LIGO LIGO-T1300591-v2

LASER INTERFEROMETER GRAVITATIONAL WAVE OBSERVATORY

LIGO
CALIFORNIA INSTITUTE OF TECHNOLOGY
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

LIGO- T1300591 —v2 8/15/13

I'TM Elliptical Baffle--Black
Glass Hybrid Design
Scattering Analysis

Michael Smith

LIGO Hanford Observatory LIGO Livingston Observatory

P.O. Box 1970; Mail Stop S9-02 19100 LIGO Lane

Richland, WA 99352 Livingston, LA 70754

Phone (509) 37208106 Phone (225) 686-3100

Fax (509) 372-8137 Fax (225) 686-7189

E-mail: info@ligo.caltech.edu E-mail: info@ligo.caltech.edu
California Institute of Technology Massachusetts Institute of Technology
LIGO — MS 100-36 LIGO — MS NW22-295
Pasadena, CA 91125 Cambridge, MA 02139
Phone (626) 395-2129 Phone (617) 253-4824
Fax (626) 304-9834 Fax (617) 253-7014
E-mail: info@ligo.caltech.edu E-mail: info@ligo.mit.edu



mailto:info@ligo.caltech.edu
mailto:info@ligo.caltech.edu

LIGO LIGO-T1300591-v2



LIGO LIGO-T1300591-v2

CHANGE LOG

Date,
version

Summary of Changes

6/27/13
V1

New document

8/15/13
V2

Increased BRDF black glass @ 57 deg to 4E-5 sr”-1
Updated scattering solid angle
Increased rough cut hole edge area
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1 Introduction

A hybrid design for the ITM Elliptical Baffle is proposed, in which a plate of black glass
is attached to the existing center skin to cover the stainless steel (SS) surface; the only
modification to the SS skin is to add several clearance holes for attachment bolts.

The cut edge of the beam hole in the black glass is a major scattering element and the
edge must be fire-polished so that this is not a dominant scattering surface.

In the following analysis, the scattered light displacement noise is calculated for two
cases: 1) all oxidized polished stainless steel surfaces, 2) the hybrid structure as described
above. Greater than a factor 70 times reduction in scattered light displacement noise
could be achieved with the Hybrid baffle.

Figure 1: ITM Elliptical Baffle with Black Glass Plate Insert
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Figure 2: Cross Section of Baffle, Showing Beveled Edge of Black Glass Hole
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2 Scattering Analysis

The power recycling cavity beam passes from the ITM through the hole in the ITM
Elliptical Baffle, and the wings of the Gaussian beam get clipped by the baffle hole.

arm cavity power, W P, = 8.125x 105

Transmissivity of ITM HR Titmnr == 0.014

power exiting from ITM toward elliptical 4
baffle, W Pitoa=Pa Titmn Pitm = 1.1375x 10
power hitting the ITM elliptical baffle Pitmellbd(o’o) =0.5342

from ITM side, W

2.1 Oxidized Stainless Steel Baffle

2.1.1 BRDF of Oxidized Stainless Steel

The incident angle of the light hitting the surface of the ITM Elliptical Baffle is 57 deg,
and the incident angle hitting the edge of the central plate of the baffle is centered at 0
deg.

The BRDF was measured for oxidized polished stainless steel at incidence angles of 57
deg and 3 deg as a function of the angle away from the specular directions, as shown
below. The BRDF data is approximately symmetrical for plus and minus angles about the
specular direction.
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Figure 3: BRDF of Oxidized Stainless Steel
2.1.2 Scatter by Elliptical Baffle Portion
Power passing through the elliptical
Baffle hole, W
2
dy+b ox+a- 1—y—
b2
Pitmellbaftran(3: &) := [ [ litr(%y) dxdy
2
J6y -b JESx—a- 1—y—
. b2
4
Pitmellbaftran(o’o) =1.1374x 10
power hitting the ITM elliptical baffle Pitmellba(& ) = Pitm— Pitmellbattran(® )

from ITM side, W
Pitmellbaf(0;0) =0.5342
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Power scattered into IFO mode
from both arms, W

displacement noise @ 100 Hz, m/rtHz

Pitmellbasss = V2 PitmelIbaf(0- 0)-BRDRyihatss A itma

10

P =1.1735x< 10

itmellbafsss

05
itmellbafsss 2
Koo

2.1.3 Scatter by SS Baffle Hole Edge

horizontal edge, m

vertical edge, m

exitance function from ITM at edge, W/m”2

maximum width of exposed edge, m

Radius of baffle hole, m

p
DN; =TF | — —-k
itmellbafss - itmar
( Ppsl \/E
— 24
DNitmeIIbafss = 7.671>< 10
X:=a
y:=C
x2+y2
—2. >
4-P, Wi
Orc
Mx,y) =2 - tm
T-W;

Itm

litrY) = 358.2562

Witmbat ‘= 2 Tedgess

Ritmbaf = @
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exposed area of baffle hole edge, m”2

0 0

2 2 2 2
itmbakss = [ 2 |Ritmpaf —X dX— [ 2'\/Ritmbaf = (X~ Witmpag) "o

~ Ritmbaf ~ Ritmbaf " Witmbafe

A

5

A =1.1379% 10

itmbatess

power incident on ITM Baf hole edge, W

Pitmbatdgess = litr{@ 0)-Ajtmbatss

3

Pitmbakdgess = 4-077x 10°

power scattered from two ITM Ellip Baf hole edge toward ITM,
W

Pitmbaiadg&sss = \/_2'Pitmbafedgess 'BRDFedgess Ajtma

12

Pitmbakdgesss = 2-9855x 10

05
p.
displacement noise @ 100 Hz, m/rtHz DNitmbafadgess = TF’tma{Mj 'Xbaf'i'k
2

i
I:’psl \/_
— 24
DNitmbaisdgess =1.2235x 10
DN;
ratio of edge scatter to baf scatter w =0.1595
DNitmellbafss
2.1.4 Total Scatter by SS ACB
Total SS baf scatter power, W Pitmbassts = Pitmellbafsss + Pitmbatdgesss
10

