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Abstract

Mirror thermal noise is and will remain one of thmin limitations to the sensitivity of gravitatidna
wave detectors based on laser interferometers. apfertr about projected mirror thermal noise due to
losses in the mirror coatings and substrates. Vhkiation includes all kind of thermal noises preke
known. Several of the envisaged substrate andngpataterials are considered. The results for ngrror

operated at room temperature and at cryogenic textyse are reported.

1. Thermal noise

Thermal noise is an important limit to the sengiiof gravitational waves detectors (GWD) in the
frequency range of 50-500 Hz. The Einstein Telescpmject aims at reducing the thermal noise
affecting GWD to a few in I8 mAHz instead of a few 18 m/JHz planned for the second generation
of GWD. Decreasing thermal noise has become an rianpotheoretical and experimental challenge.
The thermal noise affecting gravitational wave iifgmeters has two different origins. The firseas
due to dissipation in the wires used to suspenddstemasses; this is the so called suspensioméher
noise. The second one is due to dissipation presesside the test masses themselves; this isothe s
called mirror thermal noise. Here we present tleust of the research concerning different mirror

thermal noises, the attractive materials and waeedpout the future research in the field.

The total thermal noise taken into account in ffaper branches off three other noises: Brownian
noise, thermo refractive noise and thermo elastisen It is important to note that the mirror thatm
noise concerns both the substrate and the coathgmod overview of the different thermal noises

affecting the substrate and the coating of thefietemeter mirrors can be found in reference [1j.tke
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basis of the formula given in the reference memiibabove, we have evaluated the thermal noise
according to the parameters of different potemtiaterials. All the expression given in the follogiaf
this paper consider a semi-infinite mirror, a Garsdeam and an adiabatic frequency range (i.d. wel

below the mirror internal resonant frequency).

This report lists the thermal noise effect expedmddifferent configuration of mirrors at room

temperature and cryogenic temperature. CalculatisesS.l. units. The symbols used are listed below:

w Gaussian beam radius defined as the radius wherfgeld amplitude is 1/e of the maximum
(meter)

A laser wavelength (1064 nm or 1550 nm for silicobstrate)
f measurement frequency (Hz)

p density (kg/m)

C heat capacity (J/(K kg)

K thermal conductivity (W/(m K))

o poisson’s ratio

a thermal expansion coefficient (1/K)

n refractive index

d coating thickness (m)

B=dn/dT thermo-optic coefficient (1/K)

® loss angle

Y Young modulus (Pa)

Kb Boltzmann’s constant, 1.880%°J/K

T temperature (300 K or 10 K)

w optical frequency (1/s)

a. The Brownian noise

In general, the sensitivity of a gravitational waletector such as Virgo or in the future, ET, is
largely limited by the Brownian damping of payloadfie mirror thermal noise leads to a statistical
deformation of the mirror surface which become ohéhe dominant source of noise in the frequency

range comprises between 50 and 500 Hz. This neidiedctly related to mechanical loss nofed
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i. The substrate Brownian noise

The Brownian noises are calculated from the dia@groach according to Levin’s theory [2]. By

assuming a constadis (f) = @, the thermal noise described below uses the dapptoach [3]. The
power spectrum of the mirror displacemesjt due to its internal thermal noise can be dedugethé

following expression [1]:

_ 2T, ()i-0?)

S: (1.1)
’ H%stf
ii. The coating Brownian noise
The spectral density of the coating Brownian nassgiven by the following expression [1, 4]:
2
s = 2,7, (1 )1-0?) , (2.1)

3
IT/ZYSWf
whered, is the coating mechanical losses.

The coating Brownian noise is deduced from the sestetion used to evaluate the substrate
Brownian noise. Nevertheless, to evaluate the ©gatisses one has to take into account the angotro
properties of the coating such as the Young's malahd the Poisson ratio parallel and perpendicular
to the coating layers. The loss angles of the cgdtyers parallel and perpendicular to the mirror
surface permit to characterize the anisotropy efdbating. The expression of the coating lbssan be

found in reference [5]:

_ (d_+d,)(-20,)
C o Vmw-0)(1-0,.)

x Yperp (1_ Upara) - 20 pzneerpara + Yparaaperp (¢para - ¢perp) + Ypara (1+ Us)(l - 20—3)¢para
Yr,+0,)1-20,) sTperp Y Y. (+ O o)

perp

(2.2)



ET-021-09
issue: 1
date : May 20, 2009

page 5 of 32

where d and ¢, are respectively the total thickness of the lowlex and high index materials
thicknesses. Moreover, to estimate the total treskrof high and low index layers of the coatinguse
the following formulas:

dL:izL, (2.3)
nL
A
d, =—2>z,, 2.4
", (2.4)

where z and z are units of wavelength; for example 0.25 corresisoto the standard quarter

wavelength multilayer coatings. The others quatitised in equation (2.2) are given by the expressi

below:
+
Yoerp = G+ dy , (2.5)
d + d
Y vt Y,
Y para AL RALS (2.6)
d_+d,
=Y %LCDLdLJr%”%dH (2.7)
(operp perp d|_ + dH ’ .
1 (Ydg+Y,d
Ppara = ( - LZL +d” ”%j, (2.8)
para L H
R (2.9)
YLdL +YH dH
In order to evaluatepa0ne has to solve the following equation [6]:
o-pz)ara (Yperp'A) + Jpara (20-;2)eerparaA+ Ypeerpara) + (zo-pz)eerparaA_ YperpA + szaraa-pz)erp) = O’ (210)
with the constant A:
_ oY, d N o,Y,d, 1 . (2.11)
(1+ o, )(1_ 2JL) (1+ Oy )(1_ 20, ) (dL + dH )
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The equation ofparahas only one positive root which will be reportedhe simulation.

