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Abstract

We present a detailed calculation of the impachigh-order Laguerre-Gauss (LG) modes on mirrorntaér
noise in interferometric gravitational wave detest@GWD). We take into account configurations withrors of
finite and infinite size. The size of the mirromdae optimized to decrease thermal noise effecttatbeam size
is calculated for 1 ppm diffraction losses. Thesmles have been already proposed for advanced-GWiDdio
interesting properties with respect to thermal eoéd thermal lensing. The rationale of this natethie
understanding of the sensitivity behaviour of thetedtor sensitivity when using high-order LG modies,
different substrate materials and mirror dimensions

l. INTRODUCTION

The third generation of gravitational wave detestarquires a decrease in sensitivity from #“1® 2 107

1/sqgrt(Hz) at 100 Hz. Figure 1 represents the fometgal noise budget of advanced detectors (bl&. lifhe
dashed curves show the different noise contribgtiofhe main limitation to sensitivity in the rangé

frequencies going from 50 to 500 Hz comes fromcibting Brownian noise (dashed red line) [1]. Salvieleas
have been proposed in order to decrease therns#:raoling mirrors, using new coatings, increasireglength
of Fabry-Perot cavities, using a different beanfifaoincreasing the beam size of the mirror. Tinide focuses
on the use of high-order Laguerre-Gauss (LG) moiegyoal is to evaluate mirror thermal noises whéh

modes are used.

= = = Quantum noise

= = m Seismic noise

= = Gravity Gradients

= = Syzpension thermal noize

= = = Coating Brownian noise
Coating Thermo—optic noise
Substrate Brownian noise

Excess Gas
m— Total noise
m— Acvanced Detectors

Strain [1/VHz]

Frequency [Hz]

Figure 1 Fundamental noisefor advanced detectors (blueline) and target noisecurvefor ET (red line)
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High-order LG modes present several advantagesregiect to the fundamental §g3node in order to improve the
sensitivity of advanced detectors. The light intigns spread more homogeneously over the mirrofase. That

allows to decrease the thermal noise [2]. High-otdé modes allow also to decrease the temperatiadients on
the mirrors and thus the thermal lensing [3].

This note is specifically devoted to mirror thernmalise. Three different materials and two differarhperatures
have been considered for mirror substrates: silatdlO K, sapphire at 10 K and silica at 300 K. Paeameters used
for substrate and coating at room and cryogeni@pézature are listed in the ET note ET-09021.
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. STATE OF THE ART: LAGUERRE-GAUSSMODES

Laguerre-Gauss modes are a solution to the scalpagation equation in the paraxial approximatiam;ontrast to
Hermite-Gauss modes, we use the so-called helagliérre-Gauss modes with circular symmetry [4]. Triogles

are denoted LG, wherem andn are respectively the radial and angular mode erdBne modean=n=0 is the
fundamental Gaussian mode; higher-order LG modes l@ve a ring-shaped or a shamrock-shaped carrier
distribution for instance. High-order modes areatiekly larger in diameter compared to the fundatalelmeam: the
first advantage of using LG modes is the shapbebtam spreading the power distribution on theomgurface.

The normalized pressure distribution on the surfafca mirror is proportional to the intensity ofetlight and has

thus the following expression [2]:

2 n 2 2 2 2

® (1) = ex Z/ _Z/ n[m)_z/]

PO = e P A [ I 2 /)
where L(r?(x) denotes a generalized Laguerre polynomial, anid the beam radius L(r:)(x) are defined by the

differential expression:

x"e* dm
m  dx™

L(r:) (X) — (e—xxm+n)

or explicitly:

X" (m+n)x™* L (mEn)(m-1+ nx"? L (mEn)(m-1+n)(m-2+n)..0+ n)}

(n) — (_1\M
b (0= () {m 1(m-1)! 21(m-2)! m
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Figure 2 Ratio a/w providing 1 ppm diffraction losses versus order of the LG mode

