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Overview

e How do cavities work?
o Power build up inside the cavity

e Laser beam propagation inside the cavity
o Cavity stability, beam waist & beam size

e Coatings and coating thermal noise

© How do coatings work?
© What is coating thermal noise, and how can we reduce it?
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How does a cavity work?
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How does a cavity work?

ETM, R = 99.9995%

ITM, R = 99%

Beam ;
splitter |
lCIPhoto diode

ITM  ETM
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How does a cavity work?
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How does a cavity work?

j special case: cavity on resonance
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optically denser medium

How does a cavity work?

/ 180 deg phase flip due to reflection at an

4
El = —TlEg
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How does a cavity work?

1

E1=—T1Eg
Fo=Fg-t1 -9t = By 't%TQ

Eys=Fy -t 19-711 -T2ty = Eg - t3rar,

2 2
|Ereﬂ| /lEin‘

o0
2
Eren = —r1Ep + Egtire E rery
k=0

B, (—rl +r2(M))

1—7‘17‘2

Forr=r, (and r12+ t12= 1, i.e. negligible absorption and scattering losses) all light goes
into the cavity.
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How does a cavity work?

1

E1=—T1Eg
Fo=Fg-t1 -9t = By 't%TQ

Eys=Fy -t 19-711 -T2ty = Eg - t3rar,

2 2
|Ereﬂ| /lEin‘

o0
2
Eren = —r1Ep + Egtire E rery
k=0

_ B, (—rl —J—rg(M))

1—7‘17‘2

£

Special case of a GW detector:
rr=1>E =E,ie. all light is reflect back
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How much light do we have inside the cavity?

Special cases:

E, = t,E, 11, 1. r =r, (impedance matched):

E3 = tiko I‘22 rlz Ebuildup: t l

1—7r2 t

t, _ . A
Eiire = b1 Z E, I rlk — Lo Pbuildup— t2 T

1—mn 3
ty

— Epuildup=
1-1ro1r4

R1=R2=R=99%; T1=T2=T=1%
% Pbuildup =100
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How much light do we have inside the cavity?

Special cases:

_— tlE[)rzrl 2 !‘2= 1:

— tl EO ?'22 7'12 E tl \«'rl 1—1'1
buildup — -
urieup 1-ror, 1-1,1,

t) ,

= k _—
cuc =l Z EO ?2 " 1 e P, . — 1=rq — -
271 buildup (1-17)2 1-1,

1+7ry

ty
— Epuildup= — R =99%; r =99.5%;

>P =400

buildup
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How much light do we have inside the cavity?

Special cases:

_— tlE[)rzrl 2 !‘2= 1:

— tl EO ?'22 7'12 E tl \«'rl 1—1'1
buildup — -
urieup 1-ror, 1-1,1,

t) ,

= k _—
cuc =l Z EO ?2 " 1 e P, . — 1=rq — -
271 buildup (1-17)2 1-1,

1+7ry

ty
— Epuildup= T R, =99%; r, = 99.5%;

>P =400

buildup
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What does this mean for our detector?

aLIGO new design curve: NSNS (1.4/1.4 M) 173 Npec and BHBH (30/30 M) 1606 Mpe

-l

Power buildup factor: L I
e effective number of round trips _gﬁ‘;‘gggggn Thermal
before the light leaves the cavity 2| i e e
o effective increase of laser el o

power = shot noise reduction ==Total noise
o effective increase of the time
the light is stored in the arms
— sensitivity reduces at high

frequencies*

Strain [1/V/Hz]

i
o
U

[p]

s

(*one of two reasons why we don’t want the reflectivites
to be as high as possible)

102 10°
Frequency [Hz] https://dcc.ligo.org/LIGO-T1800044
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Laser beam propagation

Wavefront’s Radius
of Curvature: R(z)

® waistw: ™ Beam
A e Radius: W (z)
radius at position z
of smallest beam
diameter w(z)

from w,, the beam
diameter expands as:

, 5 hz 2 | / 4
w (3) = we®| 1 + TWo? £—— Beam Waist

Location: z=0

- the smaller w,, the faster the beam
expands

Picture source https://www.thorlabs.com
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Laser beam propagation

Wavefront’s Radius
of Curvature: R(z)

'\ Beam

Important for cavities: Radius: W (2)

The wave front curvature
of the beam:

o= 1+ (2]

— becomes 0 atz=0 (atw,)
fnd for large z (far away from WO)

~—— Beam Waist
Location: z=0

Picture source https://www.thorlabs.com
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2,

Cavity stability l l

e . - hemispherical I
e Stability parameter g for each mirror ©.1) o ——
is defined as: [ l L1
® 2

g =1- R’ e}
1

Stable for:
R and R = mirror radii of curvature; .
L = mirror distance
confocal
2 L (0, 0)
AT AP ~
Rl R2 o ot —_—
(-1,-1) ——

concave-convex
(2,1/3)

