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| ntroduction

 Motivation:

— Mechanical loss due to dielectric coatings may increase thermal noisein
gravitational wave detectors. Therefore, need to understand the sources of
this loss and determine how to reduce it

* Previous Experiments:

— Work at Glasgow, Stanford and Syracuse have shown coating loss to be
significant for Advanced LIGO.
¢ ~6.4x 10" for Al,O,/Ta,0 Coatings
« ~1-4x10%for SO,/Ta,0Og coatings
— Thegoal isacoating loss of ~3 x 10 for an S O,/Ta,0O; coating, giving a
10% increase in thermal noise power spectral density in Advanced LIGO

* Development plan:

— Collaboration between Glasgow, Stanford, Syracuse, MIT and Caltech has
developed a set of experiments designed to determine the source of the
coating loss —the first step in reducing it.
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Measurement technique

Measure mechanical 10ss of several modes of suspended fused silica substrates
before and after coating

d)((DO) coated (I)((DO) substrate T d)((DO) associ ated

Mechanical lossis different for each mode of coatedwﬁagosmc?ue to fraction of

energy stored in coating for given modeshape

For each mode, finite element analysis was used to calculate the relevant
energy ratios,

Ecoatlng on
0O oes ~ 0@ e + = $(00 )
0 Jcoated ~ 0 Jsubstrate E Wo on face
substrate

A linear regression algorithm can then be used to find ¢(®g)gqging: @SSUMING
O(00) goating CONStaNt with wy,

LIGO-G020154-00-Z L



Experimental Technique

o 3" by 1" fused silicasamples
« Set of internal resonances of suspended
samples excited using electrostatic drive

 Measure decay of amplitude of excitation
for each mode (interferometric sensing)

» Obtain quality factor, Q, for each mode
before and after coating and hence the | oss,
¢, for each mode where ¢p(w,) = Q1

Coated and uncoated silica samples

LIGO-G020154-00-Z




Mode shapes

Clover4=C4 Asymmetric Drum = A

Fundamental Longitudinal = F 2nd Asymmetric Drum = 2A
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Rationale of Current Studies

e First question:

— Whereis physical location of Multi-layer dielectric stack

mechanical loss of the coatings?

« 1% interface of coating and
substrate?
» Tota volume of coating
material?
— Individual interfaces of
coatings?
— Bulk of the actual coating
materials?

 (or some combination of these?)
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Coati ngs/Treatments Considered gSo Farz

Run Number of Coating Test Comments
samples

0 1 No coating Effect of cleaning and annealing on loss

1 2 Si0,/Ta,0q Effect of surface layer + 30 layer coating
M4, M4 onloss
30 layers

2 1 SiO,/Ta,0Oq Effect of surface layer + 1% coating layer
M4, M4 on loss
2 layers

3a 2 SiO,/Ta,0Oq Which material has effect on loss Assumesrun lis
A8, 30/8 dominant effect
30 layers

3b 2 SiO,/Ta,0q Does material thickness or number of Assumesrun lis
A8, A8 interfaces affect loss dominant effect
60 layers

ﬁg « The coating/annealing was carried out by SMA Lyon
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9 Resultsglz - Overview

* Q measurements were made on arange of samples.

» Theplot below shows the before and after results for one of each type of
coating/treatment.
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Q Results (11) — Initial Deductions

o Comparing 2 layer results with 30 » 60 layer results suggest that
suggest the first interface is not the Interfaces within the multi-layer
dominant source of mechanical loss dielectric coating are not the
dominant source of mechanical loss
8 Gx 108 8 Q3106

@2 Layer

w0 Layer

DD Layer

i F | 2h

* Need more quantitative analysis of results
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Consider 30 A/4 — estimate coating |0ss

L

facry

Using our measurements of loss before and after coating and the following
model for the loss, ¢(w,), of each mode:

coating on

¢ (CO 0 )coated ~ ¢ (0) 0 )uncoated + - 0 (00 0 )coating

E on face
substrate

We can pl ot (I)((DO) coated (I)((DO) uncoated agal nst energy raIiO fOf eaCh mOde'

2E-04 3E-04 4E04 S5E04 6E-04 7E-D4 BE-04

3.E-O7 +
P o However, data appears far
£ L. [ | . .
= e from expected straight line
:E- ; ? ! _'_'_'__._.-'— s !
g AR —— R2=0.24
T 5.E-08 e -
H LT
= DE+0D |
= -5.E-08 -
-1.E-O07
Energy ratio e
i k
|_ -4 __-'lll'
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30 A/4 codti ng - continued

Recall, samples are annealed as part of coating process

Previous work by Numata et al (Li1Go doc Go10365-00-1), Penn et a (Rev sci Inst 72 (9)) SUggQests
annealing may affect intrinsic loss

Using before and after measurements invalid?