To be assured that diffraction losses stay belgwrh, the beam radiug must be chosen such that the ratie (a
being the mirror radius) is greater than a threkh®hresholda/w ratios are plotted in figure 2 [2]; their value® a
2.6 for LG 4.3 for LG5 and 5.1 for LGs. Beam radii for the different mirror sizes takaioiaccount in this note

have been calculated and are listed in tablel:

Mirror diameter Beam radius

35cm Wpo= 6.73 cm, W3= 4.07 cm, Ws= 3.43 cm

(Virgo and Advanced Virgo)

45 cm Wp o= 8.65 cm, w3=5.23 cm, Ws=4.41 cm

(foreseen dimension in 2012 for silicon substrate )

62 cm Woo=11.92 cm, w3=7.21 cm, ws= 6.08 cm

(optimized diameter for ET baseline design)

Table 1 Maximum beam radii for different mirror diameters, in order to have diffraction losses lessthan 1 ppm
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Figure 3 shows a comparison of the pressure profileGyo, LG33 and LG s Again, note that, given the same
diffraction losses, high-order LG modes intensitgfites are more uniformly distributed over the roirsurface than

the fundamental mode.

150 T T T T T T T T T

LG00
LG33
LGEEE

-y
=
(=]

Mormalized pressure [m'2]
n
(=]

I 1 1 L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Relative radial coordinate rfa

Figure 3 Pressure profiles of Laguerre-Gauss modes
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1. DIFFERENT THERMAL NOISE CONTRIBUTIONSWITH LAGUERRE-GAUSS MODES

Four thermal noises contributions will be discussedhis chapter: coating Brownian noise, substiBtewnian
noise, coating thermo-elastic noise and substhaternto-elastic noise. For each noise contributian, dnalyses will
be presented: first, a comparison of the noiseceffef the fundamental mode against the high-ondedes as a
function of the mirror size, for a fixed substrédicon). This will allow to compute the noise texion factors for
the high-order modes. Second, a comparison ofrdiffesubstrates for a fixed mirror size (35 x 20 @wpresented.

1. Coating Brownian noise

i. Mirror dimensions (silicon at 10K)
Mirror dimensions induce some significant differeaavhen comparing L§s LGss; and LG s The computations
have been done for finite and infinite mirrors éoling the formula given by [5]. Infinite mirrors earused as a

reference case. For finite mirrors, the followizes have been considered.

a) a diameter of 35 cm and a thickness of 10 cmesponding to the Virgo design

b) a diameter of 35 cm and a thickness of 20 cmmesponding to the Advanced Virgo design

c) a diameter of 45 cm and a thickness of 30 cnehvts a plausible configuration for the future Eais Telescope
d) a diameter of 62 cm and a thickness of 30 cat,ihthe configuration presented in [6].

These 4 sizes will be used all throughout the prtesection.

Figure 4 shows the computed coating Brownian nfais¢he four cases. The coating is a standardftlmmstack of
low refractive index Si@and high refractive index Ti:}@s. The loss angles taken into account for these two
materials are respectively, 0.5"1nd 2 10 for each cases. The configuration of the coatir{#ils,HLL (H stands
for high refractive index thin film and L for lowefractive index thin film). 19 doublets of thinrfis on silicon
substrate illuminated with a wavelength of 1550 (siticon is transparent for wavelength > 1500 nrrespond to

a transmission of 6 ppm.
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@ =35cm and h=10 cm

@ =35cm and h=20 cm

LGEE finite mirror
LGE5 infinite mirror
LG33 finite mirror
LG33 infinite mirrar
LGOO finite mirror
LG0O infinite mirror

10

Frequency [Hz)

