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Overview

" FINESSE: what does it do?

* Modal models and mirror defects

" Introducing FINESSE version 1

= Testing FINESSE against FFT simulations

= FINESSE in action:

— Higher order Laguerre-Gauss beams
— Sagnac interferometer
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FINESSE: What does it do?

%% INTERFEROMETER COMPONENTS

l1Le1en1

s s© 1 nl nbspl
bs BSP 0.01 0.99 0 45 nbspl dump nbsp3 dump

s s01 1 nbsp3

n2

Laser

bs BSO 0.5 0.5 59.6 45 n2 n3 n4 n5 # Beam Splitter

const T _ITM 7e-3 # 7000ppm transmission from ET book

const T_ETM OE-6 # 6ppm transmission from ET book T——nmmﬁnmny

s sNin 1
ml IMN $T_ITM
s sNarm 10000

ml EMN $T_ETM

s sWin 1
ml IMW $T_ITM
s sWarm 10000

ml EMW $T_ETM

n3 né6
0 0 né n7
n7 n8

n4 n9

T AR T Tanx

Finesse

h [¥sqrtiH2)]

Finesse using Scholtky (no correction factor)

Fhesse usihg gnokse (P quadrature)

- = =—Fnesse using gnolse (Q quadrature)

- - Finesse using gnoise (P+Q win weights)
T T

ffffffffffffffff

——————————————

0 0 n9 nlo
nle nll

© 180 nll dump

© 180 n8 dump ~

Frequency [H
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FINESSE

IT™M ETM
= Frequency domain interferometer Laser Space 1 Space 2

Rl | e m = m m == ===

- . 1
simulation. - n1 ' n2 f n31 ' na | ns
1 . ! 1

= User defined interferometer is
specified by a series of components # Laser
connected to each other via nodes. Laser

sNs 1 nin nl

¥ Input mirror
mITM ©.985965 ©.014 @ n1m1®

= Used to compute error signals, Spaces
noise couplings, misalignment,
mode mismatch etc.

# Cavity space
sC 3994.5 nITM2 nETM1 >

Mirrors
= Developed for use in GEO 10 years # End mirror
ago and used to model current (I METM 0.99996 5u @ nETML dump
gravitational wave detectors. # Mirror curvatures

attr mITM Rc -1934
attr mETM Rc 2245
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FINESSE: Plane waves

= To compute the interferometer Finesse generates a set of linear equations which

represent the steady state light fields at each node of the interferometer and solves
these numerically.

= Fast and effective tool for perfect optics using plane waves.

Mirror 1 Mirror 2 a, = it1ao n ”1“3'
4
a, a, a, a, ' _
—_— —_ —_ —_ a, = eXp(—lkL) a
— ; '
— - > 7 a2 - lt2al
a, a;’ a3 a, =r,a;
€< €< €< ' .
< S a,' = exp(-ikl)a,
|_ .
ry by r» a, =r1a,+it,a;
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Moving beyond plane waves

= Advanced and future modeling tasks require information about the transverse
properties of the light field (i.e. the shape of the beam or its position).

Distorted mirror

= Effects we want to model include: surface, Z(x.y)
1. Alignment
. Input beam
2 MOde mlsmatCh Input Gaussian ﬁ
3. Clipping beam
4. Surfaceeffects = = ~TTTTTTTTTTTTTTITTTITTITTTIIIIIIITTTTTTTTTTTTT"N >

Z-axis
Output beam

Distorted output ‘—

= Challenge: modeling advanced beam
interferometers to compute the
effects of realistic optics.

Reflectivity, r

= Conclusion: Move from plane waves to a modal model to compute the effects of
imperfect optics.
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Modal models
A

= Modal models exploit the fact that a well behaved
interferometer can be well described by cavity eigenmodes.

= Light fields with different spatial distortions can be
described by a series expansion:

modes in Finesse

= Hermite-Gauss modes: Complete set of functions which describe beam shapes with
rectangular symmetry of cavity eigenmodes.

