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GW150914, 1st Detected GW
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Expected Pay-offs : Astrophysics

Gravitational radiation from spinning neutron stars (pulsars), and neutron-star 

binaries in their merger phase will bring signatures of the equation of state of 

nuclear star matter [J. S. Read et al., Phys.Rev. D79 (2009) 124033],  and indica-

te whether strange (quark) particles or exotic phase transitions are involved;

Compact  binary  systems in their inspiral (pre-coalescence) phase are stand-

ard candles of gravitational light,  whose observation will permit to measure 

Hubble’s recession to an unprecedented degree of accuracy [S. Capozziello,

Astroparticle Physics, 33 (2010) 190]

Reconstructing the mass multipoles of the collapsed cores from the observed

waveforms,  it will  be possible  to  check  the  black  hole “no-hair” theorem

[L. Barack and C. Cutler, Phys. Rev. D75 (2007) 042003]

Observation of GW from  extreme – mass – ratio - inspirals (EMRI) allows mapping

the spacetime geometry [J.R. Gair et Al., Phys. Rev. D77 (2008) 024 035] around

a collapsed galactic core (holiodesy)
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The Big Ears (as of 2017)



Effect of monochromatic GW

(+ polarization, normal incidence)

on a planar ring of freely-falling

test particles

A bare-bone interferometric

detector of GW

Incoming GW

1926 1010/ −− ÷≈∆≅ llh - Very weak !!!Typical wave strength :

ℓ

Δℓ

Tidal force:  Δℓ ∝ ℓ
… transforms  the GW into an 

electric signal (antenna = transducer) 

Interferometric Detectors
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aLIGO Noise Budget

[Waldman, LIGO P0900115]
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GW150914, 1st Detected GW
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Coating R&D Funding

On  July 7-8  2016  at the 2nd Dawn Workshop, hosted by Georgia 

Tech, a focus Session on coating R&D was held, where the proposal

guidelines and the collaboration structure were set.

At the 1st “post detection” LVC Meeting in March 2016, the NSF re-

presentatives solicited the LIGO coating working groups to submit

a cooperative R&D on the subject, worth 3M US$ on a 3y span.

The final version of the proposal was completed on Dec. 16  2016.  

There’s no  EGO-Virgo counterpart,  as yet.
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Coating R&D Funding in Italy

INFN COAT   (Pinto et al.)

INFN MiDiBRUT (Pinto et al.)

MURST/MIUR  COACH   (Vetrano et al.)

INFN AdCOAT (Pinto et al.)

Coating R&D funding on behalf of Italian Research Agencies:

… worth  a few   tens KEUR  total …
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Basic Coating Noise Formula
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LIGO Noise Floor Progress 2010-2015
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The aLIGO Coatings

…
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The aLIGO Coatings, contd.

[Villar et al, PRD 81 (2010) 122001]
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The aLIGO Coatings, contd.
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Coating  Science in  “Milestone”  Instrument  Paper
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… Large Part of that Work  was  “Made in Italy”!



The Advanced LIGO Mirrors

Designed by the Usannio LSC Working Group,  manufactured by LMA (Lyon, FR) 
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Atomic Level Investigations

[Bassiri et al., LIGO-G100620]Working groups : Stanford, Glasgow
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TLS Model

[Gilroy & Phillips, Phil.  Mag. B38 (1981) 735]



Rome, IT, March 2, 2016Innocenzo M. Pinto - ICORE

TLS Model, contd.
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Molecular Dynamics

Results match experimental trends

Showing that that titania doping  

decreases the magnitude of the low-

temperature loss peak in Tantala.

May eventually help optimizing glassy oxide mixture formulations.

Silica - the top (panels (a)–(c)) involve 21 atoms; 

the bottom ones  ((d)–(f)) 59.   Atoms in gray are 

not involved in the transitions

Working groups : UFL Gainsville
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Better Depositions

Films   created   by  “hot” deposition (�							��)  featuring 
negligible bulk mobility but large surface mobility yield
nearly ideal glasses with  almost no TLS  (thought of as due
to energy landscape sampling by the depositing molecules).

