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** Introduction - LMA Presentation

Cavity mirrors Realizations

* Substrates Choice and substrates preparation
% IBS deposition technique
** High reflectivity multilayers

¢ Optical Performances

Optical Metrology
Preserving performances vs time
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LMY Introduction - LMA Presentation

Laboratoire des Matériaux Avancés in Lyon

UPS from IN2P3/CNRS (Unité Propre de Service) since 2004 (before IPNL)
Group of 12 engineers, 2 Physicists
Specialized in the study, the realization and the characterization of thin films
realized by various deposition processes (CVD, PVD).

150 m? clean room class 1 :
Deposition systems, metrology

Cleanliness Importance

Low loss coatings

On small and large
Components for cavities
(Mirrors, AR, dichroic...)

June 24, 2009 - IPNL ' aure e —



** Mirrors on Sapphire substrates : finesse 100 000 at 300°K and 4°K

University of Western Australia (1996)

- e - o o S

X Cavity mirrors for Hera DESY (finesse 30 000) : 2001 (V. Brisson)

*s* Mirrors for the BMV ((Magnetic Birefringence of Vacuum) cavity: C. Rizzo (2007)
Finesse > 500 000

X Project MIGHTYLASER (F. Zomer) : Finesse 30 000 and 300 000

POSIPOL 2009
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Diamete 0
% 96 21q 0 Kg@
SIDE B VIRGO LMA
measurements specifications mesurements
s::::;"g:\g < 3 ppm 150:1%%mmm2
average 42,9 +/- 0,2 ppm

10 < T < 50 ppm

transmission 150 mm

average < 5 ppm 0,63 +/- 0,07 ppm
absorption PP @150 mm
»{C[0
wavefront < 8 nm RMS 3,8 nm RMS

flatness 2150 mm @150 mm DL 2009




VIRGO Mode Cleaner

On the optlcal bench

June 24,
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. : : Flatness
Translmlssmn Absolrptlon Scatierlng Wavefront
: Substrate Substrate I
Coatings Substrate
Multilayer design PlTE'?‘.N!NG .y ,PQLISH”\.IG \ POLISHING
Sub. Nature (defects, roughness)
' I
Dgoigir;ﬁ; Substrate
POs! CLEANING
Technique |
Coatings
Deposition
Technique
I
Mirror

posipoll Cleaning
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Substrate Choice and Substrate Preparation

Polishing / Scattering

Scattering Sources

Incident

Specular
Beam

Reflection

Holes
* Roughness - Inclusions lusi
* Scratches . Bubbles Ing us"ifs
* Holes o
* Particles Bubbles o
(Dust)
Clea vironment
h En Amen Scattered Light
Roughness (A) | Scattering
(pPM) Specular

1

# 1

Transmission

10

#130

June 24, 2009 - IPNL
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Mx@f:\ Substrate Choice and Substrate Preparation

American, Australian, Roughness Micropolished Substrate

French companies
Micromap 558 PHASE SURFACE CONTOUR DISPLAY Research 2.4U
oo . D2 296236 1x1 28¥ 5584 272 in 1¥ 2802-06-G07 10:85

gilice micropolie General Optics

1.315
]

-
RMS : ©8.437 A Term: OQUARTIC

Fae R1: -28.98 m
- 32.736 A R2: 21.67 n
166 um x 1353 um RE: 181.8 m

Optical Profilometer MICROMAP (proto unique in Europe)

POSIPOL 2009
Laurent Pinard 9
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LAES Substrate Choice and Substrate Preparation

)