= Maxtem: Value in Finesse specifying the maxtem = n+m (mode order)
number of modes to be used.
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Laguerre-Gauss modes

=" LG modes: Complete set of cylindrically symmetric 4

functions describing different beam shapes.
order = 2p+1/|

= LG modes can be created from a superposition of HG
modes. |

= |nvestigation into higher order LG modes used order 9
HG modes to represent LG33 in Finesse:

HG mode | 0,9 1,8 3,6 4,5 5,4 6,3 8,1 9,0
la,,I ‘ 0.164 ‘ 0.164 ‘ 0.125 ‘ 0.047 ‘ 0.047 ‘ 0.125 ‘ 0.164 ‘ 0.164 p
I
HGO9 HG18 HG36 HG45 HG54 HG63 HG81 HG90

LG33
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Describing effects with modes

1. Beam shift ™
small misalignments = — Order 1
of the beam Simple, small
HGOO HG10 Shifted HG0O effects can
be described
2. Beam size well with just
one HOM.
small curvature + — Order 2
mismatch between n - n /
beam and mirror LGOO LG10 Large LGOO

3. Surface distortions Order 1- 10 ™
More complicated
effects require
more modes.

4. Edge effects Order 1- 15+
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Mirror surface characteristics

= The deviation of a mirror surface from an ideal surface can be divided into
different categories:

1. Measured deviation from perfect sphere.
2. Environmental effects (thermal effects, gravity sag etc.).
3. Scratches and point defects.

= Qur aim is to model realistic mirror surfaces and understand the effect these
will have on the detectors.

— Simulations for Advanced LIGO commissioning.

— Derivation of requirements for future detectors.

= In order to do this we require some method of representing mirror surfaces in
our models: we use mirror maps.

Charlotte Bond - Tokyo Institue of Technology - 21/06/2013 Slide 10
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Advanced LIGO mirror maps

Height [nm]

aLIGO map
ETMO0S8:
central 16cm

rms =0.17nm

y [cm]

-2

ETMOS:

aLIGO map
central 30cm

rms =0.52nm

Height [nm]

= Measured mirror maps representing mirrors from
the Advanced LIGO project are now available

(GariLynn Billingsley).

= High quality polishing results in extremely low rms

figure error.

= The mirror maps can be used easily in simulations.

Mirror maps

= The term ‘mirror map
refers to a grid of data

describing an optical property

over the surface of a mirror.

= Different types of mirror
map: phase (surface height)
maps, absorption maps and
reflectivity maps.

= Phase maps:

- Surface height data

- Optical center (x,Y,)

- Scaling of x- and y-axis

- Points defined outside the
mirror

= Aperture maps:

- Absorption data (complete
absorption outside aperture)
- Optical center (x,,Y,)

- Scaling of x- and y-axis

Aperture map

Charlotte Bond - Tokyo Institue of Technology - 21/06/2013
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Mirror maps in FINESSE

= Effect of mirror surface distortions can be described in terms
of coupling from a mode U, ., in the incident beam to mode
U, v in the reflected beam:

Ky ot = U, . expQRikZ)U, .

surface

= Extensive work has been carried out to include maps in
Finesse, using fast, adaptive integration routines.

= We can combine the effects of mirror maps with other effects,
such as misalignments and mode mismatch.
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Introducing ...

... FINESSE version 1!

http://www.gwoptics.org/finesse/

gM) OptiC S » Tools for detecting gravitational waves

HOME GW EBOOK SIMULATIONS PLAY CONTACT ¥

FINESSE
(Frequency domain INterfErometer Simulation SotfwarE)

At GEO 600 we have created a fast and easy to use interferometer simulation. We want to design and debug laser interferometers with a
simple but powerful tool. We want to be able to simulate many different user-defined optical setups and we would like to playfully teach
and learn more about laser optics. FINESSE has a long pedigree and has benefited from years of real-life employment by the optics groups of
gravitational wave detectors. While some of the code is ten years old we are committed to adapting the code to new challenges posed by
new types of interferometry in future projects, maintaining the code and the trust which has been built through years of testing against
experimental results.