<
~

Such behavior is observed in quite different materials, e.g.
Indomethacin [T. Perez et al., PNAS 111 (2014) 11275] and
a-Silicon [X. Liu et al., Phys. Rev. Lett. 113 (2014) 025503],
and  is  credited as generic [Ediger, PNAS 111 (2014) 11232]

E-beam hot  (�~ 0.8 ��)  deposited  a-Si  films  display TLS
densities and elastic losses  a factor 100 lower than conven-
tional (LT deposited & HT annealed)  films  [X. Liu et al, ibid.]

●

●
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Better Depositions, contd.

… a pratical way  [Kearns et al., J. Phys. Chem. B112 (2008) 4934] 
to  check  the  (paradoxical/controversial)   Kauzmann ansatz
[Kauzmann, Chem. Rev. 43 (1948) 219]

<
~

●

… yet  to be proved for the glassy oxides of our interest …<●

… requires deposition tools enabling high surface mobility (high
surface temperature)  and  low deposition rates [Singh et al., 
Nature Mat.  12 (2013) 139; ibid 13 (2014) 662; Lyubimov et al.
J. Chem. Phys. 139 (2013) 144505] 

●

The required deposition temperature may be too high for the
needed  large(st)  IBS systems

●

Enhanced mobility may boost crystallite formation →	scattering●

Rome, IT, March 2, 2016Innocenzo M. Pinto - ICORE



Smarter Doping

Crystallization frustration following thermal annealing can be

achieved also by doping. 

Silica doping prevents Hafnia from crystallizing [Ushakov et al.

Ph. Stat. Sol. B241 (2004) 2800]; Zirconia doping prevents Tantala

from crystallizing [Penn LIGO-G1301031];  Silica prevents Zirconia 

from crystallizing [Penn, LIGO-G1300306],  etc.

Doping may have different effects:  Titania affects strongly Oxy-

gen-Tantalum coordination, reducing mechanical losses in Ta2O5; 

Hydrogen doping reduces mechanial losses in a-Si, etc. 

One may use different dopants together, to obtain different effects…

… or use (nano)-stratified mixtures
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Nanolayered vs Cosputtered

[I. Pinto, LIGO-G1100586]

Nanolayered

Cosputtered

SiO2/TiO2 Composites

Nanolayered SiO2/TiO2  composites 

are less  noisy , compared to co-sput-

tered SiO2/TiO2 composites  having 

the same refraction index
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University-Scale Coating Facilities
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University-Scale Coating Facilities, contd.

Abbreviations:

• EB = Electron Beam Gun Evaporator

• RF-MS =Radio Frequency Microwave Sputtering 

• PDC-R-MS =Pulsed DC Reactive Magnetron Sputtering    

• (D)IBS = (Dual) Ion Beam Sputtering 

• PA-EB = Plasma Assisted  EB 

• MA-RS = Microwave assisted Reactive Sputtering, 

• PE-CVD =Plasma Enhanced Chemical Vapor Deposition

• IA-RFS – Ion Assisted Radio Frequency Sputtering

• PA(D)EB = Plasma Assisted (Dual) EB
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The USannio Coating Facility

Should start operatation in spring  2017

Custom version of Optotech OAC-75  

• Plasma assisted deposition 

• High quality /density  of layers

• Dual eb-gun

• Multimaterial

• Fully programmable

• Substrate heating

• R&D configuration

• IBS as possible add-on

Cost ~	0.6	���	

Funding  by Regione Campania (FESR, 

University research empowering program)
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The USannio Coating Facility, contd.
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UniSa Nanotechnology Lab Facilities (F. Bobba, C. Di Giorgio)

• X-Ray Diffractometer X’PERT MRD-PRO (Philips)

• UHV-variable temperature AFM/STM (Omicron)

• Room temperature AFM/AFS MM5 (Bruker Nanowizard3 JPK)

• SEM EVO50 (Zeiss) ; FeSEM Σigma GEMINI (Zeiss) ; TEM TMG2 (Fei)

The USannio Coating Facility, contd.
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Direct TN Measurement : TNI etc.