By FDominec - Own work, CC BY-SA 3.0
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Cavity stability in the example of LIGO

L =3995 m:
5000

Black and yellow regions:

4000 close to instability

In LIGO:
ITMs: 1934 m
ETMs: 2245 m

unstable

I I I

1000 2000 3000 4000 5000
ROC; [m]
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Cavity stability in the example of LIGO

[ =3995 m: Stability criterion leads to a minimum
5000 beam diameter on the mirrors:

| 1 I |
1000 2000 3000 4000 5000

—
£
o

—
e
G)

]
[
£

9

©
=
m
v

0

unstable . ROC; = ROC; [m]

l l | for R =R, =L diameter = 7.36 cm;
1000 2000 3000 4000 5000 this in turn, defines the minirmum

ROC; [m] mIrror size.
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Cavity stability in the example of LIGO

Linear Cavity C@Iculator

MIRROR M1

© Reflectivity
@® Transmissivity Cavity stable

9.4l % FSR (i

Radius of curvature :

1934 m

Finesse
Linewidth (FWHM)

Cavity pole
MIRROR M2
s Power build-up factor
© Reflectivity
@ Transmissivity

99, 99958 % Transmitted power :

Reflected power (i

Radius of curvature : g1x gz

2245 m

STABLE CAVITY
Roundtrip Gouy phase i 311.486 deg
Mode spacing ! 32.456 kHz

GEOMETRY

Mirror Separation : Mod : : 86.50 % of FSR
3005l m ode spacing ' : % O

Beam waist ¢ 12.829 mm
Waist position from M1 i 1.834 km
Beam radius at M1 i 53.032 mm

LIGHT

Wavelength ¢
1064 nm Beam radius at M2 ' 62.887 mm
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File Edit View History Bookmarks Profiles Tools Help
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Roundtrip Gouy phase ‘i 282.431

=+ Import bookmarks...

GEOMETRY
Mode spacing 't 29.436

Mirror Separation ': Mod 7 2 78.45 % of FSR
30058 m ode spacing . o

Beam waist ¢ 15.432 mm

LIGHT Waist position from M1 1.998 km
Wavelength Beam radius at M1 (i 46.476

10640 M Beam radius at M2 (i 46.476

Max. mode order i

108

8:00 PM
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File Edit View History Bookmarks Profiles Tools Help

Flug Dame #* Reser & Chad IGWH IGWH B Poste Mana M jsCav IGWH P jsC X IGWH Yiyur

@ sesteigithub.io/jscav 23] kg  OVPN @ )

[ VK meeting planning [J1SC [(Jum [CJET 33717 [DJFunding [ Dutch [DVige [JIGWN %5 Website inactive; VPN ... cosine 0 n [ Other Bookmarks

-#) Import bookmarks...
Roundtrip Gouy phase i 357.436

Mode spacing i 37.254

Mode spacing ‘! 99.29 % of FSR
Beam waist (i 2.751 mm

GEOMETRY

Mirror Separation ':
39958 m

Waist position from M1 2 2 km
Beam radius at M1 : 246.202 mm

LIGHT

Wavelength ‘i
10645 nm Beam radius at M2 (i 245.648 mm

Max. mode order ‘i

il |

o = 8:02 PM
A8 G IO o &
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Coatings & Coating Thermal Noise
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Creating a highly-reflective coating

We've talked a lot about the mirror’s reflectivities earlier, but how do we actually make
a mirror reflective?

I\

low n (SiOz) high n (TaZOS)
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Creating a highly-reflective coating

We've talked a lot about the mirror’s reflectivities earlier, but how do we actually make
a mirror reflective?

low n (SiOz) high n (TaZOS)

J. Steinlechner IGWN Summer School 2026 Slide 40

Pirsa: 26080012 Page 25/35



Creating a highly-reflective coating

We've talked a lot about the mirror’s reflectivities earlier, but how do we actually make
a mirror reflective?

1400 1600 1800 2000
wavelenath [nim]

EFI low n (SiOz)

high n (TaZOS)

Required to achieve design reflectivites of current detectors:
~16 layers for ITMs and ~40 layers for ETMs (changing with required R and materials)
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Coating Thermal Noise (CTN) «mpites modes

e |ower for larger beams
e frequency dependent

—> motivation for cryogenic CTN = it J [YCf’at + Ysub
‘ ' jrTszzysub

thin coatings Ysub Ycoat
determined by material / \

properties of coating and beam radius (on mirror) coating
substrate mechanical loss

— materials with low mechanical loss needed
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