-

Download Simple Examples Flnesse Tools Get the Source

Syntax Reference Complex Examples Documentation Luxor

Fer Forums "HCHANGtte BondY Tokyo Institlié of Technoldgy 221/06/201
Getting started with FINESSE! @

— B C em . . - as e e 2 esl & ° » s ™ - 2 B ® 2 B a0 P aa
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- What’'s new?
= Mirror maps: " New features:
— Bugs fixed — Maps applied to beam-splitters
— Extensive testing against analytics (beta)
and other simulation methods — LG modes

— Combination effects properly
implemented

" Manual V.1: » To-do:
— Added examples — Radiation pressure (GWADW 2014!)
— How to use mirror maps — ‘Dynamic’ thermal effects

Charlotte Bond - Tokyo Institue of Technology - 21/06/2013 Slide 15
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Checking modal results against FFT
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Using mirror maps in simulations

FFT codes input field mirror surface output field

The effect of a mirror surface

is computed by multiplying a

grid of complex numbers x .

describing the input field by

grid describing a function of

the mirror surface. T NNRERRRR

Modal models input field output field

mirror map . . i /: ::flfj'i?:::anri \ oo boo\
00,00 00,01 00,10 a b
q km,oo k01,01 k01,10 knm ' X ot — 01
kl0,00 k10,01 k10,10 o ’ alO blO

Matrix of coupling coefficients calculated from the mirror map transform the input field described by
HG amplitudes into the output field described by HG amplitudes.

Charlotte Bond - Tokyo Institue of Technology - 21/06/2013 Slide 17
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Lens: maps in transmission

f=200 m

1.2 I

| /~ N\

== finesse lens
= = = finesse map
v = fff

o
o

Simulated with 3 different methods:

Intensﬁyl/%
o
(0]

1. FINESSE 1ens component

Calculate effect using ABCD matrix. 0.4
2. FINESSE with map 0.2/ \\
Map describing the optical path length
of lens. 0
-1 -0.5 0 0.5 1
x/W0
3. FFT

Transmitted beam, cross-section

Charlotte Bond - Tokyo Institue of Technology - 21/06/2013 Slide 18
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Tilted mirror: maps in reflection

o —— FINESSE, Bayer_Helms
o = = = FINESSE, ma
B =1 urad M N 20 N R R FFT i |
TN
_ 3
Simulated with 3 different methods: S s / \ / \
e/ \ / \
1. FINESSE attr xbeta command E \ /
Calculate effect using analytic coupling "o \ l
coefficients (Bayer-Helms) . 1
./ \/ \.
2. FINESSE with map 0 Y
Map describing tilted surface. -2 19 - 05 « positi%n [wO] 05 1 ' ?
3. FFT Reflected field with HGOO component
removed, cross-section
Slide 19
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Thermal challenge

= High circulating beam power leads to thermoelastic distortion of aLIGO
cavity mirrors due to absorption in the coatings.

= We consider three cases: no absorption on either mirror; 1ppm
absorption on the ETM and 1ppm absorption on both the ETM and ITM.

Thermal distortions

— ~—

Charlotte Bond - Tokyo Institue of Technology - 21/06/2013 Slide 20
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Thermal challenge: Mirror maps

ETM thermal map

® To represent the thermal distortions in Finesse mirror maps 15 .
were created using the Hello-Vinet formula. 10
= To reduce the number of modes required in the Finesse
simulations the curvature, weighted by the Gaussian beam, _ :
is removed. :
-10 §
Thermal distortion: ETM L
x107 15 _
[ -15 -10 -5 0 5 10 15

Thermal distortion

y [em]
=) o

Height [nm]

a1

o

x [cm]

ETM thermal map with curvature removed

15

6F : : : : : - 1e0
L . . . . : 10
L 5
2+ 0

i -5 -

' 10} -

-1.8+ o
- -15

15 10 5 0 5 10 15

distdgiondm] & &4
oo (<2} » N

AR

y [em]
Height [nm]

L Thérmal

iR
o » N

_2 i i i i i i
ApproxirgatSparaboleig, 1 -0.05 or[ml 0.05 0.1 0.15

x [em]
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Thermal challenge: Results

Thermal distortion

Roundtrip loss [ppm]

Original IT™ ETM Hankel SIS
results o o
(Hiro 7 - _ ; ;
Yamamoto) - v 228 220
v v 9.3 9.6
Thermal distortion Roundtrip loss [ppm]
ITM ETM Finesse Finesse FFT (OSCAR)
Current (maxtem 10) | (maxtem 15)
investigation i . 0.8 0.9 0.9
- v 203 238 234
v v 32 26 27
Charlotte Bond - Tokyo Institue of Technology - 21/06/2013 Slide 22
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Thermal challenge: Results

= Results converge with high enough maxtem (10 — 15).

