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RUNELE )KL= EE TOBA

LE Y HIREsZ AUz wavefront sensor (Coupled WFS)
FINESSEZRW > =1l —23>
JRIESEEEEEER
EKIRTGR - B

FLH - SROEE
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.043007
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RUNEBIE KRB TOBA

TOBA: TOrsion-Bar Antenna

IKIE(SRRZRUTE 2 ROBEIAY A (RUNURDF) THEhk
BIIRENEIER T 2ERUNIRD FHClER
RUNIRDFOHIREIEZFEL (~1 mHZ)

— KRB DOE N FEZERITES

|~

TOBA DESIBADIGE

3
17 Tidal forces by 10
<~ |, gravitational waves — 102!
/S / (o=
5 10}
.
® 10°} -
@ 10| EIRESRELT |
g -2 _Eo) IE\:§
— o 10 ° ¢ .
R &
’ /Test-mass bar " Fabry-Perot < 103}
c 7 7 _—\x~  interferometer 10 | | |
M. Ando+ (2010) 10-4 10-3 10-2 10-1 10O

Frequency [Hz]
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Coupled WFS signal / WFS signal

BEESEIBICOVTOER
o (ESEEEOHEEOUEEN—BLA

o JFHA: JRHIRDAIEIN
- WFS OfE58EEREZDAEIKF
o ARHEEFZEIOD IS5 74.6 cm OIGBFRICELCEN B
« 2cMIEEINDZEE iiEE'fI]EFE ZETE
— -2cmINTUVRIHE 1 RZRVTEREDEFRT—X
E—LDvA5— AO)FE%@A\?D&M&ZB%%E

® FERITA: FREERENAIVORT—I(COBTUIERERZPIEECT D

== § EE[I]E “_ \\\\ _ ol
AEESIEE L E—-LIDVI—-A\DILE
— Ad=0mm
Ad=-5mm
41 Ad=-10mm c 11
—— Ad=-15mm 2 1
2]
31 §1.0-
-
2 1 © 0.9 1
("2}
V2]
§ — Ad=0mm
1 80.8- Ad=-5mm
oy Ad=-10 mm
>
0- 8074 —— Ad=-15mm
— Ad=-20mm
4 Measure d

-1 < 0.6
9.00 9.0 9.10 915 9.20 9.25 930 935 9.40 9.00 905 9.10 915 920 925 930 935 9.40
Detuning of auxiliary cavity [deg] Detuning of auxiliary cavity [deg]




(Coupled) WFS signal [W]

Coupled WFS OfE5181&E
IATFAY MLIRBEEENT
- A

1 nrad —
L—H— fAEZ 2
1064 nm 15MHz
1W

Coupled WFS E%E]

o fMIHIRZZD 00 E—RE10E—RD ® JOPIZ—%{AlFTI(C
HIREFNDT WFS (CEERTIESIENE ASTHICE—- LDV —% R ET
e  FHCLBRTOIVOREHNRESND — E5EIRLAL

 00E—RIHRRFEND 10%—RFHR=EDD 10— RFHRREDD

7m 4 m
99.94% 100%

HiRasRHI1H

le le le

1.2 1.2 2.0
—— Coupled WFS —— Coupled WFS
1.0 — WS 1.0 — WS
_ 157
0.8 0.8 Z
=
5 1.0
0.6 0.6 0
il
=
0.4 0.4 5 05
o
o
0.2 0.2 3
€ 0.0
0.0 w 0.0 1 V —— Coupled WFS
_o5] — WFs
-0.2 - : : : -0.2 . . : : : : : :
0.0 0.1 0.2 0.3 0.4 0.5 9.0 9.1 9.2 9.3 9.4 9.5 9.0 9.1 9.2 9.3 9.4 9.5

Detuning of auxiliary cavity [deg] Detuning of auxiliary cavity [deg] Detuning of auxiliary cavity [deg]



Phase compensation with auxiliary cavity

Auxiliary cavity
Main cavity = Compound end mirror

A A

Gouy phase @y

|
1
— |
|
Complex reflectivity 7,
180 =
1351 HGOO\ | HGlo
90- | \
X 45 L
T 5 : chouy or
% —45 2T — cDGouy
~90 !
-135 \ \L
180t ———
: : : : —0.2-0.1 0.0 0.1 0.2 0.3 0.4 0.5
® Round-trip phase in main cavity cavity length [a.u.]
P10 = Poo T+ quouy + arg (raux,lo) — arg (Taux,OO)