Defects Detection

Scan on @300 mm max, measured area 500*500 pm? , threshold 0,3 ym

Measurement

Area:
| circle | || 41.08@
Diameter: NONE
| 168.21 mm | fr

Total Scans
78427

FranEE:IEEI|

Focus Map
Load Ref

Test Image

Cleaxr

Parame ters

Threshold:
| 155 || 256 |

Pix FPoint

16:49 2000-03-18

B.1680 m x B.168 Point: 3477 Index CI:DEFAUTSMMARS BE™,

Service des Matéeriaux Avances — IPHL — Villewurbanne France

June 24, 2(




Substrate Choice and Substrate Preparation

Defects Detection

Micromap 358 PHASE
defvimi3h.D4@ 408408 1:x1

Rayures point (12.2:5.9)

um

e8|

388

288

188

SURFACE CONTOUR DISPLAY Research 2.4V

1@8x 558-4 2-3 in 1¥ 2882-82-18 18:22

RMS : B8.49 nm Term: QUARTIC
Ra: 8.18 nn Ri: 21.51 m
-V 42.54% nm RE: i3.83 m
53208 um x 320 um RS: 16.83 m
Zoom:
Service §.M.A.- VIRGD Villeurbhanne France
Micromap 558 FPHASE SURFACE CONTOUR DISFLAY Research 2.4V

def3. D40 480188 1x1

rayure VIMBS face A, centre

um o

Jaa

zee|

RMS : 2.86 A Term:
Ra: 1.18 A R1:
P-u; 196.61 A R2:
342 um x 342 um RS :

QUARTIC
—132.5 n
181.5 n
847.2 m

18X 538nm 272 in 1¥ 2885-03-23 09:52

Zoonm:

Lakoyatoivre des Matériaux Avanceés Villeurkanne France

Micromay 558 HAVE 1 SURFACE CONTOUR DISPLAY Research 2.4U
defl.D4 1283118 1l 18X MWS6@ 23 in 1% 2885-84-84 @9:58
défaut face A VIMBG

uM

128

=1

40

a
18
RMS : 122 nm Term: QUARTIC
R1: 32.98 mm
F-U: 3451 nm R2: 21.25 mm
" RE: 25.89 mm
Laboratoire des Matériaux Avances Villeurbanne France



LMES Substrate Choice and Substrate Preparation
Defects Detection - CLEANING

Measurement
Area:
| Circle | ||9.000000
Diameter:
| 202.80 mm |

Total Scans
125664

FranEE:IE:I

Focus Map
Load Ref

Test Image

Clear

Parame ters

Threshold:
| 3@ || 255 |

Pix/Point

18:0%8 20081 -89-204

B.2803 m x B.283 PFPoint: 1489485 Index C:DEFAUTESSEPTZ2E0 —=

12
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Defects Detection - CLEANING

Substrate Choice and Substrate Preparation

Measurement

Area:

| Circle |

Diameter:
| 99.88 mm |

Total Scans
384808

Franes:IE:I|

Focus

Map
Load Ref

Test Image

Clear

Parame ters
Threshold:
| 32 || 255 |
Pix Point

UVEM4AEB centre 18008 18:04 20681-168-17

990.9 mm x 99.9 Point: 38 Index CIxDEFAUTEXOCT 20081

Zoom:

13
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LAES Substrate Choice and Substrate Preparation

o=l h) A | =

Flathess — Wavefront improvement

Corrective Coating
Add silica to fill the holes ¥\ lon Source

- Flat Surface (<1 nm RMS) Substratin
Advanced Virgo translatio

Silica target

2 |Interferometer

June 24, 2009 - IPNL



U\Eﬁ@ | Substrate Choice and Substrate Preparation

Flatness — Wavefront improvement

122.15 122.15
18:28:56 @9-23-28083

Substrate @156 mm VIRGO type  :: .

RHMS:B.BBZnm PY:168.63nm PTS:95817

VBSEI Face arriere
Part ID:apres recuit

::::
RMS:3.33Zrn

——————

??????

