complete reanalysis:
phase coherent paraxial optics;
phase incoherent intensity analysis



OQUAN'T\)H Nowse & ,BAFFL;MQ GOAL.
— — — -

\“""

.STAN DARD QUAN UM Ln«uv-

s = (22 )= gt o
. m (Qn£ LY V2 +
11 fon

l'(eep l—. < k‘,sf"‘ @ |DHe <L <ro0f2

(leep Legt estimate belows 0.1 hgq,
. o, -g:gcb\,_ /D -gor UW(%r'Ea.cn‘E;e_s>
BUT :

JO 'LQ 30 >/€ar_s QS%QP LIQD \oQ_Q.wn_g
o OPQrat;DVLs) \5&?('&01‘ .saj gac":or ,D
of &ND@saj M= 100 ka =

-~

e Jdetector nolse @ L = -éx \,,
Say

> Succestee New Goac

Ot ~
]'(QCP LVSCM,T < 0.) ‘ms@._ @ /OHz<~$</oa}f§

)‘Ebh

1 tbn

1

W e



1 0'22
10723
10724

®e
0
O
@,
o,
e,
O
0
.
.
O
O
.
0
e
O

10-25__

-

%
O
O
0
o
0
0
O
O
0
0
.
0
.
O
O
0
O
v
0
O
,
0
.
O
O
%o
0

"
‘e

1 0‘26 -

e
0
.
0
L]
0
.
.
0
0
0
"
o
0
0
0
O
»
.
0
o
.
.
0
"
0
O
.
.
.
0
O
0
.
0
0
o
.
O
b\
0

L)
...
L)
.,
L/

e
»
0
0
O
.,
0
.
%
.‘

-27 | |
107 10 100

frequency, Hz

1000



"REFLECTION / FORWARD SCATTERING

. L 2

o Avoiding baffles 2 eovm Lule transh,
L Sumchidem
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¢ ISSUES: [0~ 7 & rome)*

o Rai complete measurements of forward scattering

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

Proposal: Baffle the presently bare 1st 100 m
of wall after gate valve

i
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BAFFLE BACKSCATTER
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frequency, Hz

B= 0.0l [Rassia BrOF)

beaw 20 cm $rowa wall
NO Vibrational amphficstion by tube A=l

|PROPOSAL:

Change baffle material to Martin Black or something

telse with ﬁ = 10-3 _J

4
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NEAR-WALL BACKSCATTER

With same wall backscatter B as for baffles

(B =0.01; Rai’s recent measurement),

noise from near wall is same as from baffles.
If change baffle material to $=0.001, then

Recommendation:
Baffle the near wall with material of 3=0.001

o

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



’ BAFFLE DIFFRACTION

. 0
® . .
® Coherence worries for centered mirrors:

Eanna & Kip have done phase coherent,
. paraxial optics calculation

@ For unserrated, perfectly round baffles, circularly
e symmetric baffle vibrations, circularly symmetric
mirrors centered in beam tube [extreme phase

coherence]
o
g - 3 A($)‘Ss(4)\]-——
LR Vhe
= S0 R >‘/.zz\" <, |
o (f/iom=)x 220 ) 077w JRia, (S /00

o ® To reduce noise:
JRemove unnecessary baffles [Legommendatiqgﬂ
Serrate baffles [already planned]
* andomize heights of serration peaks and
valleys by 0.5mm (breaks coherence!)
[recommendation]

{o
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BAFFLE DIFFRACTION
Centered Baffles
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. BAFFLE DIFFRACTION
Very Off-Center Baffles

o @ Baffles serrations neither help nor hurt the noise;
Fresnel zone pattern at baffle automatically
destroys coherence
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* BHOTODIODE RECOMBINATION

CAVITY RECOMBINATION
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BRDF of a PMS substrate
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SCATTEROMETER
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backscattering
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specular
reflection
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Reflectivity of a 304 L Stainless steel sample
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Backscattering from a 304L stainless steel sample
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BRDF of a 304L stainless steel sample
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THE FHASE NOISE ANALYSIS FROM BREAULT STRAY LIGHT ANALYSIS
R. Weiss December 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 bafles. The phase noise analysis, using
the results of the BRO study, was done by the LIGO project.

