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Figure 1.6: Plot showing the noise budget for Advanced LIGO (see Section 1.5) where

the di↵erent noise sources are combined to produce the total noise and

subsequent sensitivity plot for the detector [56].

Germany [7], the Virgo interferometer located near Pisa [8] and the TAMA

interferometer located in Tokyo [9]. They all compare results by working to-

gether, when they are all operational, to rule out local anomalies such as

earthquakes, weather conditions and disturbances from other sources such as

aircraft. They will also be able to use triangulation to determine the origin of

the detected gravitational waves in space. Figure 1.7 shows images of one of

the LIGO detectors, Virgo and GEO600.

Figure 1.8 shows some of the most recent sensitivity curves from recent

observing periods from the 4km LIGO, GEO600 and Virgo detectors.

Second generation of detectors

There are upgrades planned for the GEO600, LIGO and Virgo detectors with

the aim of improving detector sensitivities. GEO-HF will see the original

GEO600 detector optimised to improve sensitivity in the high frequency ranges,

LIGO noise budget  (GWINC)
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Introduction

Reduce coating Brownian thermal noise 

Enable gravitational wave astronomy 
Mitigate noise sources that limit 
sensitivity 

!

Ensure and enhance the success of 
Advanced LIGO (aLIGO) 

!

Develop technologies for future 
generation detectors
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aLIGO mirrors are dielectric stacks of ion beam sputtered (IBS) silica and 
titania doped tantala 
Thermal noise related to mechanical loss  through: 

!
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[G M Harry et al, Class. Quant. Grav. 24 405, 2007]

Introduction

Changes in mechanical loss are the result of changes in atomic structure

!

Tantala is the highest source of 
mechanical loss 

Reduced by 40% through titania doping
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temperature coating thickness

laser beam radius coating mechanical loss



coating series 

measure  
atomic structure

lower  
mechanical loss 

coatings

structural modeling

correlate structure  
to mechanical loss

design optimum  
coating material

understand  
mechanical loss  

mechanisms 

Research Approach
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R Bassiri et al, Acta Mat. 61, 1070–1077 (2013)
R. Bassiri et.al, Appl. Phys. Lett. 98, 031904 (2011)



Main experimental tools for measuring the atomic structure: 
Pair Distribution Function (PDF), G(r), electron or X-ray diffraction 
!

!

!

!

!

!

!

Extended X-ray Absorption Fine Structure (EXAFS), Ta LIII edge  
!

!

Ta#O#distance#

Ta#Ta#distance#
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Atomic structure
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Titania doped tantala 
!

!

!

!

!

!

!

 
!

Increasing Ti-doping suppresses the low temperature loss peak  
75% Ti-doping shows large reduction of loss 

!

Large differences in structure occur above 2 Å 
Metal-metal and metal-oxygen distance suppression with higher doping   

6

Atomic structure

[P. Murray et al, Glasgow] 
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Heat-treated tantala 
!

!

!

!

!

!

!

!

!
!

Heat-treatment results in low temperature loss peaks [I W Martin et al, Class. Quant. Grav. 27 225020, 2010] 
!

Main differences in structure occur above 2 Å  
First X-ray PDF measurements show changes in structure in short and medium range

7

Atomic structure
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Atomic structure
Mechanical loss mechanism 

Double-well potential  
Activation energy gives a range of possible movements 
Changes with heat-treatment and doping 

Bad actors acting as loss centers  
Nano-crystalline structures in the medium range  
Defects over a longer range 

Ordering of metal-metal and > 2 Å metal-oxygen distances 
may be key to identifying further correlations with loss 

What can change/improve IBS coatings? 
Heat-treatment, doping 
Oxygen partial pressure 
Heat-treatment environments 
Multi component systems

E

x

AE
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Future work
Continuing atomic structure investigations 

Atomic modeling based on X-ray, TEM data 
Focus on mechanical loss correlations 

!

Depth dependent measurements  
Depth dependent structure on coatings 
Include studies of silica - understand silica 
coating vs. surface vs. bulk  

!

Development of materials-by-design 
approach 

Model effect of different dopants on structure, 
correlate with loss based on Ti-doping model 

!

!

!

[I W Martin et al, Class. Quant. Grav. 31 035019, 2014] 

Class. Quantum Grav. 31 (2014) 035019 I W Martin et al

Figure 5. Comparison of the mechanical dissipation of ion-beam sputtered silica with
bulk silica [41], e-beam evaporated silica and thermal oxide grown on silicon [29].

of the dissipation of silica. The dissipation in bulk samples of silica has been extensively
studied as a function of temperature and a dissipation peak centered on approximately 40–
60 K has been well characterized by many authors [25, 39–41]. White and Pohl have studied
the dissipation of various thicknesses of silica film deposited by electron-beam evaporation
and of a 500 nm thick film produced by the thermal oxidation of silicon substrates [29, 42].
These measurements were carried out at 5.5 kHz between 10−2 and 100 K. The dissipation of
the thermal oxide was found to closely resemble that observed in bulk silica samples, with a
dissipation peak at 35 K, while the e-beam films were observed to have very different behavior.
Figure 5 shows a comparison of the low-temperature dissipation measured here in IBS silica
at 7 kHz with the loss of bulk silica at 56 kHz [41] and with the loss of the thermal oxide film
and various e-beam silica films measured by White and Pohl [29].

This comparison shows several interesting features. The very thin e-beam evaporated
films studied by White and Pohl at temperatures up to 20 K have a similar magnitude of loss
to the IBS film. However, the 109 nm thick e-beam film was observed to have higher loss
between 10–20 K and to display very different temperature-dependent behavior from bulk,
thermal oxide and IBS silica, with the loss increasing rapidly perhaps toward a peak at a
temperature above 100 K. White and Pohl suggest that macroscopic disorder occurring in
thicker e-beam films, perhaps related to porosity, may be responsible for the low-temperature
dissipation of this film. IBS coatings tend to be more dense and have better stoichiometry than
e-beam deposited films [43] due to the higher sputtering energy, and it is possible that the
different temperature-dependent dissipation is related to structural differences associated with
the deposition method. It is interesting to note that the 1 µm thick IBS film has a similarly low
level of loss as the thinnest (sub-10 nm) e-beam films. This may suggest that the macroscopic
disorder which arises as thicker e-beam films are grown is not be present in IBS films, which
is consistent with dense, non-porous structure of IBS films.

The magnitude of the dissipation of the IBS film is lower than that of the bulk silica
and the thermal oxide at temperatures below 85 K, and the dissipation peak in the IBS film
occurs at a lower temperature of 18–20 K than the peak observed in thermal oxide and bulk
silica at approximately 35 K. Comparison of the peak temperature is valid for the IBS and the
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Conclusions
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Targeted approach: coating atomic structure vs. mechanical loss 
!

Tantala coating atomic structure 
Both heat-treatment and Ti-doping show larger differences in the atomic structure 
beyond the first nearest neighbor 
Possible further correlation to mechanical loss 

!

Results will target studies to probe mechanical loss mechanisms  
!

Atomic structure investigations provide:  
Capability for materials-by-design approach  
Key route to understanding and mitigating mechanical loss,  
to lower coating thermal noise  

!

!

!
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