Original TNI 

[Numata et al., Phys. Rev. Lett. 91 (2003) 260602]

[Black et al., Phys. Lett. A 328 (2004) 1]

Available facilities

• LMA (QDI) [Paolino et al., Rev. Sci. Instrum. 84, 2013]

• Caltech (TNI) [Chalermsongsak et al., Metrologia 52  (2015) 17] 

• MIT (CTN) [Gras et al., Phys. Rev. D95, 022001 (2017)]

Other facilities  (under development)

• AEI (10m facility),  [Wohler  et al. LIGO-P1600260]

• UFL, (Cryo-Thor) [Mueller et al., LIGO-G1600076]

TNI

CTN
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Mechanical Loss from Ringdown : the Cantilever
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Mechanical Loss from Ringdown : GeNS

[Cesarini et al., Rev. Sci. Instrum. 80 (2009) 053904.]

Available facilities:

• LMA (G. Cagnoli)

• Rome-TV (E. Cesarini)

• Caltech (G. Vajente)
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Cryogenic Loss Measurements

[Martin et al., CQG  27 (2010)  225020]

• Are needed for downselection of coat-

ing materials to be used in 3rd genera-

tion (cryogenic) GW detectors;

• Can be used to retrieve the activation

energy and relaxation time distributions 

of  a TLS  model, from the frequency de-

pendence of the loss peak temperature

by plotting 	log � vs �,  so as to obtain  

(�
�
, 	), in view of

2��	 exp �
�
/�� � 1

• Help understanding how deposition 

& annealing affect losses.

Available facilities : several, e.g.

Glasgow, LMA, NTHU , 

Perugia,  Rome, Stanford, etc.
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Measuring Elastic Moduli (Y, )

Several  techniques  proposed :  acoustic (ERAU),   nano-indentation 

(Glasgow) , resonance-shift (USannio),  partly complementing.  

Working facilities at

• ERAU [A. Gretarsson (a)]

• Glasgow [I. Martin (n)]

• Caltech [M. Abernathy (n)]

• LMA [G. Cagnoli (n)]

[Rhoades et al., LIGO-T1500147]

[Abernathy et al., Appl. 53 (2014) 3196]

Not only an ingredient of the coat-

TN formula, but also needed to com-

pute the  dilution  factors relating  

material loss angles to measured

ringdown damping times. 
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Direct (TNI) vs Ringdown

[Principe et al., PRD 91 (2015) 022005]
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More Loss Measurement Puzzles
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More Loss Measurement Puzzles

Mechanical   loss measurements   on multi-layer  

Tantala/Silica  coatings   on  Sapphire  do  not

show such peak, yielding almost temperature-

independent losses [Yamamoto  et al., PRD-74 

022002 (2006); Hirose et al., LIGO-P1400107] .

Reasons behind these discrepancies yet to be understood .

Mechanical loss measurements on multi-layer Titania-doped-Tantala/Silica 

coatings on Silicon  (annealed at  400 C∼ 600 C)  show a cryo-peak at  ∼ 30K   

[Granata et al., Opt. Lett. 38, 5268 (2013)].
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Issues with �∥, ��
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…Use Bulk & Shear Loss Angles

[Harry, LIGO-G1500109]
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Bulk & Shear Loss Angle Measurement
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��, ��		Measured

Fits:

(LMA Titania doped Tantala)

�� � 1.5	10
�� � 1.0	10��


�� � 7.0	10
�� � 4.8	10��


[ Harry et al., LIGO-G1400961]

��/�� � 2



Rome, IT, March 2, 2016Innocenzo M. Pinto - ICORE

Elastic Moduli – Conversion Table

Good sense recipe:

use (hopefully more accurate) measured 

complex  Bulk  & Shear moduli  in usual

(Harry’s)  coating noise formula based

on �	 aka, � 	and		 (aka, 
� …

Note :  the real and imaginary parts 

of  the Poisson moduli  � may have

any sign.
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Ringdown Fitting Residuals
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Measuring Thermo-Optic Coefficients

Further coating thermal noise sources stem from thickness and index

fuctuations driven by temperature fluctuations of thermodynamic 

(thermooptic noise) or beam intensity related (photothermal noise)

origin. 