BRO Analysis:

In broad outline the original analysis uscd:
1. A simplified geometry of the LIGO tubes and baffles with one optical cavity
2. The optical beam was placed near the tube center

3. Baffles had a uniform 12 meter spacing with a radial height of 6cm high in the shape of
a 45 degree isosceles triangle. The baffles were serrated at the top edge with a depth and
period of 3mm.

4. The closest baffle to a mirror was 100 meters.

5. The differential scattering of the tube and the baflles was approximated by a Lambertian
distribution

scat () | .
Ei—{%é-(——-)—/}’mc = 0.1 cos(8) sr™?
6. The BRO diffraction model for bafles with serrated edges was used.

7. An effective reflectivity of the tube and baffle combinations was used in 10 discrete
sections of the system.

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

dPscat(e) - 1x 10.‘6 -1
o e = T =

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 maps at the tube ends.
11. The path history was given for each entry in the map.

Number, location and type of encounter/entry

Backscatter, forward scatter or specular reflection

Phase noise power estimate

The program broscatla.f was used, the introduction to the program is given below.
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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-
tories given in the BRO path history tables and also uses both recombination at the final
mirror with mode filtering or recombination at a nonuniform photodetector. The estimate
is made at 7 frequencies of the ground noise 1,3,10,30,100,300,1000 Hz.It uses the notation
of the BRO layout.

The seperate regions of the calculation are:

Region 1 = input mirror

Region 2 = 100 meters of wall at input mirror

Region 3 = Position of first baffle at 100 meters

Region 4 = 307 baffles and wall 100 to 1400 meters from input mirror
Region 5 = 307 baffles and wall 1400 to 2700 meters from input mirror
Region 6 = 307 baffles and wall 2700 to 4000 meters from input mirror
Region 7 = Position of baffle at 4000 meters

Region 8 = 100 meters of wall between 4000 to 4100 meters from input mirror
Region 9 = Qutput mirror

Region 10 = Reference plane inside the cavity at the input mirror

The amplitude spectral density of position noise on a tube wall or baffle is assumed to be
isotropic and given by

x(f) = 10**-7 1 < f < 10 Hz cm/sqrt(Hz)
= 10**-5 / f**2 f > 10 Hz
The amplitude of the angular fluctuation noise at the walls is

mu(f) = 6 x 10**-9/f { > 10 Hz radians/sqrt(Hz)

The angular fluctuations include a Q of ten for the undamped tube
modes. The spectrum is also used illegitimately for f < 10 Hz

The phase noise is summed in power with three different cases

Case 1 Forward scattering:

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

Case 2 Back scattering:

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

Case 3 Specular reflection:

phi**2(f,theta,al) = (4*pi*theta*(bl-2*al)*mu(f)/lambda)**2

where al is the distance of the specular reflection center from one end of
the tube and bl is the distance between the reference plane and the
origin of the ray to be specularly reflected.
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New information after the initial estimation

The backscattering of the candidate steel for the beam tubes at 45 degrees
incidence is smaller than that assumed in the BRO model by about a
factor of 8. (This is about to be altered again based on the December
1994 measurements on the qualification test heam tube)

The spatial uniformity of the photodiode sensitivity, initially assumed to have
an rms of 0.1 was measured to have an rms of 0.001. This makes
photodetector recombination a less important process.

Vinet discovered an error in the calculations we had made in the

estimate of the scattered field in the cavity. He asserted, and we

agree, that the cavity field build up of the scattered field must be included
in estimating the phase noise. This has increased the phase noise by
cavity mirror recombination.

The original phase noise power estimates included only the phase noise
contribution from one mirror, these have to he increased by a factor of
4 to account for the four cavity mirrors.

The enclosed figure shows the most recent version of the scattered phase noise
budget including the above corrections.



The recombination probabilities are:

For an unapodized beam and a non-uniform photodetector, case 1:
Prec(theta) = ((1-eta)**2/2*theta)*sqrt(lambda/L)

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

Prec(theta) = (2*alpha/theta**2)*(lamhda/L)

The calculation is done by summing the phase contribution from each step
in the BRO history of a single path . The BRO normalized intensity for

a specific path is the fractional power scattered to the reference plane
already integrated over the specified area at the reference plane and over
the solid angle subtended at the reference plane of all rays associated

with that particular path.

The specified area should really depend on the recombination process,

I will use the waist area for both apodized and unapodized estimates.

The calculation consists of

sum phase noise**2 = sum(over all paths in list)* BRO(intensity) *Prec(theta
last contact with tube before reference plane)*sum(phase noise**2)of BRO
described path

This is done for the 7 frequencies and for three cases the max, average and

minimum determined from the minimum, average and maximum angle associated with
rays coming from the BRO regions.

