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Advanced Detector Sensitivities
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LIGO Coating Thermal Noise: a primer
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 Thermal (Brownian) noise: 10p
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— The higherthe dissipations, the 106l - e
more energy is spread out of Frequency [H2]
resonance Imaginary part of the
e Othersources of thermal noise: system transfer function
thermo-elastic, thermo- (linked to dissipations)
refractive

4kp'T
Power spectral density of Sx (UJ) P— 5 [IIII)Z(UJ)]

fluctuations in the
(mechanical) variable x

Fluctuation dissipation theorem
3

H.B. Callen, T. A. Welton (1951). "Irreversibility and Generalized Noise". Physical Review. 83: 34



How we make high reflection coatings

e Alternate layers of high and

low refractive index materials

Refractive | Loss angle

index (100 Hz)

Silica SiO, 1.45 0.5 x 10*
Tantala Ta,Ox 2.03 3.4x10*
. . (original design*)
Titania-doped 24 x 104
tantala 2.07 (MIT direct CTN*)
Tazos‘TiOZ 3.6 X 10-4

The effective loss angle is a combination of
those of the two materials: dominated by the

high index material

Interference

Silica
Tantala™
Silica
Tantala™

Silica

of

Fresnel reflections

* Titania doped

Tantala™

Substrate

1—v

w3/2 fY w

S;oating (f, T) _ 2kBT

*Class. Quantum Grav. 24 (2007) 405-415
“*Phys. Rev. D 95, 022001
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LIGO The future
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Exploring the sensitivity of next generation gravitational wave detectors
CQG 34, 044001 (2017)
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LIGO

Future coatings: different requirements

Temperature

Wavelength

Substrate

Beam radius
(approx.) [cm]

Coating thermal
noise at 100 Hz
[m/VHZz]

Coating loss
[rad]

Coating
materials

CE: Class. Quantum Grav. 34 (2017) 044001
ET: Class. Quantum Grav. 28 (2011) 094013 / Conceptual Design Doc.

300 K

1064 nm

Silica

1.3x1020

3.6x10*
(2.4x10%)

Sio,

300 K

1064 nm

Silica

6.5x1021
(5.0x10721)

0.9x10*
(0.6x104)

SiO,
?-Ta, 05

300 K

1064 nm

Silica

9x1021
(5x10721)

2.4x10*
(0.8x10%)

SiO,
?-Ta, 05

123 K 123 K
1.5-2um 1.5-2um
Silicon Silicon
6.5 14

Optimistic

2 3x10°21 1.3x1021
’ Pessimistic

5x10-21

Optimistic

6.5x10°5 5x10°

' Pessimistic
1.2x10*
Si0,/Al,05  SiO,/Al,0;

a-Si a-Si

10K

HF
1064 nm
LF
1.5-2 um

HF Silica
LF Sapphire

HF 9
LF 7 (LG)

HF

3x1021
LF

1.1x10721

HF

1.2x10%4
LF

1.3x10*

Si02/Al,05/SiN
?-Ta,0¢
a-Si?

aLIGO+: Phys. Rev. D 91 (2015) 062005 / LIGO-G1800514

AdVirgo+ LIGO-G1800999

Voyager: LIGO-T1400226-v9 / LIGO-G 1801004 6
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Why do we think we can improve?

More in
Frances
Hellman’s talk

—_
o
|
w

T
e
4

Material loss angl

N

—_
©
S~

here?
internal friction, Q!
o
S

What happens
S

1077

P

P

Zeitschrift flr Physik B Condensed

Matter. 101. 235-245

temperature (K)

‘llll T T ,'l'l]] T AR RRRI T T T IIII]]' T LI ll]ll]
3 GeOz 3
\:DDDD :
PP
‘ B20 anh M%AOMAAg
E 23 a () -
E A AAMAAAAA%A.%A.e.A.A.:.AA - OO&O gje e
£ ® :
C AAA wmggoaﬂ%&ﬂ&‘%ﬂ”mo 99090 °i’“¢" I
L2 o@ﬁogﬁ%%oowo WVAT % 1~
s ooé’n o, +..g+ R B R AR L i g
Fap 1
E C .
r ; Pd7sSi16Cusg dGeAss \ 1 9
| As2Ss \ i "§
E \ 4 ‘-l!=
\ % ©
! -
Sice y f ©
5 2 +
y &4 L
Amorphous Solids & b7
84 ]
il Ll Lol Lol Ll
0.01 0.1 1 10 100 1000

Phys. Rev. Lett. 113,
025503 (2014)

—_
<
ES
1

—_
S
(4]
1

—_
]
[}
I

Sl L aSi
‘s-...  grown at
T A% higher T

400°C
(b) i

iaaaul i aaaal

10° 10" 10?