= P00 + 2nm

— HGyo and HGyy can be resonant simultaneously
Bt EES 2022/01/19 AVF1> 50 / 41



arg (raux)

Lock points of auxiliary cavity

180 1
135+ \

90 1
HGOO

® Detune auxiliary cavity
HG,, from resonance

§ ® Some solutions exist

45 A
0
—45 1
_90 4
=135
—180

02 -0.1 0.0 !01 0.2
40 -
20

HGlO T HGOO

—02 -01 00 01 02 03 04 05
auxiliary cavity length [a.u.]

0.3 04 05 1 Change HGy, phase

HG;, off resonance

HGgo off resonance

— Change HG;, phase

. ) ]

_CpGouy

r
I
N
o

arg (raux,10) - arg (raux, 0o)




arg (raux)

arg (raux,10) - arg (raux, 0o)

r
|
I
o

Solutions do not always exist

180 1
1351 \ W
90 1

45 A ' :
° HGogq HG, Requirement:
enough large @gqyy
_45_

« Long cavity
< Chamber size

-
1 Small beam

—02 701 000 (= Small RoC of mirrors)

1 02 03 04 05
40 - :
< Thermal noise
20

0
—Dgouy | We have to design proper
—~20 - Length of cavities
HGy =|HGgq  Reflectivity of mirrors

02 -0.1 00 01 02 03 04 05 « RoC of mirrors
auxiliary cavity length [a.u.]



Allowed reflectivity

Beam: 800 pm Designed by Shimoda-san
Main: 10 cm My design is shown later
Aux: 7.5 cm 100.0 ' !
No solution
| |
99.9-—_J \_
< 98 4 solutions!§
=
c
(O]
@ 99.7
2/solutions N —
99.6 |
99.5

99.5 99.6 99.7 99.8 : 100.0

Rmid [%] s ﬁ )
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Possible configurations

® Test mass can be put anywhere

At front mirror

Test mass

Inside in cavity
—_— I

At mid mirror

e f—p—

IEImXETEESR 2022/01/19 A>314> 54 /41




Comparison of angular sensors

crom Miyazaki-san & M1 Optical Simple Folded | Coupled
lever WFS WFS

—_— | T

|
Y

WES
. — r——
0
Shot noise
(Phase-III TOBA
requirement: O >< >< O O
5%10°16 rad//Hz)
Beam jitter A >< >< O O
Frequency O O O O
noise ><
Trans >< O O O O
coupling
Weak to Difficult to

Other shrink in control with

demerits cryostat two DoF




Folded WFS

Round-trip Gouy phase in cavity
(O+@+B@®)x2=2nm

® HG,, and HG;, can be resonant simultaneously
by changing cavity length

— HG,, mode signal can be amplified in folded WFS

IEImXETEESR 2022/01/19 A>314> 56 /41



Mirrors I purchased from Layertec

Front mirror

—~~—

HR coating is facing auxiliary cavity
since auxiliary cavity has a severe \
loss requirement

Mid mirror

End mirror

Large RoC is better for thermal noise
Small RoC is better for alignment

Front & .

Radius of 7 m 4 m
oo (flat)

curvature convex concave

<

Lattice mirrors
have large loss

Folded mirror

Auxiliary cavity is

— under-coupled
Reflectivity (1) | 99.4 % | 99.94 % 99.9 % | (better to control)

Reflectivity (2) 99.9 % | 99.94 % | Over-coupled

(better to compensate phase)



Cavity parameters

99.4 %
337
—~— or
330
99.9 %
or
® (avity length 99.94 %
« 8 cm (total of main) 3.93x103 M 99.4 9%
« 6 cm (auxiliary) E o 99.94 %
or
99.9 %

® Beam radius
« 500 um at front mirror (waist)
« 508 uym at end mirror

® Finesse
« 337 (main when auxiliary is under-coupled)
« 330 (main when auxiliary is over-coupled)

« 3.93x103 (auxiliary)
[ETHRETS 2022/01/19 AX51> 58 / 41



My designs are strong to loss

Beam: 500 pm

Main: 8 cm
Aux: 6 cm

Rend [%]

100.0

2 solutions

o DA

N\

[}
99.8
99.7

4 solutions
99.6
99.5

99.5 99.6

ELrHmXER

99.7 99.8

Renia [%] _,'__E |

!