Initial results

Bafle backscattering dominates the phase noise budget

Estimated phase noise for cavity recombination lies below 1/10
(amplitude) standard quantum limit associated with a 1 ton mass. The

cavity storage time is adjusted to be 7 = = to

convert to a phase noise. ‘

Iterations of the numerical analysis

a) The tube and baffle surface roughness was varied ¢ = 2.5.

5.0, 7.5 p
b) The beam was moved 30cm from the tube center.
¢) The first baffle was placed at 10 and 30 meters from the nearest mirror.

d) An unprejudiced Monte Carlo analysis was run in the 100 meters
nearest the mirror.

Changes in the phase noise power estimates were less than a factor 4
for any of these iterations. The changes can be understood by analytic
methods.
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The basic configuration analyzed in this report is a single 4 kilometer ar with all
Mirrors on axis and no mid-station mirrors. A plot of the computer model of his
configuration is shown above with the vertical direction magnified 10 tn-s in order
to show more detail. Each distinct surface in the model is called 1 "object" and is
given a unique number and name as listed in the following tabi :

OBSELT nunbers/names:

1=FIRST NIRROR 2=uPIRST TUBE WALL ° 3=PIRET BAFFLE
4=rIRST BAITLE $SET 5aCENTER BAFFIE $ET 6=END BAFFLI BSET
T=END BAFTLE $=END TUBE WALL 9=END MIRROR
10=REFIRZNCE

The baffled tube was divided into five sections, separate 100 meter sections at each end
and three 1300 meter sections in betweea. Only the first and last baffles nearest the
mirrors were mocielled directly. The effects of the other 300 or so baffles were simulated

‘by an effective "scattering” from these 3 objects. None the of the mirror chambers are
shown since early on they were found to be insignificant.
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Roland Schilling, MPQ Garching, 29.11.94 14:52:48

Linear spectral density [nm~vm]
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Angular distribution of scatter

The scattered field ¥, (W/o the 00-mode) can be calcu-
lated as '

Vscat = ‘/’d — agotPygp -

Conversion to angular space by 2-dim Fourier transformation:

99 9y) = FT (¥seat(2,9)) -

The scattering function f(9) is given by
averaging over the azimuthal dependence of ¥“:

1 27
F(9) = - /0 V39, ¢) de .

Relation between scattering angle ¥ and spatial wavelength A,
depending on the light wavelength X, is given by 9 = A/A.

A
‘=> Minimum angle 9_. = o) ~ b urad,

maximum angle Omax = ‘9min"2_ ~ 1 mrad,

with D = diameter of the component and N = number of
data points in one dimension.



Roland Schiling, MPQ Garching, 29.11.94 17:52:39

Suprasil refr. index

beam radius: w = 10.0 mm

wavelength: A = 1064 nm

total scattering loss:
1—Pgo = 7.03-107°

area correspond;s to P=10"%




Suprasil substrate (refr.
beam radius: w=10mm
wavelength: A=1064nm

total scattering loss:
1 —Po'0=3.53‘10—5
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Roiand Schiling, MPQ Garching, 01.12.94 10:14:01

Suprasil surface A area corresponds to P = 107°

beam radius: w = 10.0 mm
wavelength: A = 1064 nm
total scattering loss:

1—Pgo = 4.72:107°



Herasil surface (R=3km)
beam radius: w=10mm
wavelength: A=1064nm

total scattering loss:
1 —Po,o=2.67‘10‘5




Herasil surface (R=3km)
beam radius: w=10mm
wavelength: A=1064nm

total scattering loss:
1—-Pg0=3.92:107°

area corresponds to P=10"%
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Roland Schilling, MPQ Garching, 01.12.94 10:42:10

