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Outlook
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• b-KAGRA mirror  noise   budget
Reducing coating noise

• Optimizing coating materials 
Modeling glassy  mixtures 

• nm-layered  SiO2//TiO2 composites

• Optimizing coating geometry
Minimum noise dichroic coating



b-KAGRA Mirror Noise Budget

[Courtesy  Kentaro Soumiya]
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[M. Cerdonio et al., Phys. Rev. D 63 (2001) 082003]  (misprint in their eq. 21 fixed)

������� � 4 2
��

	��1 � ���
��
���

� 	����

� � � � ��
�

�

� ��
�

	�

�
exp	����/2�
�� � �� � �� � �� � � 4�����

α =  thermoelastic constant

σ =   Poisson modulus                    of substrate;   w
m

= spot width

κ =   thermal conductivity

Valid beyond  Braginsky’s “adiabatic”  assumption    ��/�����/�� 	�

Substrate Thermoelastic Noise PSD

(TE)
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Coating Brownian Noise PSD

coat
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Reducing Coating Brownian Noise

coat
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Increase w
m

(mesa beams, HGL modes) 

Reduce φ
c

Decrease  T  (go cyogenic)

Act on the materials
Act on the thicknesses



• Optimizing Coating Materials
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Good Coating Materials
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(ηH)



Titania Doped Tantala

G
Glasgow  (LIGO)

Urbino (Virgo)

(Sannio)

f2f Meeting – ICRR U-Tokyo,  Kashiwa Campus,  July 30 - Aug 1, 2012

How to  optimize  glassy-mixtures ?

We need reliable values for the material parameters !



Loss Angle Reduction in Doped Glasses
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Doping

(stress)

Acoustic  oscillations (thermal phonons)

in   a  symmetric double-well  potential 

drive well-to-well jumps         dissipation.

Doping  (and/or other structural stresses) 

may  destroy  the  potential symmetry,

resulting into well-trapping reduced

dissipation… 

[J.S. Wu and C.C. Yu, “How Stress can Reduce 

Dissipation in Glasses, ”   Phys. Rev.  B84 (2011) 

174109] 



Trustable Numbers Needed

[I. Pinto et al., LIGO-G1100586]
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Material Loss Angles from  Coating Noise PSD
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[A. Villar et al., LIGO-G 1101096]



Material Loss Angles from  TNI Measurements
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Material Loss Angles from  Coating Noise PSD
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[A. Villar et al., LIGO-G 1101096]

Silica (TiO
2
) and plain Tantala (Ta

2
O
5
)



Loss Angles from Coating Noise PSD, contd.
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[A. Villar et al., LIGO-G 1101096]

Doped Tantala (TiO
2
::Ta

2
O
5
)



Comparison between TNI and Q-based  

Material Loss Angle Estimates
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[A. Villar et al., LIGO-G 1101096]

Good agreement for Silica;

Somewhat larger loss angle for Tantala (plain & doped).

Doped/Undoped loss-angle ratio is the same 

Reason of discrepancy  yet unclear
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[F. Granata et al. (LMA) , LIGO/G120514]

Diffusion at Interfaces…  

… diffusion length largely annealing-schedule dependent…
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… may Explain in part the Discrepancy 

TNITNI

[I. Pinto et al., LVC Coating July5 2012 Telecon]



• Simple Mixture Modeling
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Simple Mixture Modeling

Effective Medium Theories (EMT)
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[A. Villar et al., LIGO-G 1101096]



EMT for Composite Optical Properties
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Bruggemann formula:



EMT for Composite Viscoelastic Properties
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[A. Villar et al., LIGO-G 1101096]



TNI Result vs EMT Prediction
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[A. Villar et al., LIGO-G 1101096]



• How to do better than TiO2::Ta2O5 ?
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A Direct Measurement of φTiO2

KAGRA f2f Meeting – ICRR U-Tokyo, Kashiwa Campus, July 30-Aug 1, 2012

n
TiO2

=2.29@1064nm



Titania is Nasty 
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A SiO2//TiO2 Coating Prototype
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Used to estimated Titania loss angle in [Franc et al., ET-021-09 (2009)]
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Trustable Numbers Needed

[I. Pinto et al., LIGO-G1100586]
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Silica Doped Titania (SiO2::TiO2)

[I. Pinto et al., LIGO-G1100586]
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A SiO2//TiO2::SiO2 Coating Prototype
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SiO2//TiO2 nm-Multilayers - Rationale
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nm – thick  TiO2 layers should not crystallize significantly
upon annealing.  nm-thick  silica  layers act  as separa-
Tors, hopefully  preventing   Titania from crystallizing

mixture



Annealing of TiO2 nm-layers
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[I. Pinto et al., LIGO-G1100586]



Modeling  nm - Multilayers
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[I. Pinto et al., LIGO-G110372

LIGO-G110537

LIGO-G110586]



Co-sputtered  vs nm-layered Silica//Titania
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Co-sputtered  Titania//Tantala

vs nm-layered Silica//Titania
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Technology Challenges
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nm-Layered Prototypes
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[courtesy S. Chao]



nm-Layered Prototypes
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[courtesy S. Chao]



Chao’s Lab, Tsing Hua Univ., Taiwan
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[courtesy S. Chao]Clamped cantilever Q mesurement setup
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3
The Clamped Coated Cantilever
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Chao’s Q measurements will yield both composite and pure TiO2 loss angle estimates
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How about nm-layered materials ?

Cryogenic Peak



• Optimizing Coating Geometry

Minimal Noise Dichroic Design

f2f Meeting – ICRR U-Tokyo,  Kashiwa Campus,  July 30 - Aug 1, 2012



…this simple argument ignores material dispersion, e.g.

(courtesy 

M.Gross, 

CSIRO)
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“Naive” Reference Dichroic Design 



“Naive” Reference Dichroic Design, contd. 
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Design goal compliant and minimal noise designs (dispersion included)

[M. Principe and I. Pinto, LIGO-T080337]
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“Naive” Reference Dichroic Design, contd. 
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Genetically Engineered Dichroic Design

(… controlled ignorance attitude…)

Neat trend toward a stacked-doublet core …

[I. Pinto et al., LIGO-G0900205]



Simplest  SD-Core Dichroic Design
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Three constraints:

Three design parameters:


� ∈ �
���, 
��	 � @ 1064nm


� ∈ �
���, 
��	 �@ 532nm

φ
c

as small as possible

��, �� ,  

…

[I. Pinto et al., LIGO-G0900205]



Isoreflective Contours  (N=18)
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(Darker is

less lossy)
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Minimal Noise SD Dichroic Design
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identify   N   for which φ
c

is minimum

Require,  e.g.,    τ
p

= 5.5ppm @ 1064nm  and    Г
p

= 0.95 @ 532nm

N=17 N=18 N=19



Minimal Noise SD Design
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Tweaked Minimal Noise Design
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… additional constraints (e.g., flatness) can be accommodated

by  tweaking additional (outermost) layers … 

Tweak  (adjust)  the thicknesses of the outermost (first, last) layers, e.g.



SD-Core, Tweaked Optimal Design
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LMA started from this to engineer  the  current AdvLIGO ETM and ITM coatings. 

They enforced further band-centering tweaks . Details are covered by secret .
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Conclusions

Several tools have been developed in the LVC (and the

Scientific Community at large) which may suit the spe-

cific mirror noise issue of b-KAGRA, including

-EMT modeling of glassy mixtures

-The idea of nm-layered composites

-A simple systematic procedure for coating

thickness optimization