Loss would be
less than 0.1 %

= 2022/01/19 A>3514>

Over-coupled

_— Under-coupled

No solution

%

100.0

59 /41



Control of two DoF

~—— @ Length of main cavity

@ Length of auxiliary cavity

® Plan to control with PDH technique for both cavities
® Signal separation (main-auxiliary) is important
® Under-coupled cavity gives better signal separation

0.01

Shimoda-san calculated it 0005}

I want to calculate with Opticle S ‘\f_\g

PDH signal
(refl) 1 I O » 09 . 001} == REFL(T) (main)

m==REFL(I) (auxiliary)

o

1 [W]

. m==REFL(DC)-TRANS(DC) (main)
DC signal REFL(DC)-TRANS(DC) (auxiliary)
O — 1 _0 »0 1 5 1 1 ¢ T 1 1

(refl-trans) 45 4 05 o 05 1 15 2

cavity length [m] %108

EImYXEBES 2022/01/19 A>31 > bU / 41



Idea of control (1)

® Inject different polarizations into auxiliary cavity from
behind

® Reflected light of main and auxiliary cavity is detected
independently

S-pol.
for main cavity

T~~~

P-pol.
for auxiliary cavity

IEImXETEESR 2022/01/19 A>314> 61 /41



Idea of control (2)

® Use two different modulation frequencies for main

and auxiliary cavity

® Reflected light of auxiliary cavity is detected from
folded mirror

Possible
Length FSR | Finesse| FWHM | modulation
freq.
Main 8cm |3.8GHz| 300 13 MHz 40 MHz
Auxiliary | 6 cm 5GHz | 4000 | 1.3 MHz 4 MHz
-_—

Reflected light
of main cavity

Reflected light of
auxiliary cavity

Sidebands

Laser frequency




TOBA O

| |
1

Ry

O IRV ADBEZEHCKERILEZE DO UMM E
O AEDFGHENMEDERIE: 5x1016rad//Hz (phase-m)

ATV FES

 EEBYZ

"

BED
wavefront sensor

- —

Coupled
wavefront sensor
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mafg: KD

o FHiREs
\”4/" £&: 85t8cm
E—ADIZN: 500um =1 J{4%A: 300
99.4%

99.94%

99.9% \

1N HiREs PIVEZIAERR—H—
& 6cm
J44X: 4000
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History of interferometer simulation tools

. FINESSE (2000-)

« Thomas tool (2003-)

« Optickle (2005-)

Interferometer simulation tools

Frequency domain Time domain

I don’t know at all...

« Twiddle (1998-) ex.) e2e

First tool, but slow to calculation
Much faster than Twiddle

First tool to calculate radiation pressure
RF cannot be calculated

Radiation pressure can be calculated including RF

JGW-G0900053-v1: Matlab_E TE<OptickleZ

ol FAEts =3l —23>

BEXimERR 2022/01/19 A>314> 66 / 41


https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=53

FINESSE vs. Optickle

® They have both strong and weak points

— We have to choose which to use
depending on purposes

FINESSE Optickle
Misalign of mirrors
Higher-order modes
Radiation pressure —
Polarizations
Way of using Co% Jgu”p‘i/'i'eort' MATLAB

I chose this I only installed and
for Coupled WFS  run sample codes...

JGW-G0900053-v1: Matlab_T&){OptickleZ
ol TiFst 22l —33>



https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=53

What is FINESSE? <" Finesse 2

® One of interferometer simulation tools

® Frequency domain INterfErometer Simulation SotfwarE
® Created by Andreas Freise

® Open sourced since 2012

® Used by many GW researchers

Accumulated downloads Locations of downloads

= O \.v
Finesse 1.0 e MU
3, 3

000 Finesse 1.1 P m 8 i

Finesse 20 Ry R
800 \
600
400
|

0

JGW-G1301720: FINESSE lecture slides

History and impact of FINESSE :
You can find many papers that cite FINESSE

accumulated downloads



https://research.academictransfer.com/delegates/freise/
https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=1720
http://www.gwoptics.org/finesse/impact.php

How does FINESSE work?