@ =62 cm and h=30cm

LG5S finita mirror
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L3353 infinita mirrar
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L300 infinite mirrar
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Figure 4 Coating Brownian noise spectral density between 1 Hzand 10 kHz for different mirror sizes and different beam

shapes
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@ =35cm @ =35cm @ =45cm @ =62cm
h=10cm h=20cm h=30cm h=30cm
Beam| w(m) | Sx (10" | w(em) | Sx(10' | w(m) | Sx(1G" | w(cm) Sx (107
m~NHz) m~NHz) mNHz) m~Hz)
LGop 6.7 10.2 6.7 7.20 8.6 5.56 11.9 4.15
Finite LGs3 4.1 5.29 4.1 4.27 52 3.32 7.2 2.43
LGs5 3.4 4.83 3.4 4.36 4.4 3.38 6.1 2.47
mirror
LGoo 6.7 7.32 6.7 7.32 8.6 5.70 11.9 4.13
. LGs3 4.1 4.53 4.1 4.53 52 3.52 7.2 2.56
Infinite :
LGs5 3.4 454 3.4 4.54 4.4 3.53 6.1 2.56
mirror

Table 2 Coating Brownian noise spectral density valueat 1 Hz for all configurations

Table 2 presents the value of the noise spectraityeat 1 Hz for each case. From the plots andable it can easily
be seen that high-order LG modes result in smafiating Brownian noise compared to the resultsiodthwith a
fundamental mode. There is no significant diffeeebetween Lg; and LG s for an infinite mirror, whereas for a

finite mirror LG 3 brings in a noise contribution smaller of about &8t respect to L&s (except for case (a)).

In general, thermal noise decreases when the déaroéthe mirror and accordingly the size of thearhe
increase. Moreover, the thermal noise decreasesvaien the thickness of the mirror increafds As for the
thickness, cases (a) and (b) show that it playsyar&le in thermal noise value. For a finite mirriorcreasing the
thickness from 10 cm (a) to 20 cm (b) allows touathe thermal noise by a factor 1.4 forglbG.23 for LG 5, and
1.1 for LG 5. However, it should be noted that for a thickngsesater than 10 cm, the coating Brownian noise does

not change significantly for a finite or an infi@imirror.

Noise reduction factors are listed in table 3. 8ihG; ;3 and LG s have approximately the same noises, only
the ratio LG o/LG3 zis reported. On the other hand, for a finite mirtbe dependence on the mirror thickness should
be noted: when the thickness is 10 cm, the reduéictor is much higher than in the other cases.
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@ =35cm @ =35cm @ =45 cm @ =62cm
h=10cm h=20cm h=30cm h=30cm
LGodLGsa 1.93 1.69 1.67 1.71
finite mirror
LGodLGss 1.61 1.61 1.62 1.61
infinite mirror

ii. Comparison of substrates

Coat. Brown. Moise

10'19

Coating Brownian Moise for finite Mirror with different configurations

Si-LG00-10K
— — 5iFLGE3-10K
5a-LG00-10K
— — 5alGE33-10K
Si02-LG00-300K [

5i02-LG33-300K (]

frequency [HZ)

Table 3 List of the coating Brownian noise reduction factor LGO0,0/LG3,3 for finiteand infinite mirror according to the
mirror dimension

Figure5 Comparison of coating Brownian noisesfor a fundamental and a LG33 beam for three different substrates (silica

@ 300K, sapphire @ 10K and silicon @ 10K). Mirror size: diameter 35 cm, thickness 20 cm.

Figure 5 shows the coating Brownian noise for g 4 eam and a L¢g beam. LGshas not been plotted because it
has been assumed (see figure 4) that the datacareery different, and not necessarily better. €hdifferent
substrates have been studied: silica at 300 K,hsagppt 10 K and silicon at 10 K. Silica is the pr&l used in all
present GWD (GEO 600, Virgo, LIGO) and is beliewedemain the best materials for detectors run@ihgoom
temperature. Sapphire has been largely studiethéodapanese cryogenic detector LCGT [8]. Finallicon can be
an alternative to sapphire substrate at low tentperaSeveral studies have already proved its gumigtal and
mechanical performances [9]. However, silicon @&sparent at higher wavelengths1500 nm) which requires to

consider new coating configuration on the mirrorfae to perform the prescribed reflectance. Thehaeical
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losses for Si@and TiTaOs at 300 K and 10 K are respectively 0.5'Hnhd 2 1d. In general, the loss angles at low
temperature are higher, but it has been assumedthat these values will be attained when Einsielescope is

built. Computations have been done for a finiteroniof 35 cm diameter and 20 cm thickness (case e curves

in figure 5 show that the higher LG mode is a goaddidate to decrease coating thermal noise itaalts. The best

sensitivity is reached when using sapphire.