If we consider a Si@substrate and a coating of 17 doublets of TiOEe5IO,, the evaluation 0bpara
gives the values of 0.2011. Reference [1] giveddhewing approximation:

o= ULJ’TUH =0.1985. (2.12)

para

This is only 0.9% different respect to exact valNevertheless, in order to be as accurate as

possible, we have used the exact formula insteddecdipproximation.

b. The Thermo elastic noise

The thermo elastic deformation is a linear and/olume dilatation or contraction under the
influence of the temperature fluctuations. An altgive but equivalent way to see the same phenomena
is explained in reference [7]: in response to tinairs imposed, the material has tendency to heabor
down according to the Le Chatelier principle. Ttisates a temperature gradient which dissipatesta p
of mechanical energy used to bend the material. @uehe fluctuation-dissipation theorem this
dissipative process produces a fluctuation of fstesn. This thermal noise can limit the sensitivafy

the detector and must be taken into account iruetialg the total thermal noise [8].

The thermo elastic noise has been proposed ascaséarrier limiting sensitivity of the gravitatial
wave detector [9]. The leading parameters are tigental expansion coefficient that generates

fluctuations in the substrate (section I.b.i) bgban the coating (section 1.b.ii).

i. The substrate thermo elastic noise

The displacement of the mirror surface due to thessate thermo elastic noise is given by the Yaihg

expression suggested by Braginsky et al. [10]:

4k T2ai(1+0, )k,

SE = 3 (3.1
T e

where as is the thermal expansion coefficient of the sudistiks is the thermal conductivity of the

substrate, Cis the specific heat of the substrate pa the density of the substrate.
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The limit of the adiabatic hypothesis, which igte base of the expression (3.1) and which failswat
temperatures, has been explored in [11]. As itxgaened in [11], the heat diffusion length increas
considerably at low temperature and hence, bectangsr than the laser beam size, so that the attaba
approximation is no longer valid. There is an aagudtequency notedy. below which the adiabatic
assumption fails. This frequency is a function e taterial thermal conductivity, of the heat céyac

and of the beam size:

w = _ (3.2)

Following [11], the thermo-elastic noises can bétem as:

s 8k, T%a, (L+0,)°
epd = ci/Z(_ITKU) WJ[Q]’ (3.3)
with Q = %)
~ 2% +oo y3e‘“2’2 )
and J[Q]= \/;J;du_jwdv(uz +v2)[(u2 AT QZJ' (3.4)

Whenw>> w, , the formula above coincides with (3.1). The esgion has been taken into account in
all the simulation at low temperatures since & temperature the adiabatic approximation fails.
ii. The coating thermo elastic noise

The thermo elastic noise of the coating has beesrited in several articles [1, 12, 13]. The

model developed by Fejer et al. [13¢ludes a frequency dependent ternofs(

- 2k,T* dz( _—<C_p>j2@ 4.1
S et 5O ey, (@), (4.1)

where d is the total thickness of the coating andand Z are the effective thermal expansion
coefficients of the coating and the substrate @efias:
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C_?'x = ax i-l- Is |:1::-_ x + (1_ Zas)é}
AL : (4.2)
- d
a.=> ax—=
Cc )é- d
a,=2a(l+a,). (4.3)
G(w) is given by :
2 sinhé —siné + R(coshé — co
G(a)): _ $ ¢ . ( hf 55) ’ (4.4)
RE&? coshé + cosE + 2Rsinhé& + R?(coshé — cosé)
with:
(4.5 and 4.6)

where N is the number of doublets in the coating.

Since the coating is formed by a stack of high xded low index thin films, it cannot be
considered as a homogenous and uniform thin filerret al. [13] proposed to calculate the propefty
the multilayer coating by making the proper averafgéhe properties of the two materials constitgfin

This average enables to obtain a nice precisiorsaitdble estimation of thermo elastic noise.
Consequently, all the terms represented under btatiave to be written according to the formula:

(X)= X d, +X,d, _

- 4.7)

c. The thermo refractive noise

The multilayer coatings are made with alternatimg Bnd high refractive index thin films noted
respectively pnand ny. Usually SiQ is the low index material and ¥ is the high index material.
Since n and ny depend on the temperature T, the thermo optic iooeit 8 = dn/dT is usually not zero.

Consequently, a temperature fluctuation will indwcevariation of the film optical thickness [10].
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Similarly whenever a beam is transmitted througtubstrate, a temperature fluctuation will induce a

variation of the substrate optical thickness.

i. The substrate thermo refractive noise

Currently, there are a few documents reportingstitestrate thermo refractive noise. An estimate
of the phase noise due to the thermo-refractiveenmi the beam splitter substrate can be foun#idh:[

X j 2k, T? 5.1)

SAS¢,TR(f):( 1 Jp Kk_p.C.27 ,

where | is the thickness of the beam splitter. Jiiase noise is equivalent to a displacement ndise o

test masses equal to:

ax=2¢4 (5.2)
8F

where F is the Fabry-Perot cavity finesse thathmexpressed from the amplitude reflectiviticand p

of the two mirrors involved in the cavity as :

_mnr, 5.3)

S 1-rr,
To calculate the influence of this noise, we haveduthe finesse proposed for Advanced Virgo, i.e.,

F = 885.