Coherent superposition of TE and 

TR fluctuations lead to quasi-can-

cellation in Silica/Tantala coatings.

Both TE and TR coeffs. are large in 

crystalline coating. Precise know-

ledge needed to exploit cancella-

tion by proper design.

[Ogin et al., LIGO-P1600067]

Existing facilites: 

• Whitman College  (G. Ogin)
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Measuring Optical Absorption

Need to measure optical absorption at sub-ppm level, below what is allowed by 

std ellipsometry.  A few groups worldwide have adequate facilities, including

• Stanford (M. Fejer)

• Glasgow (I. Martin)

• LMA (G. Cagnoli)

pump laser 

probe laser chopper sample 

chopper controller  

photo-
detector 

photodetector 

lock-in amplifier PC 

[Lasztka e al., Appl. Opt. 49 (2010) 5391]

�Photo-thermal Common-path Interferometry (PCI)

�Measures  bulk and coating absorptions

�Cryo operation possible (15K) 

�Measures thermal lensing due to  absorption

�Sensitivity level (9 W beam ): 0.05 ppm/cm

(coating), 0.2 ppm/cm and (bulk ) 
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thin – layer  Titania

Nanolayered Composites
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Nanolayered Composites

XRD spectra
Anatase peak

All nanolayered composite prototype films : 

���� 
 2.065, QWL thick @1064nm

[Pan et al., Opt. Expr. 22 (2014) 29847]
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Loss angle of nm-layered composites reduces upon annealing (before crystallization) . 

Losses of annealed composite better than those of  Ti doped Tantala (with same n)

[Chao et al.,  LIGO G1401055

Nanolayered Composites

Rome, IT, March 2, 2016Innocenzo M. Pinto - ICORE



Nanolayered Composites

As a byproduct of nanolayered composite resarch, we confirmed 

the absence of a sensible cryopeak in Titania, much like in Hafnia.

[Chao et al, LIGO-G1601703] Nanolayering makes It is possi-

ble to synthetize a variety  of  

low loss, cryofriendly,  crystal-

lization resistent nanocompo-

site materials with  an index 

ragning from 1.58 to 2.33.

What remains TBD

• Optical loss measurement

• Effect of (many) interfaces

on optical scattering

• How thin can nanolayers be ?
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Cryogenic behaviour of nm-layered 

Hafnia-Alumina composites unknown

Nanolayered Composites
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Silicon Nitrides

● ���� obtained from PECVD.

● Stoichiometry depends  on deposition params (gas flow

rate, substrate temperature (�	ranging from 0.40 to 0.87). 

Larger  � → larger stresses  in the film   (120-420 Mpa).

Higher stress → lower mechanical losses (reduces TLS,

and phonon coupling to them).

● Refractive index can be fine tuned  between 1.8 and 2.6. 

Can be used for  both  low and high index material).

● Mechanical loss angle  at ~	
��� below  	
��; improves

at cryo-temperatures.  Extinction coefficient below  	
��.  

[Chao, Proc. Proc. OSA-OIC 2016, paper MB.12]
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Silicon Nitrides, contd.