Before correction (120 mm)

3.3 nm R.M.S.
16 nm P.V. After correction (2120 mm)

0.98 nm R.M.S.
10 nm P.V.
Microroughness preserved (0,5 A RMS)

FPUOSIFOUL 2U0UY
June 24, 2009 - IPNL Laurent Pinard 2



N Substrate Choice and Substrate Preparation

Flatness — Wavefront improvement

lon Beam Polishing : remove « bumps» with an ion beam

Very good flatness on large area (US company)
Microroughness higher (1,6 A RMS)

Over @150mm

i Fli

RMS = 0.34nm

communications

Irlegratesd Optical Syelams
Tinenyg




Mx@f:\ Substrate Choice and Substrate Preparation

Shape realization : « Mexican hat »
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Gaussian Beam “Flat” Beam
Power “Flat” beam height
A Mirror profile
1"\, Gaussian Beam 04!
0.8 03
0.6 0ol
0.4

0.1
0.2
r 0
. ‘ . POSIPOL 20 |

1 2 3 4 5 6 Wo Laurent Ping
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Shape realization : « Mexican hat »
\ 4| 600 / Cavity field for a Iockedyisieal resonator
1400 -
== profil théorique -
’g‘ 4900 profil expérimental TR
~— 1
(<]
= 1000 " «'?7’/////"5’0’3300063’0‘:““‘§l%§%.
S 800 A
> \ {
@ 600
2 ’
I'g- \ AQO / cm " 13
SUVU 1 . cm
IDEAL 'Mexican hat
200 - Cavity field for real mirror and tilt corrected
l [ — O 1 P [ |
-15 -10 -5 0 5 10 15 .
Rayon (mm) o

Error compared to the theoretical profil :
10 nm in central area (4 < 14 mm)
100 nm on the edges (14 mm < J < 26 mm)

POSIPOL 2
Laurent Pin

June 24, 2009 - IPNL
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Ion Beam Sputtering - IBS

Deposition technique used all over the world to realize low-loss coatings

o2

Ar )
Neutralizor

June 24, 2009 - IPNL

oo eV

Substrate Sample Holder

(Simple rotation)

Cﬁuartz

Sputtered
Particles

Targets 1 keV
®®®@®®@ ® @ Sputtering
% o0 00 O ,. Source I
Si0,/Ta O

Neutralizor Ar

POSIPOL 2009
Laurent Pinard
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WA Yo A Ion Beam Sputtering - IBS

** IBS coater at LMA : 0.6*0.6*0.8 m3 : 15t IBS coater in France (1986)

** Installed in a class 1 clean room

** «Clean» pumping : (no H,0, ail...)
Cryopumps/ Dry pumps

** Ultra pure targets (> 99,999 %)

for Ar atomic %age low

Otherwise Absorption increas

X Component diameter up to 80 m

1;’ ..;F' i

POSIPOL 20 .;?; il

Laurent Pinat:: f
3
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LMALY - Ion Beam Sputtering - IBS

“VIRGOQO” Coater : 2.2*2.2*2.4 m3 — Unique in Europe
Coating capacity @1m , thickness uniformity #6.10-3

POSIPOL 2009

Laurent Pinard 21

June 24, 2009 - IPNL



M%@'S | Mirror : multidielectric coating

¢ Mirror : multilayer of dielectric thin films (oxides)
¢ The optical properties of the multilayers depends on the interferences between
the different layers and on the layer nature

_ - Constructive
Optical path différences: L /2 A/2 3L/2 3)./2 5\ /2 5\ /2 interferences

_4'_'_'L %\

June 24, 2009 - IPNL 22
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Mirror : multidielectric coating

Multilayer of quarter wave dielectric coatings of high (H-Ta,Oz) and low (L-SiO,)

refraction index : (HL)* HLL

_ (-(ymy™.nlmg )

R = 2
(1+@my/my) ™ nkng )

. ny—n
AN = 1 . Ag. arcsin———=
ny tng

® Advantages :

- High reflectivity (> 99.9 %)
- Low absorption loss
(Visible, IR : << 10 ppm)

® Drawbacks :

- Multilayer (HL)* HLL

(> 30 layers, deposition time long)

e (%)

Reflectanc:

40 1

30 4

20 4

10 4

R > 99.9% - limited by the optical losses (T, A, S)