ii. The coating thermo refractive noise

The coating thermo-refractive noise is given byftil®wing expression [10]:

o 2K TBN 6.1
S ﬂ%,/KspsCSV\Ff%' e

where A is the wavelength of the detector laser ghdis the effective coating thermo refractive

coefficient defined by the following expression:

5 zidn%T”f * dr%T”E (6.2)
=g . .

n, —n
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It is important to note that the equation is carrecly for a coating made entirely of quarter
wavelength doublets. In the case of a coating nohdpiarter wavelength doublets and ending with an
half wavelength low index layer the proper equatsthe following [16]:

d d 2 dn.
//}”+ YT //; 6.3)
n’(n —n?) an? '

Both in (6.2) and (6.3) the coating thermal expamgioefficient has been neglected with respechéo t
dn/dT parameter. Following [16], in order to halie exact expression, one should replagédtnvith

dn/dT+o,xny.

d. TE-TR compensation or the thermo optic noise

In March 2008, Kimble [15] came with the idea thhermo-elastic and thermo-refractive
fluctuations should be correlated and that in seomditions can compensate each other thus reducing
the total thermo-optic noise. On the one hand efifect of a change in the index of refraction letals
change of the coating optical thickness and mokestfective mirror surface in one direction. Oe th
other hand, a thermal expansion due to the samgetature fluctuation moves the surface of the mirro
in a direction which depends on the relative sigthe thermal expansion coefficient and of the dn/d

parameter.

Since then, two authors [1, 16] have analysed apthmed the problem following two slightly differe

approaches. Following [16] the total thermo-optiise is given by the expression below:

2T (ad B - ad<pq2 (7.1)
ﬂ%WZJKSCS,OS ¢ C ’

whered, and?s are effective expansion coefficient for a coatinghviN layers each of thicknesg and

sI”s

the effective expansion of the substrate, as defimé4.1).
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(Co)=3 0 . (7.2)

The parametef . is a thick coating correction. This correction tads given by the expression below:

ro=Pelo*pe :;f; : + T, (73)
with

[, = 2(sinh(¢) —sin(&)) + 2R(cosh§) - cos)), (7.4)

I, =8sin(&/2)(Rcosh§/2) +sinh(/2), (7.5)

I, = 1+ R?)sinh() + (L- R?)sin(£) + 2Rcosh§) , (7.6)

r, = @+ R*)cosh§) + (L- R*) cosg) + 2Rsinh(f) . (7.7)

Where pand g can be expressed as:

{a —F<Cp>}d

© CCepy _ - B/
Pe = (7.8) andp, = € (7.9
{ac —Zécﬂqd .y {ac —Zm}d .y

The compensation has been taken in account imalllations of this document.

e. The total thermal noise

The total thermal noise has been evaluated acapridina sum of the individual noises. More
precisely, the thermal noise must be equal to there root of the sum of individual noise. Since th
coating and substrate Brownian noise, are two iadéent noises, the total Brownian noise is given by
the sum of the square noise. On the contrary, daéing thermo refractive and thermo elastic noaes
dependent from each other [1] as they both dependke same temperature fluctuation. Thus, the tota
thermo elastic/refractive noise is given by theéinsum of the noises. In conclusion, the totaintia¢

noise has been evaluated using following equation:

S =SE+ S+ S + S+ Sier - (8.1)
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2. Materials properties at room temperature
a. Substrates

In this note three materials have been considerethé mirror substrates: fused silica, sapphire
and silicon. The thermo-mechanical and optical pridps of these materials that are relevant famtiaé

noise are given in Table 1.
i. Silica
Currently, all the gravitational wave detectors kieg at room temperature use fused silica
(LIGO, VIRGO, GEO600) as mirror substrates. Themraiason for this choice has been the excellent

optical quality of this material and the possililib obtain very high quality surface by meansiodf t

appropriate polishing method.

In addition, fused silica has quite low intrinsiechanical losses. At the time LIGO and VIRGO
were built values as low as 5x4(9] were known. Since then it has been shown tihatmechanical
losses of Suprasil (the kind of silica used for thest critical optical components) depends upon the
frequency considered and the surface/volume ratie. measurements of the mechanical loss in fused
silica have been compiled from samples having ffegeometries and resonant frequencies in ooder t
model the known variation of the loss with frequersnd surface to volume ratio. With this model,
mechanical losses of fused silica at different iy and substrate dimension can be predicted. For
example, the loss angle prediction for the VIRG@ronisubstrates is 5x£12]. This value is reported
in table 1 and has been used in the simulation.tiferaremarkable property of fused silica is its low

expansion coefficient. As a consequence fuseddilas relatively low thermo-elastic noise.
il. Sapphire

Sapphire is a single crystal of aluminium oxide,(@y). The crystal has a hexagonal crystalline
structure that shows evidence of anisotropy in maptcal and physical properties. Therefore, the
orientation of the optical axis or c-axis can cassme of the relevant material properties to beedsht.

A Sapphire substrate offers key advantages fortyamirrors of gravitational wave detectors.
First, its optical properties show a perfect tramepcy at 1064 nm and a low dn/dT. Regarding of

thermal properties, sapphire offers excellent lkssipation thanks to its good thermal conductivity
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important for the cooling of the mirrors. Howevpaglishing is more difficult on sapphire; in partiay

achieving good polish was unsolved in 2004 [17].