10°¢ : 10°F : SIEE
: —— FINESSE [ — FINESSE
I L= = =FFT ' I ; ; i == =FFT ;
Q2 ie
i 3
101 i i i j -101L i i i j
0 5 10 15 20 0 5 10 15 20
maxtem maxtem
Absorption on ETM Absorption on ITM and ETM

Charlotte Bond - Tokyo Institue of Technology - 21/06/2013 Slide 23
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Other examples

Edge effects

. . 1
LG;; with mirror maps
08
Circulating field in FFT 0.7
15
| 06
10 2 05
20 ) 04
° 03
15 02
size 01 -4 [Finesse maxtem 15
0 er =116004 - Ipimun power =117742
0 2 10 -8 -6 -4 -2 ) 2 4
Lo oz
% Finesse
EL)
-15 0
—0 x [em]
F FT Cavity Zoom
600
Circulating field in Finesse Finesse
15+ - — —FFT
i 500
10+
200 .
5 ’g 4001 LG 33 I n
150 9 .
of a
B oo triangular
©
60 = ey e
2 cavities
Liok © 200f
50
_1515 -10 5 0 5 10 15 1001
-0 x [cm]
Finesse 0 ‘ ‘ ‘ ‘ ‘
58 58.2 58.4 58.6 58.8 59 59.2 59.4
tuning
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Why use modal models?

= Advantages:

— Can be faster for complex tasks (i.e. noise couplings and combinations of
maps, misalignments and mode mismatch).

— Provides efficient and intuitive models of well behaved interferometers with
‘small’ distortions (i.e. GW interferometers).

= Disadvantages:

— Cannot model optics with significant power near the edge.
— Can be slower at specific tasks, in particular calculation of optical losses
from strong distortions.

= Carefully setup FFT simulations and model simulations should
provide the same answer in the majority of cases.

Charlotte Bond - Tokyo Institue of Technology - 21/06/2013 Slide 25
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Example: Bond et al., 2011
Higher order Laguerre-Gauss mode
degeneracy in realistic, high finesse cavities

Phys. Rev. D 84, 102002 (2011)

Charlotte Bond - Tokyo Institue of Technology - 21/06/2013 Slide 26
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LGO+9

LG;; investigation

100

90

== Higher order mode degeneracy

80

| » | G3; mode proposed for its potential LG147
3 oo to reduce the thermal noise of the test
i masses.

il = 10 modes of order 9 which will all be LG245

101

resonant in the arm cavities.

0 ) L 1 A
-25 -20 -15 -10 -5 0 5 10 15 20 25
Distance from optic axis [cm]

Potential problem T

G3+3
= Coupling into the order 9 modes leads to Q@» —
highly distorted circulating beams.

» Surface distortions and modes will be
different in each arm, potentially resulting in
an unacceptably high contrast defect at the
output.

Charlotte Bond - Tokyo Institue of Technology - 21/06/2013 Slide 27
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Coupling approximation: Zernike
polynomials

= Zernike polynomials, Z, ., form a complete set of orthogonal functions which
describe wave fronts over a unit disc. Defined by radial index (n) and azimuthal

index (m).
n —_
= Coupling coefficients from individual polynomials are calculated:
*
ke o= [ U, expQikz!U,,
. o Pl p 1 surface P! p( " ) P! Mode m
: L 2,5 2
' ‘ = Solving an approximation of k we get 5
. oy : 4,1
an azimuthal condition for coupling:
1,7 4
* & e
\ 4 0,9 6
* % * =1
2,-5 8
m required for coupling 1 -7 10
from LG3; to the other '
order 9 LG modes 0,-9 12

Charlotte Bond - Tokyo Institue of Technology - 21/06/2013 Slide 28
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LG;; investigation: results

= High finesse cavity simulated with an
LG5 input beam and aLIGO map
applied to ETM.