;

]

Y

AM

700 800

1000

1100

Longueur d’onde (nm)

1200

1300 1400

- High reflectivity on a narrow band (AA = 250 nm - depend on the refraction index contrast)
POSIPOL 2009
Laurent Pinard

June 24, 2009 - IPNL
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+» Transmission : possible to have T< 1 ppm and to measure it

% Absorption (@ 1064 nm): 0,3 ppm (@633 nm #3 ppm)
Problem = measuring absorption levels so low : « mirage effect » (photothermy)

Focus Lenses

Sample
(normal incidence)
> N
; s —)
g \
Pump Beam YAG Chopper A S«
1064 nm S c,}9
(energetic) Qg: 2
Lock-in Q
Amplifier

POSIPOL 2009

June 24, 2009 - IPNL Laurent Pinard 24



LMY Mirrors Optical Performances

Absorption Bench

(4

*» Relative Measurement (reference sample)
» Sensitivity (@ 1064 nm) :

surface absorption : 0,02 ppm

bulk absorption : 0,1 ppm/cm

(4

L)

D)

o ' . Y7

A7 e e
i ! hs=-. . ]
PR | - )
% __/
i | ‘_.

=l . RS, ]| | == (1 . B E
i £ A | | |
‘ : :‘_-:_\'.. l” ﬂ{ [ | > ‘ i
§ ':~':‘. .\ | : = -
o A ST
3 Ilﬁ | :
= I.— ™ * ___\__-_h__‘

=}
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Mirrors Optical Performances

s Scattering : # 5 ppm on optical components (small or large dimensions)

Maps on & 400 mm
SNR # 10-°
Scattering level < 1ppm

= 1.0648pn

Ref lectance

BRDF
LOG

1.169E-83
4.B45E-p4
1.48BAE-84

\\\\\

i | 1.677E-B5
i | §,BB5E-B6
: #— 2.BB9E-B6
e 6. 955E-87
Step Size, mn =33 e 2 .487E-87
= 1.668 - e S Y Sub Scale
Scan Ctr., mn =S8 | | | | | T | ‘ L]
Xx= B.088 X nn -58 =25 B 5
Y= 0.668 fvg = 3.340E-B5 5 = 2.143E-84
POSIPOL 2009
June 24, 2009 - IPNL 26

Laurent Pinard



= &
WA Yo A Mirrors Optical Performances
Scattering-Cleanliness

All the mirror production steps in clean room

Filter -
99 X Absolute Filter
\ 99,9999 %
- | Particles > 0,1 ym
Clean Air

ENOOCETNT
ALiNS_INiiN I

v

+

Laminar
/ Flux
N 28 S 2 2 A\ A AN

Fan

Vot o o A o P ot AN A o o o oV o oV o )

POSIPOL 2009

Laurent Pinard 27
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LMA Mirrors Optical Performances

Scattering-Cleanliness

Laminar Flux Turbulent Flux

1111 AR4ED
I e —

Particles carried away by the Hich Probabilit
recycled flux ; Y
Low probability to
contaminate the sample

Dust

to contaminate the sample

POSIPOL 2009

June 24, 2009 - IPNL Laurent Pinard
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WiV A58 Mirrors Optical Performances

