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Why Astigmatism

Today Limit to the total Mode Matching

During the commission of Virgo, we reached target of
maximum Mode Matching for the ITF/OMC[1] and the
SQZ/Filter Cavity.[2]

The residual losses are mainly given by the small
astigmatism of the beam

For Virgo postO5 we want to reduce the losses to less
that 2%

Tomorrow Underground Detectors

The underground site is a strong limitation for the
design of beam expander and telescopes of Einstein
Telescope

New studies are prosing solution with not negligible
angles of incident on the Curved Mirror

This will expose the beam to astigmatic aberration

[1] E. Polini on behalf of the DET sub-system, New High Finesse AdV+ Output Mode Cleaner (OMC) - LVK meeting, VIR-0261A-21

[2] Virgo Log Entry https://logbook.virgo-gw.eu/virgo/?r=53468

[3] Rowlinson, S., et All (2021). Feasibility study of beam-expanding telescopes in the interferometer arms for the Einstein Telescope. Physical Review D, 103(2), 23004.
[4] DeSalvo, R., et All (2022). Angled beam expander telescopes for the Michelson beams in third generation gravitational wave observatories. Classical and Quantum Gravity, 39(4), 045008
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Introduction

Simple Astigmatic Gaussian Beam can be
represented as product of two Bi-dimensional
Gaussian Mode

- LA — j—
w%(z)]e’(plz g

2
Twy(2)
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Uoo(x,z[gx, qy) = eXP[

T

XZ — plane

I .
o exp | s AP, — ik———
Using an appropriated reference system rotated by i L P [2 le ZR}/ (Z) ]
and angle 6 ~ o

YZ — plane
x = x"cos(0) — i’ sin(0)

y = x"sin(6) + ' cos(0)
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Theoretical Model
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Theoretical Model

Bi-dimensional Mode Matching
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Theoretical Model

Anderson approach to bidimensional mismatch
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[1] Anderson, D. Z. (1984). Alignment of resonant optical cavities. Applied Optics, 23(17), 2944. https://doi.org/10.1364/A0.23.002944
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Theoretical Model

Three dimensional Astigmatic Mismatch

Common

€x —
Differential de = (\—

1
Yin >~ Uoo(x,y|gc) + (€) 7 (Uz20(x,y[9¢) + Uoz(x,y]qc))

1

565 (Uz20(x,y|qc) — Uoz(x, y|qc))

Spherical Mismatch Astigmatic Mismatch

(a.) Laguerre-Gauss (1,0) (b.) HG 3 and HG (; composition (a.) HG q; rotaded by 45 deg (b.) HG 5 and HG o, composition
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Theoretical Model

Astigmatic Ellipse Rotation

1
Yin ~ Uoo(x,y|qc) + (€) —= (U2o(x,y|qc) + Uo2(x,¥|qc)) +
V2

(56% (U20(x,y|g9¢) — Uo2(x, y|gc))

x = x’ cos(6) — i/ sin()
y = x'sin(9) + y' cos(6)

Vv

Uzg(x,y) = Uzg(xl, y,) COS2 0+ ng(x’, y,) SiIl2 0 — \/EUll(X,, y,) cosfsinf

Uoz(x,y) = Uso(x, 1) sin 0 + Uga (x, i) cos? 6 4+ V2U11(x, i) cos 0 sin 6
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(a.) Laguerre-Gauss (1,0) (b.) HGyy and HGyy composition

Theoretical Model

High Order Mode Expansion

Yin = Ugo (¥, y'|gc)+

Lo (X", y'qc) — U2 (x', ¥ |gc)
V2
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Astigmatic Mismatch

Parameters

Spherical Mismatch Astigmatic Mismatch

| | _ P\ . : : . :
= Average Waist Dimension 0 WalstyDlmensmn Difference
W wg—wy
wcav
. .- zZ zZ 0
= Average Waist Position Yy = o)z

. " . 28—z
Waist Position Difference n=- >
R

' UZO(XI; y,’qc) + qu(x’; y”qc) Orientation Axis 0

V2 [ Uz0(x", y'19e) — Uoa (¥, ¥']9c)
Se cos 260
. ﬁ
<€> — ﬁ + 17y — Uy (X, y’|qc) sin29]