ITM

Mode Power [%]
3,3 88.6 » Direct coupling from etm08 calculated using Zernike
4,1 5.70 approximation.
2,5 5.02 .

Polynomial 2,2 4,2 4,4 other
4, -1 0.333 .

Amplitude [nm] | 0.908 | 0.202 | 0.231 | -
1,7 0.313

Power [ppm] 4.66 0.331 | 0.0431 | <0.01
other <0.05 &

We expect LG,; and LG, to have large amplitudes in the cavity

’\O) = Large presence of LG,; and LG, in the circulating beam in
Finesse model agrees with the prediction by the coupling
approximation.

Pure LG33 input beam Circulating field with ETMO08

Charlotte Bond - Tokyo Institue of Technology - 21/06/2013 Slide 29
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2
l
1.8

finesse [x 104]
© O (ol B
(@) (00)] — N B (@)

©
B

0.2

9415 942 9425 943 9435 944 9445 945
phi [deg] (METM)

LG,; investigation: frequency splitting

2500

2000

11500

Power [W] (P_circ)

11000

500
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LG;; investigation: mirror requirements

= Coupling approximation is used to derive mirror requirements.
= Requirement: power coupled from individual polynomials < 0.01 ppm.

* For the ETMO8 example:

Polynomial | 2,2 | 4,2 | 4,4
Amplitude [nm] | 0.042 | 0.035 | 0.10
Original ETMO08 | Adapted ETMO08
Direct coupling into 6.8 0.043
order 9 [ppm]
Circulating field 114,000 815
impurity [ppm]

[1] Bond et al. Phys. Rev. D, 2011, 84, 102002
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Example: Carbone et al., 2013 [1]

The generation of higher-order Laguerre-Gauss
optical beams for high-precision interferometry
Carbone et al., 2013 [2]
Generation of High-Purity Higher-Order
Laguerre-Gauss Beams at High Laser Power

[1] Journal of Visualized Experiments, accepted for publication (2013)
[2] Phys. Rev. Lett. 110, 251101 (2013)
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Generating an LG;; beam

PD normalised readout

LGy, beam ‘raw’ LG33 beam

‘pure’ LG;; beam

0 0.2 0.4 0.6
cavity scan [FSR]

il lo\c

‘e
Phase-plate

| aser Linear Mode CCD
Cleaner Camera

Charlotte Bond - Tokyo Institue of Technology - 21/06/2013 Slide 33
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Analyzing output beam

Experiment data Filting model Residuals

y axis [mm)]
y axis [mm]
y axis [mm]

X axis [mm)] X axis [mm)] X axis [mm)]

Charlotte Bond - Tokyo Institue of Technology - 21/06/2013 Slide 34
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Designing mirrors for LG5,

Circulating beam Order 9 resonance peak

Jg st s s s ]
. p— e s IR ]

E s s :

5

=

a2

[ax

=

=

3

=

LG33 purity = 55.8 % tuning [deg]

End mirror surface ma

Zernike polynomial content of map

s e T e SR sisiviince e i . 5
5= NI :
5 ks 45
151 4- Reducing astigmatic -
10} ; : 35- term, Z22
5 £ .
= @
E 0 T 25-
:
-5 g 2-
[
103 15-
e 8809090909000 a8 1% 4
-20 o et 05. _
NI w o (M T .
25 20 415 10 5 0 5 10 15 20 25 222 231233 240242 244 251 253 255 260 262 264 266
x[em] zernike polynomial
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Example: Wang et al., 2013
A realistic polarizing Sagnac topology with
DC readout for the Einstein Telescope
Phys. Rev. D 87, 096008 (2013)
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ET-LF as Sagnac interferometer

= A Sagnac interferometer has the potential for a similar sensitivity
as the current ET-LF Michelson design.

» Reduced complexity: no filter cavities or signal recycling
required.