The use of sapphire as mirror substrate has beesidswed for Advanced LIGO. Indeed, sapphire
presents the advantage to have low mechanicald@sse high Young's modulus. However, the choice
of sapphire at room temperatunas been finally turned down because of its lahgenal expansion
coefficient (5.1x18) which is about 10 times larger than that of fusiida [18]. At low temperatures,
sapphire shows several benefits: good optical ptigge high thermal conductivity, small temperature

coefficient of the refractive index [19].

The properties of sapphire as substrate materis baen intensively studied by the Japanese groups
[20]. At room temperature the mechanical lossesewfaund to be 2.17x10 This value is in
disagreement with the data from [12] (3¥)L0Nevertheless this result was limited by the acef
roughness. Sapphire substrate has been, indeesiblyadamaged due to machining and polishing that
generates small crystallites of hundred microngdEer this reason the value used in the simuldton

the mechanical loss of the sapphire substratei§2x

Cooled sapphire payloads are being studied in Japgmart of a proposal to construct the large-scale
cryogenic gravitational wave telescope (LCGT) [2dJt some analysis suggests only moderate

performance at low temperature for sapphire [22].

ii. Silicon
Silicon substrates are an alternative to sapphil@atemperature. Silicon has the advantage of a
thermal expansion coefficient that crosses zerqd #8und 18 K and 123 K. Nevertheless, the other

optical and thermal properties of silicon and sagpare comparable. The simulation in the secomt pa

of this note will permit to discuss the comparison.

As in the case of sapphire also in silicon the talysrientation can change the properties of
material depending on the direction considered raodeover, silicon has a doping effect (p or n) that
begins to be studied and that can changed somesvakimechanical losses [24]. If silicon provelseao
a good candidate as substrate for GWD, the wavtieoigthe optical system must be changed from
1064 nm to a value in the range 1400-1600 nm. Tdads to a thicker coating and hence, a more

important source of noise. An alternative coulcalbeeflective topologies currently under investiga.
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In table 1 both the values of the index of refractat 1064 and 1550 nm are given. In the numerical

simulation the wavelength used in the case ofailis supposed to be 1550 nm.

iv. Parameters values

Sio, Silicon Sapphire
Loss angle 5x10°1L 12 29] 3x108126.27] 3x10? 12 251
5x108 [ 10] 1x108 28 2 17x107 [29
3x10° 29 2x10°E0)
Density (kg.nT) 2200 4 233084 3980!"
Thermal conductivity (W.m.K™) 1.38™ 130-160°" (Ave. 145 3612 ' 4010 2

33013 4032 3

Specific heat (J.K.Kg™) 7461 6701101 711F0 7701 79010 ™
Thermal expansion coef. (& 0.55x10° 110. 12, 34] 2 54x10° B 5.1x10°07 10,12
0.51x10° ™ ! 5.4x10° 01
6.6x10°1°
Thermo optic coef.: dn/dT 1.5x10° [t 10 1.87x10* o140l 1.3x105 1331142
8x10° &7 % 5.15¢10°
Young’s modulus (GPa) 721 162.4°1 4001012 13.36]
(100)130, (110)169,
(111)188"
Poisson’s ratio 0.7 10 0.22-0.28™1, 0.22" 0.23-0.29"%
0.235"°)
Refractive index @ 1064 nm 1.55 3.543% @ 1064 nm 1.75%4

3.453B9 @ 1550 nm

Table 1. List of the values of different materiabstrate parameters at 300 K. The value in boldheree used in the
numerical simulations

b. Coatings

In table 2 are given the thermo-mechanical andcapparameters for several optical coatings at room
temperature.
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S|02 TITa205 TaOs T|02 A|203 Nb205 2r0, Hf02
Loss angle 0.4x10"
[37] 2 4x104on
2.3x10" A | 6.3x10° ‘silica [47]
0'5[21(6:}.0-4 [37] 3.8x10 deduced from e 6.7x10" &7 2'825104 5.9x10% [
4 [36] [48] 2x10°°"
0—3 on 2x10 sapphire [47]
sapphire[47]
Density 4470152 6000 % | 64008000
(kg.m”) 220012 | 64250 | 850 | 4230F% | 3700 " 5750 (54 1551
[45]
4590 610013 967413
Thermal 1.09 I
L [13] 0.07-0.2 58
conductivity | q ggmsn | 330 33 115 59 3.3 14 Asslumed 559
S ' [56] quite low as : ' [60]
(W.m~.K™ 0.2.0.5561 0.20.6 0.30.6 0.45 7 0.7.1.15 1.94 15 1.2
o (estimated) 0.35 57 ' ' ' 1 B9 2.36 4
' 0.28%7 '
Specific heat 746 U 306 13 130 158! 590 63 26 601
11 269 B 31002 16.7 (60
J.K".Kg") 670 19 17464 40 61 499 491 24 154
Thermal 0.51x10° 3.6x10° 8.4x10° 8.8[;1]106
. 6
expanSI(l)n [1, 35, 37] 36[:7]10 [1, 14, 64] 5x10° 12 [51] 5.8x10° 164 3.8x10°8 [23
coef. (K% 10.3x10°
5x10° 14 [53, 54]
Thermo optic . 3-60x10°
[ 4[12]
coef.: dn/dT | 1510 1axqoeln | 1EA0 -1.8x10* | 1.3x10° o
637, 5[1] ' ' 3x1 0P [64]
8x10°F" 6x10 [12) (53] 14 L0xL05 ™"
X
%8l 2.3x10° 6% simulation
Young's 791,10,37]
modulus " 14087 14087 290 2107 604 20053 380
(GPa) 4060
Poisson’s 0.23-0.31
ratio 0.171 | 0230 02387 | 0282 | Q220U 0.264 1 0.2 assumex
0.271]
Refractive 2065
index 2.15 B
1.45M 12 2.0687 2.06 17 2.30 1.63 5 2.32 164 o8] 2.088
@ 1064 nm 2 03 13l