Particles counting Scattering-Cleanliness
Sort OFF
Wed Mow 03, Z00O4 1.:1&:44 Test [0 casi0 Test Mum: 480
Defects: Wafer Diz: ZB.0O0D Edge Reject:
Total @ 47 473
Point HEN
Area HEn o
Line HEN o
STS : 0.1 ppm
TRH : 0.1 Ana.
Scattering maps @ 633 nm
1000
s Laboratoire des Matériaux Avancés - Villeurbamme - France
3 CASIA.63R
= 500 25~
e Wavelength Y nn|_
: . = B.6328pn i
é . :ﬁ Mmoo o oo — Accept 1?: EEIEEEENEEE BRDF
g g g ; g E ; 2 f 3 S E Tr l:k . RE{. lEEta'I'IEE i AN L 0 O LUG
. - = R = 8.3573 by
8 1.264E-85
47 1- l O 3 nyles s 7. 997E-86
Icle < i = 5.88° b= 5 .B48E-86
REiceS ( ! ‘um) = 15.88° B 3.190E-86
x = B.88° s 2 .B16E-86
s 1.274E-86
pot Dia., mn -8 8.851E-a7
= 3.608 i 5 .B88E-A7
= - = 3.215E-87
tep Size, nn =17 ISR o 2 .B32E-87
= 1,808 % Sub Scale
can Ctr,, nn o+ N N Y ! O N
X= 8.888 X mnm -25 -12 A 13 25
Y= 9.5088 Avg = 3.167E-87 s = 2.384E-87

Average scattering 0.3 ppm
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WiV A58 Mirrors Optical Performances

Scattering-Cleanliness

Particles counting Scattering maps @ 633 nm
Laboratoire des Matériaux Avancés - Villeurbame - France
Med Mow 03, 2004 17:20:04%  Test [0 casil Test Num: 393 CASI1.63R
Defects: lafer Dia: 75.00 Edge Reject: 3.5
Total @ 4882 (48R Wavelength Y nn|
Point : O — = 0.6328pn
frea @ O (o 25 BRDF
Line : 0O oo Ref lectance LOG
STS @ 4.5 ppn R = 8.3588 \
TRH @ 1.1 Ano. 13 1.352E-85
Angles: 9.146E-B6
8i = 5.m8° 6.185E-B6
6s = 15.88° ] 4,183E-B6
% ¢ = B.88° 2.820E-B6
oo - 1.913E-66
" Spot Dia., mm -12 1.293E-86
E = J.888 8.747E-87
& 5.915E-687
W B00 Step Size, nm =25 4 .AARE-B7
£ = 1.668 Bub Scale
z Scan Ctr., mm  -37.5[7] | | M _|_,+—”|’/ [ ]|
X= 08.888 X mnm -37.5 -Z8 A Za 7.5
Y= B.A6@ Avg = 7.6H6E-B6 s = 1.117E-85

3000 particles of 1 um Average scattering 7 ppm

(multiplied par 23)




1E-04

1E-05

1E-06

1E-07

June 24, 2009 - IPNL

Scattering-Cleanliness

B.R.D.F (sr 1) m1upm A05um £0.2um @01 ym
0
O
1 —— A
= A Zs
| A A
A
A
= “a
A F——
e
O 0k @
Substrate Level
0 100 200 300 400 500

Number of particles . cm-2

POSIPOL 2009

Laurent Pinard 31
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LMALY - Mirrors Optical Performances

Scattering-Cleanliness
Main problem for mirrors users : keep the loss level low
- manipulate in clean conditions (clean room)
- never touch the surface
- clean vacuum in cavities (no turbulences)

Laboratoire des Matériaux Avancés - Villeurbame - France Vi rgo mirror
CB2841.16R
38 o
oot 1 F | | Average Scattering 4 ppm
= 1.8648pm — H
28 BRDF
Ref lectance — LoG P , .
R = 0.9867 — Laboratoire des Matériaux Avancés - Villeurbanne - France
181 CBZa41. 18R
Aingles : 1.815E-84 38
8i = 3.80° : 8.143E-85 Wavelength Y nn
6z = 13.m8° ats 3.659E-85 - 1 @RdApn
x = 0.08° : 28
B 7.3798-06 p oy o
Spot Dia., mm -18[ 3.313E-86 C\ |ECLance
- 1.998 - 1.4808-85 R = 8.9838 :
— 6.681E-87 18 ==
Step Size, mm -268 3.0@BE-B7 Angles: =
- 1.AAR - Sub Scale 9i = 3.88°
Soan Ch 38__ 6s = 13.8@° A
can Ctr., mm 38" = n = o
X= 0.8 X mmn -38 -15 a | 15 a8 & il
Y- ©.0608 Avg = 5.457E-86 s = 4,215E-85 Spot Dia., mm _qpLEs
= 1.888
step Size, mm -Z8
= 1.888
Scan Cir., mm -3
After use "y i xm -3 15 B 15 38
Y- 8.888 Avg = g = 1.6Y5E-B4