é » Polarizing Sagnac: no ring cavities but we need to consider
effect of realistic polarizing optics

>

PBS

Laser

Photodiode

[1] Wang et al. Phys. Rev. D, 2013, 87, 096008 10-25
[2] Mengyao Wang, GWADW 2013 1

500 1000
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FINESSE testing: Sagnac and Michelson
transfer functions

Wil r = = Get a basic idea of how a Sagnac
e e e e L il _
TOT - CICCC D00 T SSQU - T 2T SRS interferometer works, compared to a
HHd — — —1— — A ==l + 1 =l = — — + —
— HET ———1——F === I == - .
§ b — — - -l Il b — — — 4+ — 4 M|Chelson
T N \ Lo \ I \ \
51010»\7\ ! [ B B B ! H Y T N
o iE\E . . :\E\E\j *::izj e L
E EE: MIChlESOn Wlth ::::B ,::173 L1 \ Lo \ REEEE: theory
g— I[: . rﬂj - - 10" L\ \ Lol L Lkl | ! : :*Hl ‘-‘-Fiiesseﬁf
% "1 arm cavities Bl - “Chaf---1-7
5109»\7\ 777777777777777777777 NN S 4 H ===+ -4
K7 PO r--zcizcz-cEdzlzidtigcccE-tzizizziz === & = 3 — ! H-—-—-*T-
CTOrT - ZZIC-ZCOZIZIOTIJZ - ZCZTZIZCCIJOf-Z Z 28— ] § H****l**ﬁﬁf:fﬁﬂa ‘ Hf: ‘Pfff*fﬁ
1 A S S U 0 SRR IR R T S Y S S S 1 N
T O Ry I [ R © = — — — b ZZHEASD
L1 [ [ AN I [ [ N I B I [ g (LI . [ 1Z1J R 11
10° L l Lol L n £ i::: Sagnac Wlth arm :::::j -
107 107" 10° E
signal frequecny / (c/2L) % TH caViﬁes Hih '
& 10° L L SN1 E—- -
. . K7} tElrzzczclzzcEdzlizidtiogz -+t zZizizizid — - gz
= Further testing of FINESSE against e e o (e [ {5 e o el R Y el B
HHt — — — - —F A==l A +14 — — — - — + —I— -—-1-
. . HHt—————FA-I—I4+IT———F—+ —I— --1-
theoretical calculations. ety et -1-
108 L1 - ! Lo - L1 -
10 10 10
[1] C. Bond et aI., LIGO DCC: T1300190 signal frequecny / (c/2L)
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Preliminary investigation 7 B
- %*
into Sagnac control |
e
gl
= Consideration of realistic polarizing fgwmmm o005 ARG Podee—_am
components: leakage with Michelson-like St \
response at the output. B e s
9| _—————— 'N‘.iﬁ-a&“:”‘_‘_H_‘—w—‘—“—‘-
= = FINESSE simulations Fuispweixio%04 02 DARMumngloml o4&
. . T
using leakage for potential 3,
x E control scheme. 5
4 ‘n
o MW o 2
AN | pAN A qL5-
‘A 4
a’AEai> _|PBS WCE CE _égu ‘ ‘ N | o ]fo ] ‘ \ \
s = aAE::H ”—me REKUDeADx1030 20  -10 MICH tuninglpm] 20 30 40
fb;CEﬁ & 222: :Z?g H _2, AS (s) port [x100]
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FINESSE available as open source

= Main page: http://www.gwoptics.org/finesse/ Fines
— Executable Se
— Documentation
— Finesse examples
— Simtools
— Links to. .. S

= Source code:

http://kvasir.sr.oham.ac.uk/redmine/projects/finesse
— Source code
— Forum
— Bug reports
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Thank you for listening
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FINESSE: What's the proper reference?

The best way to reference FINESSE (e.g. in a paper) is by citing
A Freise and G Heinzel and H Luck and R Schilling and B Willke and K Danzmann
Frequency-domain interferometer simulation with higher-order spatial modes

Classical and Quantum Gravity, 2004

...and our website http://www.gwoptics.org/finesse

Thanks!
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