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Abstract
Thermal noise in the test mass mirror coatings is a leading noise source 

for advanced interferometer gravity wave detectors. Reducing this noise to a 
point at or below the quantum limit should result in a significant gain in the 
detector’s sensitivity and its estimated count rate. The coating thermal noise 
arises from the mechanical loss (dissipation) in the coating materials, pre-
dominantly the high-index material. 

The mirror coating currently planned for Advanced LIGO is a multilayer 
dielectric consisting of silica (low-index) and titania-doped tantala (high in-
dex). Initial LIGO’s high index coating is pure tantala.  Many variations in 
doping and preparation were explored in an attempt to lower the mechani-
cal loss in this material.  Titania doping was found to reduce the loss by 
about 30%, a factor only marginally acceptable for Advanced LIGO.  

While the noise contribution from the silica coating layer is much less 
than from the high-index layer, its loss is higher than in the bulk material.  
The thermal noise research performed for the Advanced LIGO test mass 
substrate selection has given us a detailed understanding of this material.  
However we did not understand why the fused silica coatings had a higher 
loss than bulk fused silica. We believed that by exploring the source for this 
excess loss we may gain insight into the excess loss in the high index mate-
rial.

   Fused silica has three main sources of mechanical loss: loss in the bulk 
material, loss in the surface, and thermoelastic loss, which is negligible ex-
cess for thin geometries. [Below is shown a plot of the measured minimum 
loss in fused silica and the model of the loss from these three sources.  Note 
that the loss coefficients are highly dependent on the specific type of fused 
silica]. Our research has shown that to attain the minimum loss, fused silica 
must be annealed and allowed to cool slowly.  This process allows the mole-
cules to relax into their lowest energy state and minimizes the inherent 
stress in the material.  Thus when the material undergoes deformation, there 
is less dissipation because a smaller percentage of the bonds break or transi-
tion to another state.

When an ion beam sputtered coating is deposited, the molecules are 
fired onto the surface, leaving the coating under considerable stress.  We 
hypothesized that the excess loss observed in silica coatings resulted from 
the residual stress that remained after the coating undergoes a low tem-
perature anneal (300–600 C).  This experiment measured the loss in two 
fused silica coatings (0.5 and 2.0 microns) as the samples were annealed at 
successively higher temperatures, ranging from 600 C to 1100 C. 

Experiment

The substrates were fused silica disks (3 inch diamere x 0.1 inch thick). 
The initial measurements revealed a clear separation in the results between 
modes with radial nodal lines (#1,3,5,6) and modes with circular nodal lines 
(#2,4,7,8).  As shown in the plot on the right below, the energy fraction 
stored in the edge (or barrel) of the optic, closely matches this pattern.  The 

substrates have a higher-loss, commercial polish on the barrel and a super-
polish on the face.  This necessitated including the barrel loss in the fit to 
our data, as is shown in the loss function below:

Above we show a samples set of data, in this case the 0.5 micron coating 
as annealed by the coater, and fit to a model including the coating and edge 
losses.  The contribution from the bulk is negligible for these samples.  

As we annealed the samples to higher temperatures, the loss progres-
sively decreased. The plot in the upper right shows the general trend of the 
data, but it is clear that the loss distribution among the modes is changing 
from one annealing stage to the next.  If for each stage one fits the contri-
bution from the edge and coating losses, then we find that this variation re-

sults almost entirely from the edge losses.  Below we plot the trend in the 
coating loss versus annealing temperature.  The coating loss obeys a decay-
ing exponential with a characteristic temperature T0 ≈ 350 C. 

In addition, Ashot Markosyan has measure the absorption in these sam-
ples after successive annealing runs and has found the the absorption de-
creases until the coating is barely distinguishable from the substrate.  We are 
currently having scattering measurements performed on these samples.