0e = a + 1y
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Spherical Mismatch

Standard Mode Converter Technique

LS YN

Wi 228

Spherical Mismatch

The standard Mode Converter Telescope technique [1]
is sensible only to Common/Spherical Mismatch

+* LG10 converted in HG11 rotated by 45 deg
HG114%9¢€ converted in LG10

HG11 is not converted

[1] Magana-Sandoval, F., et Al. (2019). Sensing optical cavity
mismatch with a mode-converter and quadrant photodiode.
Physical Review D, 100(10), 1-12.
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Standard Mode Converter Technique

0
x/w(z)

UoHG ;%9

Spherical Mismatch : .:. Conversion

The standard Mode Converter Telescope technique [1]
is sensible only to Common/Spherical Mismatch

* LG10 converted in HG11 rotated by 45 deg

Conversion

HG11459%¢ converted in LG10

HG11 is not converted

[1] Magana-Sandoval, F., et Al. (2019). Sensing optical cavity coNode Niare
mismatch with a mode-converter and quadrant photodiode. Telescope Sensors
Physical Review D, 100(10), 1-12.
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Astigmatic Mismatch

Upgrade of Mode Converter Technique

Ls

Astigmatic Mismatch

To detect the Astigmatic mismatch, we need to
measure the beat-note of the HG11 and HG1145deg

Detectors before the Mode Converter Telescope

Quadrant Photodiodes rotated by 45 deg with x/y

Quadrant Photodiodes aligned with x/y

Astigmatic
Astigmatic : Mode Spherical
MCT Sensors Mismatch | Converter Mismatch

Sensors Telescope Sensors

- P&
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Astigmatic Mismatch

Upgrade of Mode Converter Technique

Astigmatic

Astigmatic (3’73 Mode Spherical
MCT Sensors = Mismatch : < : Converter Mismatch

Sensors Telescope Sensors

B

Quadrant Photodiodes Quadrant Photodiodes Quadrant Photodiodes

with Mode Converter Oriented 45 deg with Oriented with P/T
Telescope P/T convention convention
X,y cav X y X y
(‘Uo )_“)0 Wy — Wy Wp — Wy \ .
Gouy Phase O B = wgav (0! = W) cos 6 <(X = W) sin 0
X,y cav X y X y
(z”) — 5 _Zy) —Z s =
Gouy Phase 45 deg Y = 225 <n = g ) cos @ 275 > sin 6
. )
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Simplified
m— D o Optical Setup

Linear Cavity

VONRS

PE@=xE

QD2

Validation of Mode Converter
Telescope Setup

s Two Quadrants Photodiodes for the Spherical Mismatch
sensing

*» Spherical Mode Matching Telescope used to decouple
%gi;tiﬁate the Mismatch degree of freedom

MCT: Mode Converter Telescope
EOM: Electro Optical Modulator
MMT: Mode Matching Telescope x,y)

QD1: Quadrant Photodiode 1 ”Half : < Average Waist Dimension B = g
(Common Mode Matching) Wave Plate DAQ system

QD2: Quadrant Photodiode 2 Driver ( xy )_ cav
(Common Mode Matching) & Longitudial .:. Avera ge Waist Position y = u
DAQ: Data Acquistion

Control 2z
S,

SATEN N
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Spherical Mismatch

Valldation of the
Mode Converter Technique

Spherical Waist Dimension
Quadrant Photodiode 1 is sensitive to change of

w(c)‘av
Slope [V] Intercept [V] R2
QD1 4.85 +0.12 0.18 +0.02 0.94
QD2 —0.297 + .14 —0.07 £0.02 0.23

P&
a
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Spherical Mismatch

Valldation of the
Mode Converter Technique

Spherical Waist Position
Quadrant Photodiode 2 is sensitive to change of

(%) 25"

V= 2z
Slope [V] Intercept [V] R2
QD1 1.63 +0.28 —0.05 +0.02 0.59
QD2 6.026 +.17 —0.10 £+ 0.01 0.93

Nom s

X

. T
U u
MCT
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Moving only Waist Position 2,
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Linear Cavity