2. Substrate Brownian noise

i. Mirror dimensions (silicon at 10K)

@ =35cm and h=10 cm

Substrate Brownian noise
T

T
—— — LGEE finite mirror
LGEE infinita mirror
— — Li333 finite mirrar

L3335 infinita mirror

= 10'2‘ L — — L300 finite mirror [

_ﬁ [ . LG00 infinite mirrar

i N

=

£

=

&

o

-2

8107 L

]

<

=

E

@

=

=

-23
107 ¢
L L L
] 2 3
10 10’ 10 10 10"

Frequency [Hz)

@ =45 cm and h=30 cm

Substrate Brownian noise

T
— — LiG55 finita mirror

LiGEE infinita mirnor
— — LG33 finite mirror

Li&33 infinita mirnor
107 L — — LGOO finitz mirror |
LG00 infinite mirrar

Thermal noise (31/2x, mJHz.WI2)

Frequency (Hz)

Thermal noise (51/2x, m/Hz 14'2)

Thermal naise (S1/2x, miHz. 12y

@ =35cm and h=20 cm

Substrate Brownian noise

— — LG55finiwe mirrar
L35 infinite mirrar
— — L(G33 finite mirrar
L3353 infinitz mirrar

— — LG00 finite mirmr {4
< L300 infinit= mirrar

Frequency (Hz)

@ =62 cm and h=30 cm

Substrate Brownian noise
T

T
— — LG5S finite mirror

LGB infinita mirror
— — LiG33 finita mirror

L3353 infinite mirror
— — LG00 finita mirror
LGO0 infinite mirror

Frequency (Hz)

Figure 6 Substrate Brownian noise spectral density between 1Hz and 10 kHz for different mirror sizes and different beam

shapes.
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Figure 6 shows substrate Brownian noise spectraitjefor different mirror sizes [5]. It puts in ieence different

trends when compared to coating Brownian noise.c@ming the beam profile, high-order LG modes deseethe

substrate Brownian noise. k&performs better than L{ for a finite mirror. For an infinite mirror thers no

significant difference between Lgand LG s. Concerning the mirror dimensions, in generalnief mirror performs

better than an infinite mirror.

@ =35cm @ =35cm @ =45cm @ =62cm
h=10cm h=20cm h=30cm h=30cm
Beam| w(cm) | Sx (10" | w(ecm) | Sx (10" | w(em) | Sx (16" | w(cm) Sx (16"
mANHz) mANHz) mANHz) mANHz)
LGoo 6.7 2.09 6.7 1.66 8.6 1.47 11.9 1.26
Finite LGs3 4.1 0.98 4.1 0.87 5.2 0.78 7.2 0.64
LGss 3.4 0.84 3.4 0.80 4.4 0.74 6.1 0.58
mirror
LGopo 6.7 2.07 6.7 2.07 8.6 1.83 11.9 1.56
. LG;3 4.1 1.49 4.1 1.49 5.2 1.31 7.2 1.12
Infinite :
LGss 34 1.45 3.4 1.45 4.4 1.28 6.1 1.09
mirror

Table 4 Substrate Brownian noise spectral density valuesat 1 Hz for all configurations