Write codes

import numpy as np

from IPython.dis iport display,

%matplotlib inline

pykat.init_pykat_plotting(dpi=90)

basekat=fin .kat()
basecode =

1 laser 1 @ n@ # Lase
s s1 1 n@ ncl # Space

basekat.parse(basecode)

katl = deepcopy(basekat)
code = """

## Detectors ##

# Photo diodes measureing DC
1 ncl
p rc nc2 : rcula

pd tran nc4 # Transmitte

## Simulation in

katl.parse(code)
outl = katl.run()

length offset = @)

JGW-G1301720: FINESSE lecture slides o

easurements.

S— — ————— —— — — —

I input mirror end mirror
I ml m2
-«

cavity

laser

D

-
»

PD trans

e SRR

Build interferometers in our mind
« Mirror reflectance, RoC
« Length of cavity
« Place of PDs

Run codes

Finesse
Plot results

Power vs. microscopic cavity length change

Power [W]

—400 -300 -200 -100 0

Position of mirror m1 [deg]


https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=1720

Cheatsheet

FINESSE official website > 4. Documentation > Cheatsheet

® Cheatsheet provides some answers to frequently
asked questions (= very important information about
use of commands)

Beamsplitter nodes

Macroscopic vs. microscopic length T
phi » : ;:e n node2 HE
nodel hode. p nodel hode. nOdel ﬁ nOde3
m Or bs component 2
ype component node4:
Y
_ How to build coupled cavity
RoC sign
Re <0 4 Rc = C
_— { -------------------- ->
nod ode2 1odel gghod
> ¢/
moOrbs 1 m Or bs 2

IEImXETEESR 2022/01/19 A>314> 70/ 41


http://www.gwoptics.org/finesse/impact.php
http://www.gwoptics.org/finesse/
http://www.gwoptics.org/finesse/reference/cheatsheet.php

Microscopic length “phit”

® Command “phi” is important for simulation of Coupled
WFS and DANCE when tuning length of mirrors
microscopically

®“Phi” is defined such that a tuning of phi = 360 deg
corresponds to a change of one wavelength

AL = ? A
360°

® FSR of linear cavity is not 360 deg, but 180 deg
® FSR of ring cavity depends on angle of incidence

® Sign of “phi” is opposite for front and end mirrors

phi b
D-(_ ) >|]
space

component 2

m O DS
ype component

® Choose proper sign for detuning and feedback
signals



Experimental vs. simulation setup

® I want to build simulation setup as similar to my
experimental setup as possible

® But too complicated setup is difficult for simulation

99.4%

8 cm
Finesse 300

99.4% _ o
flat For simplicity, I change to
 linear cavities
6 cm 99.94% « end mirror 100%

99.9% /m (— Reflectance of auxiliary cavity

4 m as compound mirrors is always

100%)

98.2% 99.94% 100%

flat 7m 4 m

6 cm

Finesse 300




Simulation setup of WFS

® Before calculating linear range of Coupled WFS,
I calculate that of WFS for comparison

Reflectance
Misalignment(@p
[ :
1w 15 MHz o
0O cm 0Ocm
Laser = EOM

flat 8 cm

100%
Control for 7m

10%

0 cm

Gouy phase cavity

RFPD
RFQPD

Step to calculate linear range of WFS

1. Search for best Gouy phase by sweeping it

2. Calculate linear range by increasing misalignment

3. Calculate finesse dependence by changing reflectance



Simulation setup of WFS

® Before calculating linear range of Coupled WFS,
I calculate that of WFS for comparison

Reflectance
Misalignment(@p
[ :
1w 15 MHz o
0O cm 0Ocm
Laser = EOM

flat 8 cm

100%
Control for 7m

10%

0 cm

Gouy phase cavity

RFPD
RFQPD

Step to calculate linear range of WFS

1. Search for best Gouy phase by sweeping it

2. Calculate linear range by increasing misalignment

3. Calculate finesse dependence by changing reflectance



WEFS signal [W]