[Chao et  al, LIGO  G1601298]

SiN0.4 /SiO2 QW pairs deposited by all-CVD 

process show room temperature mechanical 

loss ~	10-5 , lower than Ta2O5 -TiO2 /SiO2 in 

current GW detector.
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Crystalline Coatings (GaAs/AlGaAs, GaP, AlGaP)
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• GaAs/AlGaAs - Strain noise level may be 

reduced by a factor ~3 compared to 

current aLIGO; no cryo peak; better at 

lower T [Cole et al., Nat. Phot. 7 (2013) 

644]. Very low optical (absorption & scattering) 

losses (at ppm lev- els for aLIGO design) [Cole et

• GaP/AlGaP - Coating lattice-matched to crystalline Silicon test mass 

(→	operation @1550nm) [Lin et al., Opt. Mater. Express, 5 (2015) 

1890] Strain noise level reduced by a factor ~5 compared to current 

aLIGO; no cryo peak [Cumming et al., CQG 32 (2015) 035002].  

Unsuitable for room temperature operation (large TE noise

al., Optica 3 (2016) 647; see also Steinlechner et al., LIGO-G1401032; 

Singh, LIGO-G1501132].  Must be transferred & bonded to substrate.



Both GaAs/AlGaAs and GaP/AlGaP

Technology Challenges

• Insufficient  size for  MBE  grown  c-coatings (as of today).
● Upscaling  (GaP/AlGaP)  to  ~ 40cm Ø  ?

● Tiling  (GaAs/AlGaAs) → Adhesion issues, curvature; edge 

scattering  ?

• oval defects observed in MBE grown films →	scattering ?

[Szerling et al. , Opt. Appl. XXXV (2005) 537]

Modeling  Issues (poorly investigated so far)

• AlGaAs and AlGaP are III-V compounds w. cubic cell 

(“zinc-blende”) → optical  & viscoelastic  anisotropy

• Nonlinear optical (Pockels, Kerr, free-carrier) effects
[Abernathy et al. LIGO T1400340; T1400276, T1500268, T1500357]

Impact

on

noise ?
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Ternary (m-ary) Coatings

18 doublets

8 + 4  doublets

Use optically dense(r) but lossy-

(er) materials  in the bottom la-

yers, where field is weak(er).

Fewer doublets;

Thinner coating , lower TN 

• Thickness optimization;

• Effect on spectral response of 

different material chromatic 

dispersion ;

[Steinlechner et al., PRD 91 (2015) 069904]

[Yam et al., PRD 91 (2015) 042002]

[20% TN reduction at 25C]

T
B
D
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Mie MM Mirror 
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Example (Numerical) 

[Slovick et al., Phys. Rev. B88 (2013) 165116]

Numerical simulation (CST© commercial code)


 � ��
	��

� � ��
	��

Transmittance 

& absorbance

below  10-5

Silicon on Siica

(losses included)
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Mie-MM Mirror Feasibility (2017)
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More Coating R&D
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Outlook

Why Coating R&D

Where are we now : the aLIGO mirrors

How can we progress: 
• Improving Modeling

• Improving Processes

• Improving Characterization

Ongoing Studies & New Ideas:
• Nanolayered Composites

• Silicon Nitrides

• Crystalline Coatings

• M-ary Coatings

• Metamaterial Coatings

Conclusions
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Conclusions

Reducing coating thermal noise is mandatory to improve

the performance of interferomeric detectors of GW.

We need well understood, reliable, repeatable protocols

to measure coating-relevant material parameters;

We need a better understanding/control of  the Physics 

behind the coating (noise) properties;

We need to explore in depth  better depositions, smart 

doping, nanolayered composites, M-ary coating; crystal-

line coatings and maybe Mie Metamaterials;

We need young talented scientists to work on such issues

(and money to keep them alive).
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Mie Metamaterials Coatings



Metamaterials (MMs)

From the Greek  noun μετά (beyond)  is,  at  large,   an artifi-

cially engineered  material with properties  that  aren’t  found  

in  any   known  natural  material.

Historically,  meant to denote materials whose  dielectric per-

mittivity and/or  magnetic permeability  is negative in some

spectral band [Veselago, Sov. Phys. Usp. 10 (1968) 509].

Conceptual extension to mechanical  constitutive properties

(bulk modulus, density)  with applications in Acoustics,  Struc-

tural Engineering , etc. , followed. 

At  the  core  of  the  US-DoD  Multidisciplinary University Research 

Initiative (MURI) , and the UE  Metamorphose Research Network.
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MMs, contd.