The reduction factor (the ratio LGLG3 3) is shown in table 5. For an infinite mirror theduction factor is

approximately 1.4 for each case independently mknless. For case (a) the ratio is slightly highan for the three

other cases. In general, high-order modes bringréfisant reduction in substrate Brownian noise.
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@ =35cm @ =35cm @ =45 cm @ =62 cm
h=10cm h=20cm h=30cm h=30cm
LGo,dLGas 2.13 1.90 1.88 1.97
finite mirror
LGo /LGy 1.39 1.39 1.40 1.39
infinite mirror

Table5 Substrate Brownian noise reduction factor LG /L Gz for finiteand infinite mirror according tothemirror
dimensions
ii. Comparison of substrates

i Substrate Brownian MNoise for finite Mirrar with different configurations
107 ¢ T T T

Substrate Brown. Moise

Si-LE00-10K s
1077 L — — Si-LG33-10K I
: =

E Sa-LG00-10K

H — — SalG33-10K

[ 5i02-LE00-300K
5i02-LG33-300K

L il

10° 10! 10° 10 10
frequency (Hz)

Figure 7 Comparison of substrate Brownian noisesfor a fundamental and a L G33 beam for three different substrates
(silica @ 300K, sapphire @ 10K and silicon @ 10K). Mirror size: diameter 35 cm, thickness 20 cm.

Figure 7 plots the substrate Brownian noise fonigef mirror with dimensions: diameter 35 cm, thiekss 20 cm
(case (b)). The mechanical loss angles used farlaiions for silica substrate at 300K are calcadtem [10] where

the mechanical losses are dependent on frequedcsuaface-to-volume ratio. The calculations arecdieed in [10]
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and have been done for fit coefficient of a Sup@E? substrate. The mechanical losses of the g&pglibstrate at
10 K and the silicon substrate at 10 K are respelgti4 10° and 1 1. The curves show that high-order LG modes

perform better for all materials. The best senisjtig obtained for the silicon substrate.

3. Thermo-elastic coating noise

Thermo-elastic coating noise has not been studiegt hthe formula presented in [5] are currentlglem

investigation. However, since thermo-elastic ca@atinise is believed to not be a dominant noiseathiors believe
that the conclusions of this note will not chandeewits contribution is taken into account.

4. Thermo-elastic substrate noise

i. Mirror dimension (silicon at 10K)

@ =35cmand h=10cm

10

b — — L(G33 Finite mirror

—
B T - LG33 Infinite mirror
o — — — LG00 Finite rmirror
i LG0O Infinite miror

12,
Thermal noise (szx‘ miHz ")

: .
10 10 10° 10 10
Frequency [Hz)

@ =45 cm and h=30 cm

— — LiG33 Finite mirror
LG33 Infinite mirror
~— ~ LGO00 Finite mirror
LGO0 Infinite mirror

162
Thermal noise (Smx' miHz "y

.
10 10 10f 10 10t
Frequency (Hz)

112
Thermal noise (wa' miHz ™)

112,
Thermal noise (3., ., mHZ ™)

@ =35cm and h=20 cm

o,

o,

— — LG33 Finite mirror
LG33 Infinite mirrer

— ~— L&E00 Finite mirror
LG00 Infinite mirror

.
10 10 10*
Frequency (Hz)

@ =62cm and h=30 cm

— — LiG33 Finite mirror
L&G33 Infinite mirror
— — Li&E00 Finite mirror
LG00 Infinite mirror

. .
10° 10 10
Frequency (Hz)

Figure 8 Spectral density of substrate thermo-elastic noisefrom 1Hz to 10 kHz for different mirror configurationsand

different beam shapes
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Figure 8 shows the thermo-elastic substrate naoisdifferent silicon mirror dimensions of a siliconirror at 10K.
At low temperature, the adiabatic assumption (gdheassumed in the thermo-elastic noise formulH)[fails
below an angular frequency [12]. The formula anmeahby [11] has been only done for a Gaussian tsahno

other documents have been listed on the subjectder to compensate for beam shape, the subdteatao-elastic

noise for higher LG modes without adiabatic assiongtas been calculated.