Conclusion
We have shown that annealing can successfully eliminate the excess loss 
observed in silica coatings.  This result suggests that the same method could 
be used for a high index coating material, with a CTE similar to silica and 
that did not crystalize at low temperatures.  Possible materials include dia-
mond, with an index of 2, and zirconia, which must be doped to remain 
amorphous at high temperatures.  
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eigfreq_solid3(8)=2680.325672!!!!Subdomain: Total displacement!! Edge: Total displacement!! Deformation: Displacement eigfreq_solid3(9)=4066.493993!!!!Subdomain: Total displacement!! Edge: Total displacement!! Deformation: Displacement

eigfreq_solid3(11)=6127.22711!!!!Subdomain: Total displacement!! Edge: Total displacement!! Deformation: Displacement eigfreq_solid3(13)=9421.493263!!!!Subdomain: Total displacement!! Edge: Total displacement!! Deformation: Displacement

eigfreq_solid3(15)=10618.306204!!!!Subdomain: Total displacement!! Edge: Total displacement!! Deformation: Displacement eigfreq_solid3(16)=16090.434107!!!!Subdomain: Total displacement!! Edge: Total displacement!! Deformation: Displacement

eigfreq_solid3(20)=17555.295039!!!!Subdomain: Total displacement!! Edge: Total displacement!! Deformation: Displacementeigfreq_solid3(18)=16205.655746 (1)!!!!Subdomain: Total displacement!! Edge: Total displacement!! Deformation: Displacement

Quadrupole 2.680 kHz Drumhead 4.066 kHz

Hexapole 6.127 kHz Double Drumhead 9.421 kHz

Octupole 10.618 kHz Decapole 16.090 kHz

Quad Drumhead 16.205 kHz Second Drumhead 17.555 kHz

Thin Disk Modes 1–8 

eigfreq_smsld(20)=17408.673656!!!!Subdomain: Strain energy density [Pa]!! Deformation: Displacementeigfreq_smsld(19)=16342.095207!!!!Subdomain: Strain energy density [Pa]!! Deformation: Displacement

eigfreq_smsld(16)=16092.074425!!!!Subdomain: Strain energy density [Pa]!! Deformation: Displacement

eigfreq_smsld(9)=4086.521515!!!!Subdomain: Strain energy density [Pa]!! Deformation: Displacementeigfreq_smsld(7)=2707.617502!!!!Subdomain: Strain energy density [Pa]!! Deformation: Displacement
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Thin Disk Stress Energy Modes 1–8 

200 400 600 800 1000 1200
0

1

2

3

4

5
x 10

!7

Peak Annealing Temperature (C)

M
ec

h
an

ic
al

 L
o

ss
 (
!

)

 

 

Butterfly (2800 Hz)

Drumhead (4250 Hz)

Hexapole (6400 Hz)

Double Drumhead (9800 Hz)

Octapole (11000 Hz)

Decapole (16650 Hz)

Quad Drumhead (16850 Hz)

Second Drumhead (18200 Hz)

Butterfly

Drumhead

Hexapole

Double Drumhead

Octapole

Decapole

200 300 400 500 600 700 800 900 1000 1100 1200
10

!5

10
!4

10
!3

Peak Annealing Temperature (C)

C
o
at

in
g
 L

o
ss

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

x 10
4

1.6

1.8

2

2.2

2.4

2.6

2.8

3
x 10

!7

Frequency (Hz)

M
ec

h
an

ic
al

 L
o

ss

104SE2, 0.5 µm coating, unannealed: !
c
 = 3.25e!04 +! 2e!06 !

e
 = 9.32e!04 +! 3e!05

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

x 10
4

0

0.2

0.4

0.6

0.8

1

1.2
x 10

!4

Frequency (Hz)

E
n
er

g
y
 f

ra
ct

io
n
 i

n
 E

d
g
e 

(1
/µ

m
)

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

x 10
4

1.01

1.02

1.03

1.04

1.05

1.06

1.07

1.08

1.09
x 10

!3

Frequency (Hz)

E
n
er

g
y
 f

ra
ct

io
n
 i

n
 C

o
at

in
g
 (

1
/µ

m
)

ΦCoating = A0 e−T/T0
ΦTotal = ΦBulk f0.77 +

1
E

(
dE

du

)

Edge

uEdgeΦEdge +
1
E

(
dE

du

)

Coating

uCoatingΦCoating

This work is in part supported by the National Science Foundation Grant PHY-0653590

T0 ≈ 350◦C