Table 2. List of the values of different coatingter@ls parameters at 300 K.
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Both Tables 1 and Table 2 show an important varatf the parameters according to different

sources. The data require vigilance and extensisearch. Several points must be pointed out:

In the past, the thermal conductivity of,0g has been assumed to be closer to that of sapphire
[13]. However, the article [56] , reports the thatnsonductivities of several thin films materiaikel
SiO,, Al,O3, TaOs and HfGQ. The thermal conductivities from [56] detailedthre table 2, have been
measured for a single-layer of coating by differgrdaups and by several photo thermal methods. The
difference between the values depends on the ptlomal method used (radiometry, surface
displacement, mirage, thermal pulse delay) andhio&ness of the thin film. Another article from3®

confirms the same order of magnitude for the théroaductivity of different thin oxide films (Ti&
Ta,0s, Zr0,) [57].

Article [56] shows that thermal conductivity valuafsthe analyzed thin films are significantly lower
than those of the corresponding materials in batknf For example, Hf©bulk is around 17 WitK™*
whereas the thin film conductivity is less than ®2m'K™. Sapphire substrates have a thermal
conductivity of 33 W/m K and the parameters valeerdase at 3.3 W/m K for ADs thin film.
Furthermore, the thermal conductivity data are ngilp dependent on impurities especially at
temperature below 300 K [45]. Thermal expansionffadent and Young's modulus can also change
between bulk and thin film for a same material. FFstance, the thermal expansion of St@in films
have been observed in the range of B34 with a Young's modulus of 40-60 GPa whereas,3ialk
has a thermal expansion of €18°and a Young’s modulus of 72 GPa [14].

Some parameters have been estimated. The PoidsmofrédfO, has been assumed as 0.2 because
most materials have between 0 and 0.5. The appatiximtakes also into account the value of other

Poisson Ratio of different oxide thin film.

Another important detail is the difference for gdsited thin film mechanical losses according to
the substrate [47]. While a thin film of Ab; deposited on silica has a loss angle o204, deposited

on sapphire the loss angle decreases162 This particularity deserves more investigations.
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3. Mirrors materials properties at cryogenic temperatue

The sensitivity of the GWD is limited by thermalis® of the payload (mirrors and suspensions)
within the detection band of about 50-500Hz. Capldown the payload of the gravitational waves
detector to cryogenic temperature is a promisicgrigjue to reduce the thermal noise and consequentl
increase the sensitivity of the detector. Whiler¢his a great interest of published data on crymgen
properties, it is often difficult to find the inforation about the most critical parameters becaweseata
are mostly dispersed in many publication, booksesioetc. This part of the paper will be focused on
substrate and coating materials properties at lemvperature. It is meant to be a starting point to

compare different solutions to realise a cryogemiicor both in terms of substrates and coatings.

a. Substrates

Sio,

Silicon

Sapphire

Loss angle

8%

1.1x10° @10 K?"
10° @10 K 24

4x10°@ 4.2 K29

Density (kg.nT)

2220 @ 80K™

2331 @ 10 K™

3997 @ 20 K*

Thermal conductivity (W.mM.K™)

0.25 @ 4,2K and

2330 @ 10 K*

110 @ 4.2 KO0

0.7 @ 20K™ 297 @ 4 K1 1500 @ 12.5 K®%
0.4 @ 10K 508.6 @ 125 K 4300 @ 20 K3
Specific heat (J.KKg™) 1-7 @ 10 K4 0.276 @ 10 K*! 9.49 @ 90 K°
3@ 10 KM 9.34x10° @ 10 K 1!
0.26 @ 20 K*3

Thermal expansion coef.®

-0.25x100@ 10 K
[62] [11]

4.85x10°@ 10 K™

5.3x10°@ 10 K™

Thermo optic coef.: dn/dT 1.01x%0 5.8x10° @ 30 K and 9x10°@ 4 K
@ 30 K™ 1550 nn*?! from 5K to 40 K :
-6x10®% <p< 9x10® 129
Young’s modulus (GPa) 71.2 @ 10% 162.4 464 @ 10 K
Poisson’s ratio 0.159 @ 10'¥! 0.2205*! 0.23
Refractive index @ 1064 nm 1.44876 @ 30K | 3.45 @ 30 K and 1.75
1550 nm*9!

Table 3. List of the values of different materiabstrate parameters at low temperature.
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Table 3 lists the cryogenic properties of potergisbstrate materials that have been used in the
simulations. The cryogenic temperatures have amdmpn some parameters, notably; the thermal
conductivity that tends to decrease at low tempegaand exhibits a peak for higher temperature
(between 20 to 80 K) which depends on the materasa consequence there is an important difference
between the thermal conductivity at 4 K and 10 Ke Values at 10 K have been used in the simulation
since it is expected that the temperature of agagm@ mirror will be around this value. When theadat
10 K are not available; the nearest known data baea used.

b. Coatings
SlOZ TaOs T|02 Al 203 Hf02
Loss angle 6x16 ] 3.8x10*ored) | 5 gx (3 deduced 2.2x10* ¥
Bx10° [49] from [48] @77K
Density (kg.nT) 2200 6850 1 4230 P 3700
4269 @ 73 K
[45]
Thermal conductivity 500 @ 10 K° 2-5@ 10 K
(W m'l. Kl) [62] 0] [60]
0.13@10K 1500 @ 10 ¥ 5@ 10K
Specific heat (J.KKg™) 1-7@ 10K | 317@50K | 0.012@ 10K 0.1@ 10 K*
161]
(4) (51 5x10°@ 10K
Thermal expansion coef. -0.25¢10° 6.5x10° 0.6 x10°@ 100 K*!
[23, 45]
(K'l) @ 10K @ 100K
Thermo optic coef.: dn/dT 1.01x10°
@ 30 K2
Young’'s modulus (GPa) 60 140 290 356
Poisson’s ratio 0.159@ 10 K'®4 0.21 0.25 0.2
Refractive index @ 1064 | 1.44876@ 30 K 2.05 2.28 1.61
[71]
nm

Table 4. List of the values of different coatingterals parameters at 10K.