Silicon sample 1i

beam radius: w = 10.0 mm

wavelength: A = 1064 nm

total scattering loss:
1—Pgo = 1.99:107°

Silicon sample 2i

beam radius: w = 10.0 mm

wavelength: A = 1064 nm

total scattering loss:
1—Pgo = 3.62:107°




Foland Schiling, MPQ Garching, 01.12.84 10:02:05

Herasil sample 1

beam radius: w = 10.0 mm

wavelength: A = 1064 nm

total scattering loss:
1—Pgo = 2.14-107°

Herasil sample 2

beam radius: w = 10.0 mm

wavelength: A = 1064 nm

total scattering loss:
1—Pgo = 3.58-107°

area corresponds to P = 107°

OO0 000 0 0 0 0 i - 8
OO OO0 O 0 0 0 O O - oo 9
O 0 O 0 0 0 0 0 0 0 O -~ = s - - 10

area corresponds to P = 1076



Roland Schilling, MPQ Garching, 01.12.94 15:46:48

HZ #5 (uncoated)

beam radius: w = 10.0 mm P m+n
wavelength: A = 1064 nm = L N\ 0
total scattering loss: 1

1—Pgo = 2.41-107° ‘ -------------- e I S — 2

3

__________________________________________________________________ 4
______________________________________________________________________ 5

OO0 0T E6C0() N 6
0O O 0 0 0 0 O N 7
O OO0 o 00000 s N\ 8
OO0 o0 o o 0o o 00 9
O OO o 0o ¢ o o 0 0O 10

HZ #b (coated)

beagn radius: w = 10.0 mm
wavelength: A = 1064 nm
totd! scattering loss:
1—Pgo = 2.17-107*
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Roland Schiling, MPQ Garching, 08.12.94 13:47:18

Total scattering loss

averaged over 20 different spot positilons
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Roland Schilling, MPQ Garching, 3. 1. 1995 - 10:18

Power loss due to scattering

The distorted light field 1 ; can be described as
‘Pd(w’ y) = d(z,y) - %o(w, Y)

(incident beam assumed to be pure 00-mode).

The amplitude ag, contained in 9 is given by

400
Qoo = / ¢d oo dx dy .

-0
It depends on the beam radius w of the incident beam.

The power P, lost from the fundamental mode is

2

sCa

Conversion into higher order modes:

400
Amn = // t/)d Ymndzrdy.
—00



refractive index variations

(lens effect subtracted)

Suprasil substrate

8.76 nm
-7.01 nm
3.16 nm
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Suprasil substrate: refractive index variations

207 Zrox = 39.83 nm

Zmin = —31.47 nm

i Zms = 18.10 nm
£ -
c 0
—-20 ]

/ufros/Zeiss/refindex/xmission.fmd
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Suprasil substrate: surface B
207 Zmox = 11.26 mm
Zmin = —24.00 nm
- Zms = 6.18 fm
£ i
C o
% N
WA *
] H 1 1 I L] ] L) 1 P T 1 ' L
50 100 150
mm

'u/ros/Zeiss/refindex/surface~b.fmd
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surface A

Suprasil substrate

7.98 nm
—11.85 nm
3.33 nm
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Herasil substrate: sample 2 (R = 3km)
207 Zrax = 3.72 nm
Zmin = —7.24 nm
- Zms = 1.63 nm

/u/ros/Zeiss/surface3k/herasil—2.fmd
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Herasil substrate: sample 1 (R = 3km)

207 Zoox =  4.47 nm
Zmin = —5.62 nm
. * Zms = 1.91 n"m

‘u/ros/Zeiss/surface3k/herasil—1.fmd
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Silicon substrate: sample 1i (R
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Halle—Zeiss mirror #5 (coated)
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Roland Schilling, MPQ Garching, 30.11.94 10:51:24

Halle—Zeiss mirror #5 (uncoated)
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Roland Schilling, MPQ Garching, 3, 1. 1995 - 10:18

Measurements

All measurements have been performed by Zeiss:

Two-dimesional arrays d(z, y) of IN X N data points
describing the deviation from the ideal case,

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

covering about 96% 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(x, y)

Fourier spectra of the distortions

Power loss due to scattering (for angles < 1 mrad)
Distribution of scatter into higher-order modes
Angular distribution of scattering

The scattering function f(9)

Scattered power outside a cone of half angle 9



ros — scat-vg

Mainly two effects:

1. 12. 1994 - 11:20

e limitation of power-recycling gain due to scattering losses

e reduction of sensitivity by spurious fake signals

Mainly two origins:

e roughness of optical surfaces

e inhomogeneity of substrates traversed by the light

We have evaluated data measured by Zeiss:

Scattering of optical components for gravitational wave detectors

material number of diameter | thickness radius of quality measurement possible use
samples curvature
fused silica 1 240mm | 75mm | 31m /oo stapda.nrd curved surface main mirror
polishing uncoated & coated

silicon 2 240mm | 75mm | 3km /oo best. ef'fort curved surface main mirror
monocrystal polishing
fused .smca 2 240mm | 75mm | 3km /oo best effort curved surface main mirror
Herasil 310 polishing
fused silica top grade optical path, beam splitter,
Suprasil 311 1 187 mm 32mm 00 [ 00 homogeneity both surfaces FP mirror

E

Creaw ot 1ok
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Roland Schilling, MPQ Garching, 19.12.94 16:45:54
Averaged scattering behaviour
for ¢ beam radius. of w = 10 mm
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Power loss due to scattering

The distorted light field 1 ; can be described as
¢d(w, y) = d(wa y) . "poo(wa y)

(incident beam assumed to be pure 00-mode).

The amplitude agq contained in 1 is given by

+o0
a00=/ ¢d¢oodmdy.

"It depends on the beam radius w of the incident beam.

The power P.... lost from the fundamental mode is

scat

P, scat — 1- 0’00

Conversion into higher order modes:

+o00
Amn = / Yq Ymn drdy.

il © @)

16:28
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Measurements

All measurements have been performed by Zeiss:

Two-dimesional arrays d(z, y) of N X N data points
describing the deviation from the ideal case,

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

covering about 96% 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:
e 3-D plots of the distortion function d(x, y)
° Fouriér spectra of the distortions
e Power loss due to scattering (for angles < 1 mrad)
e Distribution of scatter into higher-order modes
e Angular distribution of scattering
e The scattering function f(9)

o Scattered power outside a cone of half angle 9
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Averaged scattering behaviour
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Roland Schilling, MPQ Garching, 30.11.94 17:54:32

Suprasil substrate: refractive index
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Roland Schiling, MPQ Garching, 30.11.94 17:41:47

w = 20.0 mm Halle—Zeiss mirror #5 (coated)
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Roland Schiling, MPQ Garching, 29.11.94 15:26:20
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Roland Schilling, MPQ Garching, 30.11.94 17:45:00

Herasil surface: sample 2 (R = 3km)
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Roland Schilhng, MPQ Garching, 3. 1. 1995 - 1018

Angular distribution of scatter

The scattered field 1, ., (w/o the 00-mode) can be calcu-
lated as

Yscat = ¢d — ago¥Pyp -

Conversion to angular space by 2-dim Fourier transformation:

"Pa(ﬁﬂ?’ 19?!) =FT (¢scat(w’y)> .

The scattering function f(19) is given by
averaging over the azimuthal dependence of ¢%:

27

1
F(d) = : Y(9, p) dep .

Relation between scattering angle ¥ and spatial wavelength A,
depending on the light wavelength A, is given by 9 = A/A.

==> Minimum angle 9 _. = D ~ 5 urad,

maximum angle Omax = ﬂmin—z— ~ 1 mrad,

with D = diameter of the component and IN = number of
data points in one dimension.



° ° ° ® ® ° .. . . ®

Roland Schilling, MPQ Garching, 29.11.94 17:52:03

Angular distribution of scattering (averaged)
Suprasil substrate: surface A

tilt corrected

beam radius: w=10.0 mm

wavelength: A=1064. nm

total scattering loss:
1—Pg0=4.72-107°

peak value: 1,=3.39-10°

rel. radiant intensity I [sr™']
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Roland Schilling, MPQ Garching, 29.11.94 17:52:17

Suprasil substrate: surface B

rel. radiant intensity I [sr™']

-1.5 -1.0 -0.5 0.0
/afs/ipp/u/ros/Zeiss/refindex/surface—b—t—10mm—av Scctte rin g an g l € ,ox [m ra d]

Angular distribution of scattering (averaged)

tilt corrected

beam radius: w=10.0 mm

wavelength: A=1064. nm

total scattering loss:
1—Pgo=1.25-10"*

peak value: Ip=3.08-104

1.0 1.5




Roland Schilling, MPQ Garching, 29.11.94 17:52:33

Angular distribution of scattering (averaged)
Suprasil substrate: refractive index

4 _
10 tilt corrected
beam radius: w=10.0 mn
N wavelength: A=1064. nm
total scattering loss:
102 -

1—Pg,0=7.03:-107°
peak value: Ip=7’36-103

rel. radiant intensity I [sr']

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
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Roland Schilling, MPQ Garching, 28.11.94 17:51:22

Angular distribution of scattering (averaged)