Figure 8 shows that for a thick mirror (>20 cm)erth are no significant differences between theensiectral
density of a finite and an infinite mirror. The iimife mirror approximation is thus well adapted.iffmirrors (<20

cm), on the other hand, are not well approximatgthfinite mirrors. For all configuration the lygbeam gives the
best results. The values of the spectral densidyohthe reduction factors at 1 Hz are listed lrlda 6 and 7.

@ :35cm @:35cm @ :45cm @:62cm
h:10cm h:20cm h:30cm h:30cm
Beam | w(cm) | Sx(109) | w(m) | Sx(16% | w(ecm) | Sx (109 | w(cm) | Sx (169
Finite LGop 6.7 6.61 6.7 4.28 8.6 4.17 11.9 4.32
mirror LGs3 4.1 4.55 4.1 3.94 5.2 3.85 7.2 3.80
LGs5
Infinite | LGop 6.7 4.20 6.7 4.21 8.6 4.17 11.9 4.10
mirror | LGazs 4.1 3.98 4.1 3.98 5.2 3.92 7.2 3.80
LGss

Table 6 Spectral density of substratethermo-elastic noiseat 1 Hz for all configurations
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@ =35cm @ =35cm @ =45cm @ =62 cm
h=10cm h=20cm h=30cm h=30cm
LGodLGas 1.45 1.09 1.08 1.13
finite mirror
LGodLGas 1.06 1.06 1.06 1.08
infinite mirror

Table 7 Coating thermo-elastic noise reduction factor L Gqo/L Gzsfor finiteand infinite mirror according to the mirror
dimensions

It is noteworthy that for the substrate thermo-#tasoise, the reduction factors depend on frequeaoge (see
figure 9). At low frequencies the reduction factarge close to 1 (Table 7). From 500 to 10000 He, réduction

factor tends to increase up to 2.

ii. Comparison between substrates

AN
©

10 :
Si-LG00-10K
—— - Si-LG33-10K
0 Sa-LG00-10K
0— .
1 —— - 5a-LG33-10K

Si02-LG00-300K ]
Si02-LG33-300K |]

[5=Y
o.
N
iy
T
1

[

S,
N
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Figure 9 Substrate thermo-elastic noise for different substrates (silica at 300K, Silica at 10K and Sapphire at 10K) for a
finite mirror with 35 cm diameter and 20 cm thickness
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Figure 9 shows the noise spectral density curves fifite mirror (configuration (b) for Advanced fgo) for the
three substrates. At low temperature, the adialbasamption fails, therefore for silicon and sappbubstrates, the
formula have been revised [13]. For silica substedt300K the formula commonly employed has beed {4]. At
low frequencies the silicon substrates gives th& bensitivity, however, at higher frequencies (9 Hz) silica

behaves as well as silicon L&

5. Summary

Thermal noise Best configuration Comments

Coating Brownian | Sapphire @ 10K Sapphire is the substrate thatoffer best coating

noise thermal noise sensitivity. As of mirror dimensiofts,
h>10 cm there is no difference between finite anfichite
mirror sensitivity. The reduction factor is closelt 7 for
a finite mirror.

Substrate Brownian Silicon @ 10K Silicon is a good substrate candidstibstrate Brownian

noise noise is largely reduced compared to sapphire itind s
substrates. Independently of the dimension of tleom
LGs 3 reduces the noise by a factor 2 compared tg,LG

Coating thermo- Formulas under investigation.

elastic noise

Substrate thermo- | Silicon @ 10K The silicon substrate offers the lowest thermotmlas

elastic noise noise. A reduction of the thermal noise is confidme
when using LGs. The reduction factors for silicon
substrate evolve with frequency from about 1.bwat |
frequency to about 1.8 at high frequencies.

Table 8 Summary of theresultsfor each thermal noisetaken in account in this study
Table 8 summarizes the results obtained for the tfeermal noise contribution¥he previous analysis presented in
the preceding section suggests thag b@ves better results than both ¢gand LG s. In fact, the coating dominates

the thermal noise in the mirror, and the computatishow that there is no significant improvemeotfrLG; 5 to
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LGss (even if LG sis slightly better than Léxfor substrate thermal noise, there is no interesising higher order

Laguerre-Gauss modes that do not compensate tlingtfizermal noise more than Lg}.