Although, the mechanical loss of TiZk has been intensively studied in the last yeaesethre
no data concerning its characteristics in termgh@rmal conductivity, specific heat, thermal exgan

coefficient and thermo optic coefficient. First base it is a doped material not referenced anchsi&co
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because the values might change depending on tberaraf doping. A campaign of characterisation is

needed to make progress in this field.

Mechanical losses of coating materials are on@@iajor limitation to the sensitivity of GWD
at room temperaturé®. Thus the behaviour of these mechanical lossésnatemperature is a major
guestion. Of course, the reduction of the tempeeafitom 300 K down to 10 K should reduce by more
than a factor of five the Brownian coating noise, [as it is shown in the table 3 and 4, severahef
considered material parameters exhibit large vanat at cryogenic temperatures. Therefore, it is
important to evaluate other thermal noises depgndmthese parameters as the thermo elastic and the

thermo refractive noise.

The doping of TgOs with TiO, provides reduction in the mechanical dissipatiobrraamm and

cryogenic temperatures. It is a matter of urgeoayiscuss the effect on the other thermal noises.

Low temperatures have also a serious impact orspleeific heat, the thermal expansion and thermo
optic coefficient. On the other hand other matepatameters do not show significant changes; these
include the density, the Young’'s modulus, the Rwmissratio and the refractive index. In the absewfce
data these parameters will be considered as hatWiagsame values at room and at cryogenic
temperature. Consequently, refractive index, Paissoatio, density and Young’s modulus remain

unchanged.

4. Simulation of the thermal noise
a. Mirror thermal noise at room temperature

In order to compare the behaviour of different stabs materials we have calculated the thermal
noise of a high reflectivity mirror made with difemt substrates and the same ‘standard’ coating. Th
‘standard’ coating is a multilayer (H{z)HLL coating made of Ti:T#s and SiQ quarter wavelength
layers. On silica and sapphire substrates, it spoeds to a transmission of 6 ppm. In the caseliocb
the working wavelength is supposed to be 1550 nrilewibr the other kind of substrates the laser
wavelength is supposed to be 1064 nm. To have dhee dransmission, the coating is a multilayer
(HL)19 HLL on silicon substrate. As a consequence theirnpdayers considered for silicon are about
50% thicker. In the calculation the laser beamusds equal to 6 cm which corresponds to an advance
detector beam. The best mechanical loss angles lieam® considered both for the substrates and the

coating materials. The result of the simulatiorsiimwn in Figure 1: the dashed lines show various
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coating thermal noises while the continuous lireferrto the thermal noises in the substrate. Fgin hi

reflective optics, the thermo-refractive noiselad substrate is negligible.

3i02 SUBSTRATE SAPPHIRE SUBSTRATE

Sub. Brownizan

— — Goat. Brownian

Sub. Thermaelastic

— — Goat Thermoelastc

— — Coat. Thermonefracive
Goat. TE-TR eompensaton

Sub. Brownian

— — Goat. Brownian
Sub. Tharmoalastc
-4g —— — Coat. Thermoelastic -4g
3 — — Coat. Thermorefractve 3

Coat. TE-TR compensaton

Thermal nmse(Smx, mIsz)
1,
Thermal nmse(Smx, miHz %)

e
29 I —
10 ==
—— . = =
—
—
e —
—
10 22 B 10-22 L — . N
=
. . . . . .
10 10’ iy 100 10* 10 10’ s 100 10°
Frequency (Hz) Frequency (Hz)
" 5i SUBSTRATE . THERMAL NOISE ACCORDING T THE SUBSTRATE MATERIAL
10 ; 10 = . :

§i02
— — £i02 with Compensaton
Sapphire

—— — Sapphire with Compensaton
SI@1660nm

— — £iwith Compenzaton

Suhb. Brownian

— — Gaat. Brownian

Sub. Thermoelastc

— — Gaat. Thermoslastic

— — Coat. Thermarefractive
Coat. TE-TR compensaton

Thermal nmse(Smx, mez”2)
172,
Thermal nmse(Smx, miHz <)

10 10 102 10 10* 10 10 10 10 10
Frequency (Hz) Frequency (Hz)

Figure 1. Evaluation of the thermal noises foretiéit substrates at 300 K.

For the silica substrate, the coating Brownian eassthe limiting factor at all frequencies. The
simulation shows the importance of developing betteatings for new generation of GWD and for

Advanced Virgo.

In the case of a mirror using a sapphire substthie,coating Brownian noise is the main
limitation at high frequency while at low frequendpe substrate thermo elastic noise becomes the

limiting factor.