Herasil surface: sample 2 (R = 3km)

tilt corrected ,

beam radius: w=10.0 mm

wavelength: A=1064. nm

total scattering loss:

10% - 1-Pgp=3.58+10"5
' peak value: 1,=4.73-10°

rel. radiant intensity I [sr™']

—-t0%...  ~0.5-. 0.0 0.5 1.0
| scattering angle ¥, [mrad]
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Roland Schilling, MPQ Garching, 29.11.94 17:50:55

Angular distribution of scattering (averaged)

Halle—Zeiss mirror #5 (coated)

tilt corrected

beam radius: w=10.0 mm

wavelength: A=1064. nm

total scattering loss:
1-Ppo=2.17-107*

-peak value: Ip=7.17-104

rel. radiant intensity I [sr™']

-0~  ~0.5.. 0.0 0.5 1.0
| scattering angle ¥, [mrad]
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log10(waves(5145A)**2 /wavenumber)

1 ] L ) 1 i 1

-0.5 0
log10(wavenumbers cm—1)

Yo, ~ .,
3 el Tt

o
9]
-~ "-:&j,\&



/e

log10(waves(6328A)~2/wavenumber)

-10

-12

0 1
log10(wavenumbers cm—1)

ctfext 3



@ zmin = 6.3§8E-07 zmaxgr 2.750E+00g

amip €6328)

kx ky

xmin = 9.830E-02 xmax

3.148E+00 ymin =

oalflatRdfit.det ; Thu Jan & 13:63:28 1008

-

9.830E~-02 ymax = 3.146E+00

T v,




)

0.000E+00 zmax = 1.566E-03

zmin

amp 6328A

n/1

-
0.dis: TERNIKE AMPLITUDES 8.0em redius : Tha Jun 16 21:53:18 1094

AL Av' VARV N
L2 ASZ NN v\»’",‘#&b

4T ey

xmin = 0.000E+00 xmax = 2.000E+01 ymin = 0.000E+00 ymax = 2.000E+01

M"Uz.!ﬁ\it' -



zmin = 0.000E+00 zmax = 3.766E-03

amp 6328A

oulflatzernddd . dls TRANIKE AMPLITUDES 9.00m rediys t Thw Jun 16 21:35:14 1964

KT9)
I
RN

n/1 xmin = 0.000E+00 xmax = 2.000E+0! ymin = 0,000E+00 ymax = 2.000E+01

Cutf 2 2arn 34 8. £ S



2081 OLERIR 8L awd wAT : asiboy 2003 SEQUTAIIA KTHSEX 2ib.0.0bCmesialtise

1043000.8 = xsmy 004+3000.0 = aimy 10+3000.8 = xsmx 00+3000.0 = mimx

RE mas 3T

N\n

T'2€@CE—03

SWIU = ('000E+00 SWeX

swb @3589V




$081 38:01:5R BL awt wAY : me 8.5=0v SEGUTLIMDIA SEUAD BAANUOAL eib.8.LaE3Usitse

0+300&8.I = xsmy 00+d000.0 = gimy 10+H008.I = xsmx 00+3000.0 = mimx

293 £ a6 Whahoo

q\m

SWIT =" 0°000E+00 SWeX = T@RAE-03

swb e3sgv




Log10( Contracted LG amplitude 63284)

-
-
- -
-3
- -]
- -
foe -
- -
-3.5
¢ [
Y \
J
o —
)
)
[y
o+ -y
[y
Y
)
o + -
[}
)
Y
N —— ]
Y
)
-4 3
L)
.
[}
)
- ) b
‘1
[}
.
‘. -
B \
.
.
. . .
.
.
.
.
- . -
)
[y
‘\
_4.5 Ve
.
- .. -
.
.....
“p
Ry
= tee. ~4
.y
.............................................
- -
1 1 1 L i | 1 1 ] 1 1

radial index (contracted angular index)

cafidhy 2,2,5,8 4 0%

e,




Quantit "

RMS in central Surfaces
Imperfect Substrates (y/n)?
- A
T._Rec_best
T_input
L_asymm_best
P_laser
Detector Efficiency
P_carr_recyc_cav_00
P_carx_bright_00
P_carr_arm_on_00
P_carr_arm_off_00
P_carr_dark_00
P_carr_dark_total
Carr Contrast Defect
P_sb_bright_00
P_sb_dark_00
P_sb_dark_total
Gamma_best
Absolute Carr Asymm Pow
Absolute Two-SB Asymm Pow
h{pC)
h(1004z)
EQJN APDsTipwA ¢

toss pvE vo  ((f~)
PMIRAOR RoucywfisS

Repeat the h{f) calculations, now using an Output Mode Cleaner

Gamma_best_MC

Absolute Carr Asymm Pow
fonly TEMOO remains)