For what concerns the coating-related noise, sapppears to be the best material. As for thetsatbsthermal
noise, silicon shows the best results. Howeverectly the limiting noise is the coating Browniaoise if we focus
on the sensitivity curves of Advanced Virgo and (&&e figure 1). Therefore, our conclusion is thatlest solution
to decrease total thermal noise would be a sapghistrate mirror illuminated by a kg beam profile.
Nevertheless, silicon is not excluded becauseriefits from the investments made by the microebeitss industry

in order to get larger and better silicon crystals.



ET-xxx-09
issue: 1
date : January 272010

page:200f 25

V. TOTAL THERMAL NOISE
This fourth part studies the effects of azl{Beam profile for three different actual cases: Al Virgo, ET design

at high frequencies and ET design at low frequencie

1. Advanced Virgo
Advanced Virgo is a Michelson interferometer havarmgarm length of 3 km, and operating at a waveleng

of 1064 nm. The design plans to use fused-silicaons with a diameter of 35 cm and a thicknessCofi@ [15]. The
total thermal noise is computed taking into accdwat input mirrors and two end mirrors. The inputrors have a
coating of 6 doublets, giving a transmission of%6.7he end mirrors have a coating of 17 doubléatsng 6 ppm

transmission.

10% : : :

— TTHN Advanced Wirgo n
——— TTH Advanced Wirgo with LG33 [

Total Thermal Moise 1irHz

10'2‘5 Ll Ll Ll

10 10 10° 10 10
Frequency (HZ)

Figure 10 Comparison of total thermal noisefor Advanced Virgo design with aLGgo beam and a L G33beam.
Figure 10 plots the total thermal noise of Advand&dio design, computed for a LG beam and a L& beam

between 1 Hz and 10 kHz. The total thermal noiseaftvanced Virgo when using a Lé&profile is significantly

reduced by a factor 1.76, which is consistent withanalysis presented in [16].
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2. E.T. design at high frequencies

One of the possible designs for ET makes use ofsthealled xylophone configuration, i.e., two ceodted

interferometers, one for detection at high-freqies¢HF) to be operated at room temperature, ther dor detection
at low frequencies (LF) to be operated at cryogemioperatures[6]. In [6], the arm length is 10 land the laser
wavelength is 1064 nm. The test masses are fuked siirrors having a diameter of 62 cm and a theds of 30 cm.
The coating is a stack of Si@nd Ti:TaOs. Mechanical losses are 0.58nd 2 10 for the low refractive index thin
film and high refractive index thin film respectiyeThe coating has the configuration HL(17)HLLdrder to get the

same transmission as the Advanced Virgo designg(ippm).

1077 . . T
E ——— TTH of ET design for HF i
— TTN of ET design for HF with LG33 ]

Total Thermal Moise 1/rHz

10'23 Ll . Ll Ll

10 10 10° 10 10
Frequency (Hz)

Figure 11 Comparison of total thermal noisefor ET at high frequencieswith a LGgo and a L G33beam profile

Figure 11 shows the total thermal noise for thénfifgquency interferometer of ET with a bgand a LGz beam.

The use of LGz significantly reduces the total thermal noise bgcior 1.83.
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3. E.T design at low frequencies

For low frequencies, we considered the same dessgim [6]. The arm length is 10 km as for the Higtguency
interferometer. In contrast to the latter, we cdesia substrate made of silicon, with a diameteédftm and a
thickness of 30 cm. The silicon has good mechanagatical and thermal properties at cryogenic tarmoee that
will permit to reach this kind of sensitivity. Wdn@se a working temperature of 10K and a workingelength of
1550 nm in order to get the accepted transmiss@riaput and end mirrors.