Finally, at 300 K, silicon is unsuitable due to ié8ge mechanical dissipation [26] [2[Z28].
Figure 1 shows that the substrate Brownian noigieslimiting factor for silicon at high frequency

while its performance is limited by the substrditero-elastic noise at low frequencies.
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Silicon measurements reported in the three refeserwhere made on thin and small substrates.
Nevertheless, a lower mechanical loss of 3 W&re recently reached at room temperature forlarg
substrates [29]. However, for thermal noise calouain silicon substrate, the value at®l@ported in
[28] have been used. With a lower value, the CgaBrownian noise would be reduced allowing an
reduction of the total thermal noise for high fregaies but would not change the silicon as a

competitive substrate at room temperature comparsiica.

The green curve represents the compensation oftitamo-elastic and thermo-refractive noises
described by M. Evans [16]. The compensation dependsubstrate propertias, ¢, C andp). For the
silica substrate, the compensation improves thsithéaty. On the contrary, for silicon and sapphire
substrates the sensitivity tends to increase. Dngpensation has a small influence on the totahther
noise at high frequencies. Nevertheless, the dmtegill be limited by photon shot noise in this

frequency region.

For Advanced LIGO the sapphire was turned down Umeaf its thermo elastic noise. As a
consequence, the most adapted substrate for detdist® Advanced Virgo and Advanced LIGO that
will operate at 300 K is fused silica. In order compare the performances of different coatings a
simulation was performed using different coatingsihg the same optical response (6 ppm transmission
@ 1064 nm).

Other coatings on 502 Substrate

T
Si02 -T2
SI02-Mb2OE
SiD2-Zro2 E
A2C3-TiTa205 ||
A2OE-Zr02
Si02-TiTaz0b |

Thermal noise(S, , , miHz )
=)

D.
fa

10' MR IR | L Lol MR | L Lo
10 10 10° 10 10
Frequency (Hz)

Figure 2. Evaluation of thermal noises for diffarenatings @ 300 K.
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In order to have the same transmission differeating thickness have been simulated dependingen th
material used: Si@TiO, have a ((HL)s HLL) configuration, Si@-Nb,Os ((HL)13 HLL), SiO»-ZrO,
((HL)16 HLL), AlO3-Ta0s ((HL)24 HLL) and ALOs-ZrO, ((HL)22 HLL). All the thermal noises for
different coatings have been simulated on & Sifstrate which has been qualified as the bestrsud

at room temperature. Figure 2 shows a clear adgantar the Si@Ti:Ta;Os coating. The results
obtained for Si@Nb,Os and SiQ-ZrO, are encouraging as well. Nevertheless, this wosscdot take
into account the optic aspect (i.e. the opticabghtson in the coating). The S)TiO, coating is the less
attractive coating due to its high negative theroptic coefficient and thermal expansion coefficient
The total thermal noises of these different coatitgve been estimated taking into account the

correlation of coating thermo elastic and thermioaive noise.

b. Mirror thermal noise at cryogenic temperature
i. Behavior of substrates at low temperature

As explained in table 4, most of the coating patenseat cryogenic temperatures are missing,
but all parameters have been found and referermethé three substrate materials considered. B thi
part, we propose to explore the efficiency and liedaviour of substrates at different cryogenic
temperatures (silicon substrate has been quotad agxample). The silica substrate is unsuitablevat
temperature due to its high mechanical loss amgefor them, silicon and sapphire substrates ace tw

competitive materials that we propose to study.

First, a total thermal noise study for the two pising substrates has been done. Only the thermo
elastic noise and the Brownian noise have beendenesl for these calculations. The thermo-refractiv
noise can be ignored. Its contribution does nohghahe total thermal noise within the frequenaygea

of interest.



ET-021-09
issue: 1
date : May 20, 2009

page 23 of 32

. SUBSTRATE THERMAL NOISE @ 10K
10 T T T 3
—— — Sapphire without adiabatic assumpton E
Sapphire with adiabatc assumpton

—— — &ilicon without adiabatc assumption
silicon with adiabatc assumption

Therrmal noise (3., mez1"2)
=

-
Du

10'23 Ll MR | Ll

10 10 10° 10 10
Frequency (Hz)

Figure 3. Evaluation of substrate thermal noisé aitd without adiabatic limit.

Figure 3 shows the evolution of total thermal ngiea silicon and sapphire with and without the
adiabatic assumption. The dashed curves use thdasthequation referred by [10], it correspondhi® t

adiabatic approximation. The continuous lines, ant@ry, do not consider the adiabatic approxinmatio

The calculation has been done following [11]. Img&l, the noise at low frequenciessmaller

than the one which would be obtained using thebadi@ approximation. Moreover,d>> w,, the two

spectral densities become the same. The resuitguire 3 show that from the point of view of sulasér

thermal noise silicon is slightly better at cryogetemperatures.

Then, to show the large variation of substrate ipatars at low temperatures, the parameters of
silicon and sapphire materials have been plottedl moreover, the total thermal noise of a silicon
substrate at 4 K, 10 K, 20 K and 30 K has been Isited.

Figure 4 shows the thermal expansion coefficidrg,thermal conductivity and the specific heat
of silicon and sapphire as a function of tempemtdie parameters are plotted from 0 K to 20 K.
Specific heat and thermal conductivity have thees@ehaviour for both, silicon and sapphire subssrat
They tend to increase with temperature. Howevesdhparameters are larger in the case of silicoa. T
thermal expansion coefficientat low temperatures varies from case to casesdpphire, the simply

increases with temperature and for silicon, dhgoes from positive to negative values crossingeim
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around 18 K and 124 K. Consequently, as explaing@2], the thermo elastic noise of silicon should

decrease with temperature and goes to zero at spetdic temperatures.
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Figure 4. Evolution of silicon and sapphire therpatameters at low temperature.
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Figure 5 shows the evolution of the Silicon sulistrthermal noise at different cryogenic
temperatures. At 4 K and 10 K the total thermabaamf the silicon substrate does not vary. Theesurv
at 20 K and 30 K show the large variation of thermhmal properties of silicon. As an example at low

frequencies, from 20 to 30 K, the total thermakeadf the substrate increases by a factor 10.