First working metamaterial demonstrated in 

2001 [Shelby et al., Science 292 (2001)], based 

on lattices of split-ring resonators and metallic

wires [Smith et al., PRL 84 (2000) 4184] wor-

king in the GHz  range…

Paved the way to unforeseen new  apps  including e.g. super-

resolution imaging [Grbic & Eleftheriades PRL 92 (2004) 117403]

and invisibility cloaking [Shurig et al., Science. 314 (2006)  5801], 

that were steadily improved during the subsequent decade;

Scaling to optical frequencies initially hindered by large losses in 

metals;  made possible by exploiting  Mie resonance in dielectric

nanosphere arrays  [‘O Brien & Pendry, J. Phys. Cond. Matt.   14

(2002) 6383]. 
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Mie MMs in a Nutshell
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�/�

The effective permittivity and permeability of a lattice of spheres in a host 

medium was first computed by Lewin  [Lewin, Proc. IEE,  94 (1947) 65] 

��		 � �
 1 �
3�

� � � 2��
/���

� � � ��
/���
� �

��		 � �
 1 �
3�

� � � 2��
/���

� � � ��
/���
� �

,

� � volume fraction of spheres;   

�
 , �
 � permittivity & permeab. of host

��, �� � permittivity & permeab. of spheres

� �  ����	!�	, 	!�� radius of spheres  

� � �
2 �sin � � � cos ��

����1�sin		� � �	cos		�

where:

Featuring  !' � ( 0 or !' � ( 0 in some bands (SNG-MM)

Mie MMs in a Nutshell, contd.
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Mie MM Mirror 
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Lossy Mie-MM Mirror

The (normal incidence, plane wave) reflection coefficient  of a SNG 

MM  (�� � �� 	 
 0)   in vacuum can be written

Γ �

*��

*

� 1

*��

*

� 1

�
!' *̅�� � 1 � ,-. *̅��

!' *̅�� � 1 � ,-. *̅��

! � Γ � �
�!' *̅�� � 1����-. *̅�� ��

�!' *̅�� � 1����-. *̅�� ��

For small losses , |
� � | ≪ |�� � |	and |
� 	 | ≪ |�� 	 	|

�̅�� � �
��

	�


��	



���

� �

�

�
, � �

����



���

�

���	



��	


Hence
Can be made  small at will

using low-loss dense materials
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Finite Thickness Mie-MM Mirror

After some lengthy but obvious

algebra  (reflection coefficient

transport equation), under the

assumption that both both reflectances ��,� at the vacuum-MM

and MM-substrate interfaces  are close to unity ,

��,� � 1 � ��,� ,  with  ��~	��~	� ≪ 1

It is found  that for a finite-thickness  MM  layer 

�ℓ � �� � �ℓ ,  with  �ℓ � 2exp	 �
��ℓ

��


� � 
��	


��	�

ℓ

substrateMMvacuum
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Example (Numerical) 

[Slovick et al., Phys. Rev. B88 (2013) 165116]

Numerical simulation (CST© commercial code)


 � ��
	��

� � ��
	��

Transmittance 

& absorbance

below  10-5

Silicon on Siica

(losses included)
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Thermal Noise of MM Coating

For practical purposes, the viscoelastic properties of a Mie-MM

can be computed using  effective medium  theory [Principe et al., 

Phys. Rev. D91 (2015) 022005].   

The MM-film can be  one order of magnitude  thinner than  a  

traditional  (multilayer, Bragg)  coating  with equivalent reflect-

ance.  We may naively expect a comparable ratio (one order of 

magnitude)  in thermal noise PSD.

A rigorous ab-initio thermal noise calculation can be worked out 

paralleling the analysis in [Heinert et al., Phys. Rev. D88 (2013) 

42001] for  grating reflectors  (Pinto et al.,  work  in progress). 
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Mie-MM Mirror Feasibility (2017)
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New Ideas May be Hard to Receive … but  Worth a Try !