In order to attain the requested transmission$erinput mirror the number of doublet grows up t@@mpared to 6
for the silica substrate), on the end mirror 19kdets are required.

10-24 u Lo | E L L L | E S |

E.T design for LF :
— E.T. design for LF with LG35 |

Taotal Thermal Moise 1/rHz

10'2? PR | Ll L Ll

10" 10 10° 10 10
Frequency (Hz)

Figure 12 Comparison of total thermal noisefor ET at low frequencieswith a LGgqo and a L G33beam profile.

Figure 12 shows the total thermal noise for the-flguency interferometer of ET with a bgand a LG 3 beam.
Again the use of L&y significantly reduces the total thermal noise bgicor 1.72.
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4. Conclusion
These three case studies highlight the opportwfitysing high-order LG beam profiles to reduce tiermal
noise of future gravitational wave detectors (AdsethVirgo and ET). Table 9 summarizes the expesteditivity at
1 Hz and the reduction factors for each of thedluases.

Detector Beam profile Sensitivity Reduction factor
(1NHZ) LGoo/ LGs3

Advanced Virgo LGoo 3.45 107 1.76
LGs 1.96 107

ET at high frequenciegs LGy 6.74 10°° 1.83
LG 3 3.68 10™

ET at low frequencies  LGg, 7.32 107 1.72
LGs 3 4.25 107

Table 9 Reduction factorsfor different detectors, computed for mirror sizes according to each detector design

In all considered telescopes, the use of g4fiofile appears to be a good choice in order farawve their sensitivity
of future detectors. Moreover, as seen above (sedltil1.i), the use of even higher orders givedrtier results

(indeed, the thermal noise values forsls@re discouraging).
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V. GENERAL CONCLUSION
We have estimated the different contributions of in@des on thermal noises (Brownian noise and thefiastic
noise) applied to mirror substrate and coatingessvconcrete cases have been studied. Two high-&@ modes
have been studied: lsGand LG s Our study is aimed at a better understandingp@fffects of these modes on the

effective thermal noise, compared to the fundaniemtale. In general, Léxdoes not perform better than &

The analysis of several substrates (silica at 308ikcon at 10 K, and sapphire at 10 K) shows tha&tre is no
material which is always ‘best’, but the performasmalepend on the specific thermal noise considékdough
silicon implies a working wavelength of 1550 nm,igthforces to increase the coating thickness, # imaterial
being actively researched in the microelectronizdustry; this should make larger substrate sizese neasily

available with respect to sapphire.

Thermal noise decreases with increasing mirror @&aling to an increase of the beam size): ifalke ffor instance
the coating Brownian noise, going from the Virgmfiguration (35 cm diameter, 10 cm thickness) t® fibreseen
ET xylophone configuration (62 cm diameter, 30 dmickness) allows for a decrease by a factor 2.5 tier

fundamental mode, and 2.2 for a{{These results are encouraging to push towardsriaizes.

Finally, consider the coating Brownian noise cdmttion to the sensitivity curve of Advanced Virgiiggre 1,
dashed red line): at 100 Hz, where this noise dates) the sensitivity is around 3%@/sqrt(Hz). The expected
thermal noise for a potential ET design (see sedi) reaches sensitivity lowers than0l/sqrt(Hz) at 100 Hz.
This means that the results we have obtained Iféfigely the ET target sensitivity at 100 Hz (ab&u10?
1/sqrt(Hz), see figure 1, continuous red line).alin for these simulations, we have assumedghatandgSiO, are
respectively 2 10 and 0.5 10, even at low temperature, although the availatdasarements indicate higher loss
angles for the coating materials at cryogenic teatpees than at room temperature [17]. Howevehai been
considered that coatings will be able to reaclstivae loss angles as current coatings at room tetopef{6]. Within
the limits of this assumption, we therefore conelulat, by adjusting beam shape, mirror dimensisubstrate
material, and temperature, the target thermal re@ssitivity curve can be successfully attained.
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