. Thermal noise of silicon substrate (@ cryogenic termperature
10 T T

Sigai |
S 10K |
Sic20K, |
Sich30K |

-20

—
i =]
ra

1

Thermal noise (S, ., MiHZ'7)
b=

—
[=]
ro
5}
T

10'23 MR R | M R R M T R

10 10 107 10 10
Frequency [HZ)

Figure 5. Evolution of the Silicon substrate thelrmaise at different cryogenic temperatures.

On the basis of these results it is difficult tok@a choice between sapphire and silicon substrates
parameters at low temperatures follow the samevib@ivafrom 0 to 20 K except for thermal expansion
coefficient and the total thermal noises of sili@r sapphire are in the same order of magnitUde

optical point of view should be decisive.

il. High reflective mirror simulation at low temperatur e

In order to compare the behaviour of different st@te materials at low temperature we have
calculated the thermal noise of a high reflectivityrror made of different substrates and the same
‘standard’ coating. The ‘standard’ coating is a titayer of TaOs and SiQ (HL),7 HLL for silica and
sapphire substrates and (Hd_HLL for silicon substrates. The beam diameter g6 Some parameters
of TaOs are unknown at 10 K and have been consequenthereiéstimated or taken at room

temperature:
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- specific heat has been found at 50 K only,

- thermal conductivity has been deduced from ;T{@evertheless this parameter does not change the

final simulation),

- for the thermal expansion and thermo-optic ceedfits the room temperature values have been used.

CASE OF 5i02 SUBSTRATE CASE OF SAPHIRRE SUBSTRATE

Sub. Brownian T Sub. Brownian

— — Goat. Brownian T — — Goat. Brownian

Sub. Tharmoelastc — Sub. Thermoslastc

— — Coat Thermoelastc s — — Goat Thermoslasic

— — Coat Thermorefractive e — — Goat Thermarafractve
Zoat. TE-TR compensation 4 Coat. TE-TR compensaton

Thermal noise (S, .., miHz'"%)

" 142,

Thermal noise (S, .., MiHZ <)
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— ]
24 24
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10° 10’ 1of 10° 10 10° 10’ 10* 1o° 10*
Frequency (Hz) Frequency (Hz)
0 CASE OF 5i SUBSTRATE THERMAL NOISE OF STANDARD COATINGS OM DIFFERENT SUBSTRATES @ 10K
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Figure 6. Evaluation of Total Thermal Noises @ 1fbKTi:Ta,Os-SiO, coatings on different substrate materials:
silica, sapphire, silicon.
For the silica substrate, the substrate Browniaeenis the limiting factor at all frequencies due

to its large mechanical losses at low temperatjid@&ls

In the case of a mirror using a sapphire and silisobstrate, the coating Brownian noise is the
main limitation at all frequencies. Due to its heghYoung’'s modulus, sapphire gives slightly better
results in a situation where the coating Browniars@ is the limiting factor. The simulation shows t
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importance of developing better coatings and ofewustdnding the behaviour of coatings at low

temperature for third generation of GWD.

5. Perspectives

Further improvements are possible in the next &turying to achieve better thermal noise

sensitivity.

Concerning coatings, the priority is to continue gtudy of the Ti.TgDs properties at cryogenic
temperatures. A detailed investigation and undedstgy of the loss mechanisms at cryogenic
temperatures is necessary to improve these coatkgshave to entirely exploit also the existing and
promising materials coating. In the next few yeaesting the role of doped materials at cryogenic
temperatures and other materials (Zrb,0s, HfO,, etc) should be proceeding. For example, HEO
an interesting material which shows low mechanitssipation at low temperature. Added to thiss it
necessary to explore other important and decisavarpeters as specific heat, thermal conductivity,
thermal expansion and thermo-optic coefficient \Wwrace usually missing.

Investigation from the optic point of view of caags working at a 1550 nm should be also within

the focus.

Another important task in the near future is alsacdmpare silicon and sapphire from the optical
point of view taking into consideration that these substrates will need to work at two different
wavelengths. The thermal noise aspect is curremitydecisive, and the optic point of view must be

taken in account.

6. Conclusion

We have evaluated the total mirror thermal noiser@im and cryogenic temperatures by
implementing a model that includes Brownian notbermo elastic and thermo refractive noise. The
model used with the parameters listed above allowgsoving the understanding of the thermal noise at
cryogenic temperature and shows that sapphire ifindnsare two good test mass materials for tfe 3
generation of GWD. At low temperatures, substragrmal noise is slightly better for silicon while
sapphire gives better results when coating Brownige is a limiting factor. The optical point aéw
will be an important element to make a decisionatry case coating Brownian noise is the limiting

factor of currently available reflective componeritee capability to improve its performances at 1550
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nm (silicon) or 1064 nm (sapphire) could be ano#dement for a decision which material to use. At
room temperature silica remains the best availgblation. When moving from 300 K to 10 K, the
thermal noise improvement is relatively moderatasTs due to the fact that the coating mecharacss

gets worse thus cancelling some of the improvero@ming from the temperature improvement.
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