VONRY

Quarter

MCT: Mode Converter Telescope U
Wave Plate

EOM: Electro Optical Modulator
MMT: Mode Matching Telescope

QD1: Quadrant Photodiode 1 |:| Half B
(Common Mode Matching) Wave Plate DAQ system

QD2: Quadrant Photodiode 2 Driver
(Common Mode Matching) & Longitudial
DAQ: Data Acquistion Control
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Simplified
Optical Setup

Validation of Mode Converter
Telescope Setup

_wgav

wgav

Xy
» Average Waist Dimension £ = (@)

(Z(J)C.Y)_Zgav

Average Waist Position y = T
R

No sensitivity to Astigmatism

We add a single Cylindrical Lens in the Mode
Matching Telescope
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Keeping Waist Dimension w, Constant

Astigmatic Mismatch . | consansinar g —

Validation of the
Mode Converter Technique

Unsensitivity to Astigmatic
Mismatch

QD1 Constant <}:{> B=

= QD21 = 19 04%alpha +2.4e103
Slope [V] Intercept [V] + G Fluctuation

QD1  —0.46 +0.73 0.03 + 0.09 . , generated by

QD2 19.1+ 6.4 —2.4 +0.78 . | gamma

Q> QQ
—

=M
U u

—1000
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Simplified
E [—ﬂ—pm Optical Setup

Linear Cavity
PD2
o AP
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Setup for the Astigmatic Validation

+* Quadrants Photodiode QD2 reads the beat-note
before the Mode Converter Telescope

y

- - - - wx_w
Quarter 1. Waist Dimension Difference a=—°
Wave Plate wgq

MCT: Mode Converter Telescope
EOM: Electro Optical Modulator
MMT: Mode Matching Telescope

QD1: Quadrant Photodiode 1 I:I Half B 2. Waist Position Difference n= zf —Z%’
(Common Mode Matching) Wave Plate DAQ system i

R
QD2: Quadrant Photodiode 2 Driver . . .
(Differential Mode Matching) Longitudial [ 3. Orientation Axis 7] ]

DAQ: Data Acquistion Control
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Moving only theta

Astigmatic Mismatch

First astigmatic Parameter
MMT
Py
U U

N\
u With Mode
Converter

Cyl lens
== QD1 | = 0.49*L3 +1.3e+02
+

Astigmatic Ellipse Angle
+ Q

We verified the Angle dependency by rotating the
cylindrical Lens in the Mode Matching telescope o

Amplitude Theta O
Intercept [V R2
(V] [deg] Pivl

QD2 260 7 286 + 2 1+£5

2

QD
...... -
P
{ == QD2ch2 | = -261*Cos[ 2*L3 +6.17 ] +10.4
+ |
+ Q

75

25
L3 [deg]

7 June, 2022 [ a =013+ 0.02 J S - uzo(xfy|qc)\;§u02(xfy|qf) cos 20
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Astigmatic Mismatch

First Results

Astigmatic Mode Matching

Mode Converter Telescope Tuning is not perfect
and part of the HG114%%¢ js not completely

converted in a LG10

[ a=0.13 +0.02 }

@ = tan~

[0(]] ~ (89.8 + 8.7)deg

X A
QD1ch2

Amplitude Theta O
Intercept [V R2
[mv] [deg] pt{v]
QD1 113 +4 11 +2 171 + 3 0.84

QD2 260 =7 6 +2 1+£5 0.89
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Moving only theta
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== QDIch2 | = -113*Cos[ 2*L3 +11.1 ] +171

+ |
+ Q

25

QD2ch2 | = -261*Cos[ 2¥L3 +6.17 | +10.4
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Summary

Astigmatic Mismatch Model

We propose the theoretical framework for the
Astigmatic wavefront sensor

Astigmatic Mismatch Sensing

We define an optical scheme to detect the 5 degree of
freedom of the Simple Astigmatic Mode Matching

Experimental Results
We verified the limit of the current Technology

We make the first validation measurement of the new
method
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Future
Theoretical Mode
1. General Astigmatic Gaussian Beam

2. Astigmatic Cavities

Experimental Setup

1. Design, installation and characterization of
astigmatic mode matching Telescope

Installation of other 4 Quadrant Photodiode

Sensors
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