Average Scattering 25 ppm

June 24, 2009 - IPNL Laurent Pinard

BRDF
L0G

= 1.815E-84
==| B.149E-A5

3.659E-5

7.379E-06
3.313E-686
1.488E-86
b6.681E-A7

CI 1

Sub Scale

32
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LMaH Mirrors Optical Performances

Scattering-Cleanliness
¢ Polluted Mirror : in general reversible
Cleaning (wet) possible if mirror dismountable (not possible in Virgo)

% Other solution for the cleaning : removable polymer film « First Contact »
(http://www.photoniccleaning.com/)

June 24, 2009 - IPNL
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LM Mirrors Optical Performances

¢ Liquid, dry in %4 hour

% Can be put by spray or with a brush

¢ 2 important properties
¢ Protect optical surfaces (during mounting,...)
¢ Can clean optical surfaces

34
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LMNASY

50 mm Mirror after classical cleaning gsses.im

Scattering : 6 ppm
Absorption : 1.91 ppm

50 mm Mirror polluted
Scattering : 25 ppm
Absorption : 5 ppm

Laboratoire des Matériaux Avancés - Villeurbanne - France
99A89F . 18R

29.8
Wavelength ¥ mn—
= 1.8648pn = L]
28 T BRIF
Ref lectance — LOG
R = 8.9927 = o
13- )
Angles: = 1.523E-84
0i = 4.88° 6.645E-85
6 = 14.88° 5 2.899E-85
« = B.88° ﬁ 1.265E-
= 5.519E-86
Spot Dia., nm -4 2 .488E-86
= 1.688 "S% 1.851E-86
B 4, 584E-87
Step Size, mm =12 2 .BBBE-87
= 1.088 - \ ' Sub Scale
Scan Ctr., mm =203 | | | ‘ | |
¥= 6.888 Xnm -25 -12 (] 13 25
Y= 0.668 fvg = 4,119E-85 s = 5,336E-65

50 mm Mirror, after putting and removing
the film 'First Contact’
Scattering : 6-6.5 ppm
Absorption : 1.73 ppm
The film has cleaned and

t did not let absorbing waste on the surface -

Wavelength
= 1.8648pn

Ref lectance
R = 89,9922

fingles:

Bi = 4.80°
05 = 14.88°
x - 0.88°

Spot Dia., nm
= 1.8688

Step Size, nn
= 1,660

Scan Ctr., nn
X =
¥ =

[+ =]

s
Nl

Mirrors Optical Performances

Laboratoire des Matériaux fivancés - Villeurbawme - France

29.8
Y nn

28

13

N

o

25

BRDF
LOG

1.523E-84
b.645E-A5
2.899E-85
1.265E-85
5.519E-86
Z.488E-86
1.6851E-866
4 LB4E-87
2 .BBAE-A7
Sub Scale

Laboratoire des Matériaux Avancés - Villeurbanne - France

99689PN . 18R

Wavelength
= 1.8648pm

Ref lectance
R = 0.9948

Angles:
0i
Oz

4.00°
14.688°
8.a8°

wt Dia., mm
= 1.668

ep Size, nm
= 1.008

an Ctr., mm
X = 0.8688
A.688

29.8
Y nim

28

13

o

gl

-12

-28.3

Xmm -25

BRDF

™

LOG

1.523E-84
6.645E-05
2.899E-85
1.Z65E-85
5.519E-06
2.488E-B6
1.851E-86
4.584E-A7
2.BAHE-A7

Sub Scale

-12
Avg = 9.258E-86

8 13
s = 3.B19E-85