Temperature (K)

Most amorphous solids have loss angles in a limited range
(At least) two exception (in glasses):

room temperature)

bulk silica at room temperature (low mechanical loss measured at

amorphous silicon grown at high temperature (low mechanical
loss measured at low temperature)



LIGO Room temperature coatings (A+)

High temperature deposition of tantala did not

show enough improvement Loss target

.9x10*
Class. Quantum Grav. 35 (2018) 075001 0.9x10
. . . (0.6x10%)
 Two promising candidates: dopingof tantala
room temp deposited Zr:Ta205
4.E-04
3.E-04 15% Zirconia-doped-Tantala
3 . s . . Univ. of Strathclyde
~  3.E-04 LIGO-G1800585
w
§ 2.E-04 Refr. Index
S .. . n=2.12
~ ' . Annealed 750C
=
o 1E-04 . o * As deposited loss
2 * .
5.E-05 * Annealed loss
0.E+00 Very slow dep(?sition
0 v a 6 8 10 12 high energy ions

8

Frequency (kHz)



IGO Room temperature coatings (A+)

* Two promising candidates: dopingof tantala Loss target
0.9x104

§ 51600582 60% Ti (annealed 10h @ 500 ° C) N (0.6x104)

101_

! 60% Titania-doped-
5 Tantala
l Univ. Colorado
Fort Collins
and Caltech
{ LIGO-G1800360

—e—
———

ad

Refr. Index
n=2.36

Coating loss angle [x1074]

100_
Steep frequency

dependence
High optical absorption
(contamination)

103 10%
Frequency [Hz] 9



LIGO

What’s next?

e Zr-doped-Ta:

check dependency on concentration/
depositionrate / method

structural and modeling studies

produce a multi-stackand do a direct
measurement of thermal noise

 Ti-doped-Ta:

— fix contaminationand high optical

absorption

— repeat measurements probinglow

frequencies, to confirm the slope

More in Kiran
Prasai’s talk

<
e
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LIGO

123 K coatings (Voyager — C.E.)

Amorphous silicon deposited
at high temperatureis the best
candidate

— High refractiveindex ~3.4

. Loss target
Low mechanicalloss at low

5.5x10~
temperature. But at 123K?

— Measurements of loss at room -
temperature shows ¢ < 1x10™* e
depending on deposition 2
method -
. . . . O

Optical absorptionsstill high, E
but improving g
* Measurements limited by absorption of substrate g
. 10000 1000 ppm —
£ ¢ ®
2 1000 ® o o
© [
8
g 100 P il < 20* ppm
z ® ATF i ®
a ® UWS
S 10 ¢
® 0 100 200 300 400 500

heat treatment temperature [C]
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mechanical I10Sss

LIGO 123 K coatings (Voyager — C.E.)

*  Amorphous silicon deposited at high temperatureisthe best candidate
— High refractive index
* Low mechanicallossatlow temperature. Butat 123K?

— Measurements of loss at room temperature shows ¢ < 1x10* depending on deposition
method

e Opticalabsorptionsstill high, but improving
High-T IBS deposited a-Si,

Loss at room temperature High-T e-beam deposited a-Si (Berkeley)
Loss at room temperature (Caltech)

(Strathclyde)
2.5X1O_4 T ‘ ; — : ' ' 6xaef § S1800515-60°C U I
¢ Blue: no post-deposition heat treatment i S1800519-425°C e
2x10% Red/pink: heat treated for lhr at 400°C . | 4x20°
Minimum loss: <2 x 107 T ,
1.5x10° | for deposition at 200°C + heat treatment at 400°C | X 310
1x10° | % 2% 10°
X L e I .
5x10° | § s ¢ ISR +
) v v 10 T e f
0 L ) | | . ’ i .
0 100 200 300 400 100 10°

Frequency [Hz]

deposition temperature [°C]
12




LIGO What’s next?

¢
* Measure mechanical loss angle of More in Kiran €
a-Siat 123 K Prasai’s talk A

* Improve optical absorptions

* Structural measurements and & &
modeling &

 Why the different behavior of
mechanical loss with growth More in

temperature? Frances | [
. : Hellman’s talk | = -
e Understand differences due to

deposition method ? %'

13



LIGO Low temperature coatings (E.T.)