Absolute Two-SB Asymm Pow
{only TEM0OO remains)

h_MC(DC)

h_MC(100Hz)

Zero
no
100 ppm
2.65%
2.99%
.104675 m
2.5 watts
.8
37.88
36.88
2462.5
2462.5
2.884*%10"-25
2.613*10"-12
1.42*10"-13
35.73
0.9846
0.9846
.00106
6.5%10"-9 mW
.00138mW
4.86*10"-24

7.25*10"-24

. 00062

7.2*10°-22 aW

.00047 oW

4.86%10"-28

7.25*107-24

Zexo
yes
100 ppm
2.64%
2.99%
.12 m
2.5 watts
.8
37.85
36.86
2460.8
2460.9
3.197*107-12
2.980*10"-6
1.62*10°-7
23.58
0.8581
0.9082
.05433
.0074 mW
3.34 mW
5.01*10"-24

7.48*10"-24

10012

.00142

8.0%10°-9 mW

.0021 aw

4.87*10"-24

7.26%10"-24

. Values

1/900
yes
100 ppm
3.25%
2.99%
122111 m
2.5 watts
.8
30.758
29.762
1992.8
1993.7
1.447*10°-6
1.933*10"-2
1.298*10-3
23.85
9.9017
0.9405
.4671
43.3 mW
242.9 W
6.18410%-24

9.21*10"-24

2§5.%

1/600
yes
100 ppm
4.03%
2.99%
135 m
2.5 watts
.8
24.805
23.808
1600.2
1601.8
6.970*10%-6
3.753*10"-2
3.146*10"-3
19.66
0.9137
0.9486
.5432
80.7 mW
324.9 mW
7.18*10"-24

1.07*10~-23

$6.¢€

1/400
yes
100 ppm
5.83%
2.99%
.161555 m
2.5 watts
.8
17.158
16.149
1095.0
1097.8
.112*10~-5
.462*10"-2
.957*10~-3
13.71
0.9242
0.9560
.6126
133 mw
408 mw
.09*10"°-24

.35%10"-23

r 31

1/200
yes
100 ppm
15.9%
2.99%
.265838 m
2.5 watts
.8
6.305
5.306
379.60
383.53
1.785*10"-4
0.1122
4.109+*10"-2
4.827
0.9508
0.9727
.6882
220 mW
511 mW
1.66°10"-23

2.43*10~-23

{i.e. all non-TEMOO modes aat the asymmetric beamsplitter port are eliminated):

. 0454

-0036 mW

2.33 mW

5.42*10"-24

8.08*10"-24

.0671

017 mw

5.14 mW

6.07*10~-24

9.03*10"-24

.0972

077 W

10.9 mW

.39*10%-24

-10+10"-23

.1491

-441 mwW

26.3 mW

1.30*107-23

1.90+%10"~-23



Run Data and Results

Input/Output Data For FFT Simulation Program:

tAll runs below are done with the lambda/400 Calflat surfaces, and the originally faked, non-rescaled substrates.)

Quantity Values
A 50 ppm 100 ppm 150 ppm
RMS in Central Surfaces 17400 17400 17400
T_Rec_best 4.56% 5.83% 7.08%
T_input 2.99% 2.99% 2.99%
L_asymm_best .145 m .1615%5 m 177 m
P_laser 2 watts 2 watts 2 watts
Gamma_best . 6494 .6126 .5844
P_carr_recyc_cav_00 21.924 17.158 14.113
P_carr_bright_00 20.926 16.149 13.116
P_carr_arm_on_00 1409.3 1095.0 895.32
P_carr_arm_off_00 1412.9 1097.8 897.58
P_carr_dark_00 4.035*10~-5 3.112*10"-5 2.527*10~-5%
P_carr_dark_total 8.351*10~-2 6.462+10~-2 5.263*10~-2
Carr Contrast Defect 7.936*10~-3 7.957+*16"-3 7.979*10~-3
P_sb_dark_00 0.9076 0.9242 0.9363
P_sb_dark_total 6.9472 0.9560 0.8623
h(DC) 9.193*10"-24 1.02*10~-23 1.103*10~-23
h{150Hz) 1.774*10~-23 1.96*10"-23 2.119*10~-23
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to: Vacuum group jTieny  RARRED
from: D. Shoemaker and R. Weiss January 24,1993
concerning: Backscatter measurements on steel and Martin black
We have measured the backscatter of several surfaces at 5145 Angstroms
for polarization perpendicular and parallel to the plane of incidence.
The surfaces are:
Martin black
"Original"steel wused by BRO for stray light study ,w“”
W“; ] (L)
Heavy oxide steel blue/brown oxide surface - C‘:’/
e A
Bead blasted 7511C e cesarar
-~ -
Bead blasted 2311C c§é; e r
NAay O '