Pitmbagsts = 1-2034x 10

10
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total SS baffle displacement noise @ 100 Hz, m/rtHz

~ K

V2

p 05
itmbafsts 2
DNitmbafst ::TFitmar'( I ] “*paf *
ps

- 24
DNitmbakst = 7-768x 10

2.2 Hybrid Stainless Steel Baffle with Black Glass Panel

2.2.1 BRDF of Black Glass

The BRDF was measured for black glass at incidence angles of 57 deg and 5 deg, as a
function of the angle away from the specular direction.

As will be shown in the following section, the cut edges of the beveled black glass hole
of the baffle are the dominant scattering surfaces, and it will be necessary to fire-polish
the cut edge of the glass. An estimated BRDF of the fire-polished edge at 0 deg was
constructed, based on the BRDF data at 5 deg; the two free parameters BRDFbgfp62 and
BRDFO can be adjusted to represent the degree of roughness of the fire-polished cut
edge.

BRDF Black Glass fire polish (empirical estimate)

break-over angle, rad 0y := 0.5 —8.7266x 10 °
180
micro-roughness angle, rad 0y := 51 —0.0873
180
max BRDF, sr-1 BRDRR,=0-
final slope modifier B:=0.8

micro-roughness constant

11
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Cpny = 1.6548x 10
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Figure 4: Measured BRDF @ 5 deg and Estimated BRDF of Fire-polished Black
Glass @ 0 Deg Incidence

12
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2.2.2 Scatter from Black Glass Elliptical Baffle Surface

Power scattered into IFO mode
from both arms, W

Pitmellbafbgs = V2 Pitmellbaf(0- 0 BRDRyibathg A itma

—13
Pitmellbafbgs = 1-5647< 10

05
displacement noise @ 100 Hz, m/rtHz . F’itmellbafbgs 2
DNitmellbafog = Thitmar P Hpaf =K
psl \/E
_ 25
DNjmefibafog = 2-8011x 10
2.2.3 Scatter from Black Glass Baffle Hole Edge
. . _4
maximum width of exposed edge, m Vi pi= 2'redgebgr fedgebgr = 2.54x 10
Radius of baffle hole, m Ritmipaf = 0-112
exposed area of baffle hole edge, m”2
° 7 g |
2 2 2 2
Ajtmbakbg = | 2 |Ritmbaf —X dx - | Z'JRitmbaf ~ (X~ Witmpag) @
~ Ritmbaf ~ Ritmbaf* Witmbafe

—4
Aitmbaghg = 1-1379< 10

power incident on ITM Baf hole edge, W

Pitmbatdgebg = litn{@ 0)-Ajtmbatbg

Pitmbakdgebg = 0-041

13
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power scattered from two BG ITM Ellip Baf hole edge toward
IT™™, W

Pitmbaitzdgebgrs = \/E Pitmbaiadgebg ‘BR DFedgebgr Ajtma

11

Pitmbakdgebgrs = 2-9855< 10°

displacement noise @ 100 Hz, m/rtHz

2 K

V2

p 05
itmbakdgebgrs
DNjtmbakdgebgr = TFitmar‘( Pogl J Xoaf -
ps

_ 24
DNitmbatdgebgr = 3-8691x 10

ratio of rough cut edge scatter to baf scatter

DN;jim bakdgebgr
DNitmellbafbg

=13.8131

14
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2.2.4 Scatter from Black Glass Baffle Fire-polished Hole Edge

Gt =

ei(et, exy) = acos (oos (exy)-oos (et))

"exyrmxedge— W A
2:0i(04,0, )+ I.'trmro
S = [ e \/ 2 7 litmaro
edgebg (et,BRDFbgfp) = | BR Dﬁw,fp(es + 2-ei(et,exy))- Witmar0 — Ditmar()(es - 2-ei(et,exy))] : ; doy -cos(exy)de)()
| litmaro
J Witmar0
2004,
L itmar0 |

13
Sedgebg (Ots BR DRty ) = 2.883x 10

Pitmbadgebgps = itrf@-O Ajtmbatbg Sedgeng (Ot BRDigtp )

_ 14
Pitmbakdgebgps = 11753 10

15
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displacement noise @ 100 Hz, m/rtHz

05
P.
itmbakdgebgips 2
DN; =TF . . —-k
itmbakdgeb itmar af
gebgh ( PpsI J V2

_ 26
DNitmbakdgebgp = 7-6767< 10

DNjtmbatdgebgp
DNitmellbafbg

=0.2741

ratio of edge scatter to baf scatter

2.2.5 Total Scatter by Hybrid ACB

total black glass baffle displacement noise @ 100 Hz,
m/rtHz

p 05
itmbabgts 2
DNitmbabgpt = TFitmar = Ypaf =K
psl 2

7

— 25
DNitmbabgbt =2.9044x 10

2.2.6 Comparison of Hybrid Baffle with Scatter from aLIGO
Oxidized SS Baffle

Therefore, adding a black glass panel to the ITM Elliptical Baffle will decrease the
scattered light displacement noise by > 26.

DN;
ratio of SS to BG baf scatter M =26.4122

DNitmbabgbt

16