Result of best Gouy phase

Reflectance

10 1 deg |S best fOI‘ FIN ESSE Misalignment (PD
. . . S :
96 deg is best for analytical solution LW 15 MHz
0cm 0cm
Laser - EOM —> >
le-9 /A 1P - sem
2.0 0 cm 100%
—— FINESSE G hasek: Control for 7m
1.5 Analytical solution ouy p . cavity
109 RFQPD 1D
0.5
0.0 A —— FINESSE
1.01 Analytical solution
_05 4
10, 5 0.5 A
15 Eﬂ 0.0 1
' <
—2.0- —0.51
0 5|0 1(I)0 15|'>0 2(I)0 25|0 3(I)0 35|0 104

Gouy phase shift from beam waist [deg]

® FINESSE result is a little different from
analytical solution. Why? Front & end murror
— Because of flat front mirror 7/m concave
(Rounding error in np.Inf?)

100 150 200 250
Gouy phase shift from beam waist [de g]

® When I change front mirror to concave,
two results are consistent WEFS_GouyPhase_AnalyticalSolution.ipynb



Power [W]

WES signal [W]

Result of linear range

1504

125 4

100 ~

75 A

50 1

25 1

0_

—— Intracavity power
PDH signal

0.00

le-5

0.02

0.04 0.06 0.08 0.10
Misalignment of front mirror [mrad]

0.02

0.04 0.06 0.08 0.10
Misalignment of front mirror [mrad]

Front mirror: 98.2%

Reflectance
Misalignment (PP
> :

1w 15 MHz

0cm
Laser - EOM —>

10%
100%
0 cmp Control for 7m

Gouy phase cavity
RFPD
RFQPD

Linear range: ~0.04 mrad
WEFS signal: ~2 W/rad

WEFS_LinearRange_tips.ipynb



Tips for simulating linear range

® By the way, simulating linear range of WFS

with FINESSE is not easy

® I introduce tips and bad simulating examples

Tips

1.

Monitor intracavity power with PD

2. Misalign mirror from 0O rad
3.
4. Choose proper sign for feedback signal

Perform feedback control with “lock” command

Reflectance

Misalignment (BB
1w 15 MHz y
0cm 0cm

0cm

Laser = EOM —> —
10%
cavity

JGW-G2113337-v2: How to simulate WFS Gouy phase}. JCO”“O' for 7m

signal properly with FINESSE :

Takano-san's slides are good reference RFPD

RFQPD


https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=13337

Bad simulating examples

Works well

1754

150 4

1254

100+

Power [W]

751

50 1

254

—— Intracavity power
—— PDH signal

0.00

0.02 0.04 0.06 0.08
Misalignment of front mirror [mrad]

WFS signal [W]
w s ow

~

0.00

0.02 0.04 0.06

Misalignment of front mirror [mrad]

0.08

WFS signal [W]

Misalignment
from non-zero

Without “lock”

Misalignment of front mirror [mrad]
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Result of finesse dependence

Reflectance of
front mirror

le-5
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Flness_e Gou r?acsrg ] Control for 7m
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® Linear range: ~0.04 mrad
® WFS signal: ~2 W/rad

0.10

® WFS signal and linear range are independent
on finesse

oxfoe 10 40
< Consistent with Takano-san’s result o
JGW-G2113337-v2: How to simulate WFS s 7
signal properly with FINESSE N
1 .'. é/ lock failed .:.-\—

WEFS_LinearRange.ipynb

Desired WFS signal

beam tilt [urad&
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https://gwdoc.icrr.u-tokyo.ac.jp/cgi-bin/private/DocDB/ShowDocument?docid=13337

How to build coupled cavity

® Before calculating linear range of Coupled WFS,
I have to build coupled cavity with FINESSE

® FEigenmode declared later is overwritten, so I
have to calculate configuration of coupled cavity
In advance
e caVv auxcav mid n7 end n8 <« Trace eigenmode for auxiliary cavity,

« cav maincav front n5 mid n6 but overwritten
T Trace eigenmode for main cavity

RoC with beam radius of 500 um Eigenmodes of two cavities
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| 510 % % g
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1 @ 506 |
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S 504 |
1 £
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m 502 + /
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\ 4