5145 Angstroms 6328 Angstroms 6328 Angstroms

-------- NEW MEASUREMENTS~===w=- BRO MEASUREMENTS MARTIN DATA

Material BRDF thetainc polarization BRDF BRDF

1/sx degrees 1/src 1/sr
Martin Bl 1.8e-3 0 1.0e-3
Martin Bl 45 unp l.le-3
Martin Bl - 1.7e-3 45 45
Martin Bl 2.2e-3 45 perp
Martin Bl 1.5e-3 45 par

Y

Original 2->3e~-1 0 1.0e~1(adopted value) k
Original 1.7->2e-2 45 45 1.0e-1 (adopted value)
Original 3->3.2e~2 45 perp 1.0e-1(adopted value)
Original 1.6->1.8e~-2 45 par 1.0e-1(adopted value)
Heavy Ox 3.2->5.5e-2 0 2.7e-2 .
Heavy Ox 7.7->9.2e-3 45 45 -
Heavy Ox 1.0->1.3e-2 45 perp A
Heavy Ox 1.1->1.4e-2 45 par * o
Heavy Ox 45 unp 1.le-2 v
Bead Bl 75 3.0->3.5e-1 0 4,.8e-1
Bead Bl 75 2.1->2.2e-2 45 45
Bead Bl 75 3.4->3.5e-2 45 perp
Bead Bl 75 3.3->3.5e-2 45 par
Bead Bl ? 45 . unp 1->3e-2
Bead Bl 23 2.5->3.2e-1 0
Bead Bl 23 1.9->2.3e-2 45 45
Bead Bl 23 3.7->3.%e-2 45 perp
Bead Bl 23 3,3->3.5e-2 45 par

Measurement uncertainty in BRDF +- le-4 1/sr (due to fluctuation in
background subtraction)

Conclusions: Assuming dominant contribution is back scatter.

Phase noise power derived from BRO stray light model to be corrected by
multiplying by factor:

Original material 0.17 - 0.2
Heavy Oxide 0.10 - 0.14
Bead Blast 75 0.21 - 0.35
Bead Blast 23 0.19 - 10.39
Martin Black 0.015 - 0.022

‘afres
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backscat010495.txt Thu Jan 5 12:53:09 1995 1

file:backscat010495. txt

to: file

from: R. Weiss January 4, 1995

concerning: Apparatus for scattering measurements from steel and beam tube

He-Ne laser with parameters:

lambda = 0.633 microns
power = 1.1 mW

w0 = 2.44 x 10"-2 cm
z0 = 29.5 ¢cm

Nominal beam divergence 1/2 angle = 8.3 x 10%-4 radians

Back scattering collimating system:

mirror diameter = 8.57 cm
hole in mirror = 0.80 cm
focal length = 100 cm

detector distance = 100 cm

Si detector = 0.3 x 0.3 cn"2
Band pass filter at 0.6328 micron
on resonance transmission = 0.85

bandwidth = 1.1 x 107~3 micron

Forward scattering system:

Angular acceptance of detecting system = 11 degrees
Defining aperture at detector = 0.746 cm
Photomultiplier detector RCA (Burle) 4903

aperture = 3.35 cm

spectral response = 520

Electronics:
Mechanical chopper frequency = 343 Hz
Transimpedence amplifier: 1M, 10M, 100M (ohm); thermal noise limit on all
Detected noise equivalent power (100M) = 4.6 x 10*-14 watts/sqrt (Hz)
Detection bandwidth = 5.3 x 10~-1 Hz

Calibration:

Martin Black: dP/d(omega)/Pinc normal incidence = 2 x 107-3 sr~-1
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