* Amorphoussiliconis a promising high
index material Loss target

4
e What aboutthe low index material? HF1.2x10

-4
Silica = 5x104 at 10 K LF 1.3%10
 Dependenton heat 1.0%10° ——————
treatment ] e Tantala coating 350 Hz | |
4 Silica coating 350 Hz
— In many cases annealing 8.0x10° g 1
improves high = o
Proves nig = t From ET
temperatureloss, S 6.0x10% & .0 i
3 s conceptual
but worsen low 5 % . :
temperatureloss 3 AT - design
E 4.0x10* 1 J "'\”.. il
° A|203 and SlN gOOd 3 | AA ®ee 1
= & .
low index candidates 2.0x10° 1 %, ¢ o
AAWAAAAA
0 ' 5I0 I 1 (I)O l 1 éO l 2(I)0 l 250 I 300
Temperature (K) 14

Class. Quantum Grav. 31 (2014) 035019



LIGO Low temperature coatings (E.T.)

« Amorphoussiliconis a promising high index material
 Whataboutthe low index material? Silica = 5x10* at 10 K
* Dependenton heattreatment
— In many cases annealing improves high temperature loss, but worsen low
temperature loss
Al,O5;and SiN good low index candidates
Magnetron sputtered SiN CVD deposition
A|203 (N RL) LIGO-G1800418 LIGO-G1800350
Sputtered Alumina Film Internal Friction vs Temperature
| e R 120K - 20K
T R e R 9'_ . bs(f)
"’.‘\\ . ‘.A ' ; ______ ,B_._.—-—'—'—'_fﬂ """
PR VY AAAAA“:'A"“.‘-;" ) 9 E’D " !
g | T e 1§ $s(f)
g . . g s s
Viee | B — ] b5 ()
B [ R R B 8 L a9 5(f)
. L] LR (@) ]
- . ‘\ " 1r”* ; ; . 1 ; ; ; . .
. \ '- 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
o * “ . Frequency (Hz) Frequency (Hz)
\
ne : P

Temperature [K]



LIGO What’s next?

* Further characterize Al,O5 and SiN
mechanical loss

* Improve optical absorption

* Aluminashows improvement with
growth temperature, similar to a-Si,
dissimilar to Ta,O¢

16



LIGO Crystalline coatings

* Promising candidate for
3"dgeneration

e Low mechanical loss at
room temperature (2x107)

* Good optical absorption
and good figure

* Need todevelop technologyto

scale up to large mirror size

GaAs wafers: 20 — 40 cm Epitaxy: 30 — 40 cm

Class. Quantum Grav. 32 035002 (2015)

G. Cole LIGO-G1800645 G. D. Cole, et al., Nature Photonics (2013)

ASD [m/+V Hz]

—Ta205/SiO2
—aLlGO s1

aLlGO s2
—AlGaAs (prelim)

el \mrf"‘w

10"

Bonding: 45 cm

102 108
frequency [Hz]

« AlGaAs room temperature:
(RT < 4x10°5

* AlGaAs cryogenic :
*Pcryo < 5x10°

More in Garret Cole’s
and Manuel Marchio’s talks

17




LIGO

Structure and Modeling

Scientific Reports 6, 32170 (2016)

Important to bridge _
mechanical loss, 4-
structural studies and '
modeling efforts

Use measured 04

distributionsto tune

Ta205 500nm Thin Films
As Deposited

Annealed
Zr_doped

Measurements of pair distribution functions

simulations and extract
structural information

Reverse Monte Carlo +
Energy
minimization
Crucial: simulate
the deposition
process

g(r)

. 10 ' 15
r(a)

Models track the changes in experimental PDF very well.

| — As deposited
| — 800 C Annealed | |

Experiment |

2 4 6 8 10

Models

¢/L8008TH-0OD5I11esedd)

2 4 6 8



LIGO Outlook

e Rate of progress significantly
increased in the last few years

* Promising candidates for
A+ detector coatings (but we
need a recipe very soon)

* Amorphoussilicon a promising
candidate at mid and low T,
but some more characterization are needed (and on-going)

* Low temperature lowindex material? Some candidates
(Al,Og, SiN)

 Not one material good for all configurations

Other complementary directions:
Crystalline coatings Class. Quantum Grav. 32 035002 (2015)
\Nano-layers LIGO-G1800300

) 19