0 2 4 6 8 10 12 14 16 18 20 -2 0 2 4 6 8 10 12 14 16
RoC.m Distance from beam waist [cm] Distance from front mirror [cm]

— Main cavity
= = = Auxiliary cavity

RoC of wavefront [m]
[=} —_— N w S [6;] [=2] ~J oo [{=)

Eigenmode.m



at mid mirror [deg]

Reflection phase

[deg]

Reflection phase difference

—100 4

—1501

Phase compensation

® I confirm that my simulation setup has lock points
of auxiliary cavity for working Coupled WFS
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Detuning of auxiliary cavity [deg]

9.0 9.2 9.4 9.6 9.8
Detuning of auxiliary cavity [deg]

Near HGOO resonance:
detuning 0.15 deg

Near HG10 resonance:
detuning 9.3 deg

® Auxiliary cavity can compensate Gouy phase of

main cavity with this setup

PhaseCompensation.ipynb



Simulation setup of Coupled WFS

Reflectance
Misalignment (P pp Detuning
S : <>
1W 15 MHz s
0.cm 0cm
Laser = EOM . ¢
10% flat cm cm
0 99.94% 100%
G bl Control for 7m 4 m
ouy phasel®., main cavity
RFPD

RFQPD

Step to calculate linear range of Coupled WFS

1. Search for lock points of auxiliary cavity by sweeping
end mirror

2. Search for best Gouy phase by sweeping it
. Calculate linear range by increasing misalignment
4. Calculate finesse dependence by changing reflectance

W



CoupledWFS_LockPoint_revised.ipynb

Result of lock points

® Result of lock points is pisaignment (B @ oy

S H
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consistent for p.16 & p.26
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(Very difficult to simulate!) Near HG10 resonance
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WEFS signal [W]

Result of best Gouy phase

Reflectance
Misalignment Detuning
143 deg is best w s Ocm"g\ PD | k-1
Laser = EOM =—>——a—> _ —
le-8 /4 Gouy b kO]acsnejlz JCor_]troI fc_)r 997.9ri% 14(1) ?1:/0
3 A main cavity
24 RFQPD RFPD
0 50 100 Goul;ghasesiiofto[deg] 250 300 350
® Best Gouy phase is different between WFS (96 deg)
and Coupled WFS (143 deqg)
® But configuration of main cavity is the same. Why?

CoupledWFS_GouyPhase.ipynb



Power [W]

3500 A

3000 A

2500 A

2000 A

1500 A

1000 A

500 A

WEFS signal [W]
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Result of linear range

Inc/reasing HG10
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Front mirror: 98.2%
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G ﬁ cmg Control for 7m 4m
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® Linear range: ~3 urad
® WFS signal: ~40 W/rad

CoupledWFS_LinearRange.ipynb



WFS signal [W]

Result of finesse dependence

Reflectance
Misalignment (PP PD) Detuning
Reflectqnce of e iy
front mirror 1w 15MHz :
le-5 y Laser - EOM —> .
cm
— 95% (122) 10%
o 99.94% 100%
98.2% (346) Finesse of 0cmp Control for 7m 4m
99% (625) Gouy phasef, main cavity
99.5% (1250) main cavity
99.9% (6290) RFOPD RFPD
—— 99.95% (12600) Q
——=- Conventional WFS
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_________ ‘ 98.2% (346)
____________ 0.8 99% (625)
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Misalignment of front mirror [nrad]

® As finesse increases, Coupled WFS signal increases

and linear range decreases

CoupledWFS_LinearRange.ipynb



Summary of Coupled WFS results

99% (625)

1w 15 MHz

0cm
Laser - EOM —>

Reflectance
Misalignment pD
I~

0cm
N

10%

flat | 8 cm
. ﬁ cmg Control for
ouy phasef-. main cavity

Misalignment o front mirror [nrad] RFQPD RFPD
Finesse WEFS signal | Linear range
[W/rad] [urad]
122 10 5
346 40 3
625 75 1.5
Coupled WFS
1250 130 1
6290 170 0.25
12600 150 0.25

reduction are roughly equal

Factors for signal amplification and linear range

PD) Detuning
<>

99.94%
7m

100%
4m

CoupledWFS_LinearRange.ipynb

This factor is much smaller than finesse