Instead use equation from previous slide and fit for intrinsic 0SS (¢,,,coated)
4.E-07 -
2 —
— ) R2=0.57

2 E-07 : improvement in fit
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Anal xsis — subtraction of annealed mass |osses

* We have an uncoated substrate annealed in the same way as coated samples
o Thusdirectly remove the effect of substrate

3.E-07
g 2 E-07 - - | R2=0.84
2
3 e This model an
S JE07 improved fit to
|
B data
£ 5E-08
-E- .
0.E+00 - 5 . Use this model for

2E-04 3E04 4E-04 S5E04 6E-04 TED4 BE-04 subsequent analyses

Energy ratio

* Nb: Consistent with annealing/ coating process resulting in mode dependent
loss
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Analxsis - subtraction of 2 Iaxer mass | 0sses

* Inasmilar way the losses of the 2 layer mass can be subtracted to obtain an
improved fit

3.E-07 -
R?=0.82

2.E-07

2E.07 il This mode! also gives
| / ' An improved fit to
1E-07 data

5 E-08 Use this modd for
subsequent analyses
as well

bl 0)coatedizoplmojcoatediz)

0.E+00 . . .
2.E-04 3.E-04 4. E-04 5.E-04 6.E-04 7.E-04

Energy Ratio
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L 0SS summary

Results of analysis are summarised bel ow
c-aindicates fit using coated - annealed results
c-2 indicates fit using coated - 2 layer results

c-afit c-2 fit
30 (1/4,1/4)* (2.7 £ 0.7) x 104 (2.8 £ 0.7) x 104
60 (1/8,1/8)t (2.7 £ 0.5) x 104 (2.8 + 0.5) x 10
30 (3/8,1/8) (3.7+0.5) x 104 (3.7+£0.5) x 104
2 (1/4,14)t (0.9+2.8) x 104 -
* Notes:

* - 30 layer results are mean from two masses
T - 60 layer results are from a single mass
** - 30 3/8,1/8 results are mean from two masses
g 1 - 2 layer results are from a single mass (2 %
Sacr7, LIGO-G020154-00-Z
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Deductions

Compare losses from 30 A/4 to 2 A/4 —

(28 £0.7) x 104 t0 (0.9 + 2.8) x 104
— Difficult to compare because error in 2 layer result is high
— Differencesin Q values suggest 30 layer coating has greater effect
—  Substrate/coating interface not a significant source of loss
Compare losses from 30 A/4 to 60 A/8

(28+0.7) x 10% to (2.8 £ 0.5) x 104
— These are the same
— Intra-coating interfaces not a significant source of loss
Compare losses from 30 A/4 to 30 3A/8 (Ta,O;), A/8 (SO,)

(2.8 £0.7) x 104 to (3.7 £ 0.5) x 104

Oz8 g IS SIgNificantly higher than o, ,

— Suggests Ta,O. has a higher loss than SIO, in this case
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Deductions gcontd.z

» Partitioning the loss between the silica and tantalum we arrive at the following
set of simultaneous equations:

ra vz
Y)\./4,7\./4 coati ngtk/4,k/4 coating (I) _ Ys| |i(:a‘t silica (1) Ytantal at tantala (1)
1— 26 A4\ 14 coating 1— 2G silica 1— 2(5 tantala
A4, [ 4coating silica tantala
Y3XI8,Xl8 codti ngt 3A/8,\/8 coating _ Ysi Iicat gﬁca Ytantal at ?akn/tz a
1— 2(5 ¢3M8,k/8 coating — 1— 26 (I)silica 1— 20 (I)tantala
31 /8,1 /8coating silica tantala

e Using resultsfor the 30 layer A/4 and 30 layer 3A/8,A/8 coatings, a set of
simultaneous equations can be solved for the individual losses of silicaand
tantala
« Thisgives:
Oglica= (-0.2 %+ 1.3) x 104 and ¢, 4, =(4.3 = 0.5) x 104
e Using the previoudly obtained loss for an alumina/tantala coating (6.3 + 1.6) x
10> (crooks et al, Clas Quant Grav 19 (2002)) We obtain for the loss of an alumina coating:
(I)alumina: ('4 i 4) X 10-5
« Thisimpliesthat the loss of the duminalayer isvery low and that thetantala
loss (obtained from the SMA coatings) is higher than that in thealuminal &4 ™
. tantala coatings & %
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Addendum - Recent findi ngs

Different analysis calculating ¢;,, for each mode separately SUJGESS O ying
has a frequency dependence.

For example, for the 30(4)-a

Using this method we obtain the following results for the SO,/ Ta,O |osses:
Og1ica=(-0.7 £ 0.7) x 10* and ¢, ,15,=(4.7 £ 0.7) x 104

* And accordingly for alumina: PeoImN
g (I)alumina: ('0'5 + 0'4) x 104 |If % ,'
facey, LIGO-G020154-00-Z



The way forward

e |nsummary:
— Mechanical loss appears to be connected to bulk material of coatings
— Ta,0O; appears significantly lossier that either SO, or Al,O,
Options for investigation

— Fabricate coatings from alternating layers of low index materials (SIO,/Al, O,
- used for narrow bandwith mirrorsin gas lasers)

— Trade-offs - need many more layers, each of greater physical thicknessto
make a high reflector (~80 layers for 30ppm). Raises questions of
practicability, optical performance and mechanical |oss.

Alternate high index materials
— NDbO,, TiO,, others
Effects of annealing on mechanical loss - relation to coating stress?
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The way forward

* Need to correlate with optical 1oss measurements - see talk
by Roger Route

* Needto carry al parameters through to thermal noise
calculation, not just to coating loss

facr7, LIGO-G020154-00-Z
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