First ILANCE workshop on
gravitational-waves

Summary

Matteo Barsuglia
CNRS/APC and ILANCE
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Y..hao — KAGRA filter cavity
project and TAMA exp

collab 1s within gravitational wave d ion experi JGW-G2214029

!

Semi-classical

Quantum noise and its reduction

way to
- - - . H i understand
KAGRA filter cavity project . Quantum nature of ight:  Quantumm nose. cfs 5 = Acsinthe + 01+ AG) it e

and e e
frequency dependent squeezing -
experiment at TAMA

Y. Zhao on behalf of the KAGRA collaboration

Vacuum
fluctuation

No squeezing

Squeezing ¢ =0°

——— Squeezed vacuum ¢ = 90°
—— Squeezed vacuum ¢ = 45°

* Heisenberg uncertainty principle

g
]
2022.4.15 E 10
@
x p i . = W * Squeezed state can reduce either )
) [ NikThef § Y o A oviesy el L ACCDA000 T Reeee-- . S X
)] %@ﬁ o }:(‘ UAPP B viir rﬁ A 0 oF AvsreRDAM SI KAGRA &]} ;4 Ae or A, but not simultaneously rediit gwinc l
e d P L
Frequency [Hz] 10" 102 0 { o
Frequency [Hz] o

Frequency dependent squeezing measurement

oM angle. 06 1 03 deg, detuning: 465 051 * Assuming filter cavity parameters (309m, roupd trip
HOM angle: 14.7 + 0.1 deg, detuning: 678 : 04z |osses smaller than around 100ppm, input mirror
HOM angle: 27.2 + 0.1 deg, detuning: 61.1 + 0.4 Hz, o . )
—HOM angle: 39.1 - 0.1 deg, detuning: 595 - 05Kz transmissivity 0.136%) and QSQL ~ 70 Hz, and filter
HOM angle: 60.2 + 0.2 deg, detuning: 68.7 + 0.6 Hz,
HOMangie 846 £ 1.0 dog. Senna 128 L 15K cqvity has linewidth ~ QSQL/\/E and is detuned by
‘( | Horizontaline indicates ) 4111 L AL ALARSRGALANL A linewidth, gravitational wave detector senses only the
GMI“’ , fhomodyne angle 0 degree; Lk zed drature
Ul TRV squeezed qua
VNG .

Frequency dependent
squeezed vacuum state

« If we use our squeezer and filter cavity for KAGRA,
we expect a quantum noise reduction at all

Al ‘ frequencies (1dB at low frequency and 3.4dB at high

&7 TOGE 7 frequency)

Squeezing [dB]

. » We are one of the first teams achieved this result
around the world, which is suitable for advanced

= - gravitational wave detectors
10°
Frequency [Hz) PHYSICAL REVIEW LETTERS 124, 171101 (2020)
|_Editors' Suggestion Il _Featured in Physics |
* However
Frequency-Dependent Squeezed Vacuum Source for Broadband Quantum Noise

o Working point is drifting Reduction in Advanced Gravitational-Wave Detectors

Yuhang Zhao®,'? Naoki A * Eleonora Capocasa®,"” Matteo Leonardi,' * Yuefan Guo,®
» Backscattering below 30-50Hz Eleonora Polini®,* Akihiro Ton Koji Arai,” Yoichi Aso®,' Yao-Chin Huang.® ¥ Harald Liick®% - .

Osamu Miyakawa,'’ Pie Ayaka Shoda®,' Matteo Tacca,” Ryutaro Taka ahlbruch,” & 12

Marco Vardaro, Chien-Ming Wu®," Matteo Barsuglia,' and Raffaele Flaminio L



Y..hao — KAGRA filter cavity
project and TAMA exp

TAMA: One of the first demonstration of squeezing in

~ 100 Hz bandwidth - full scale prototype

Test bench for new confrol schemes: auxiliary
frequency (green) and coherent control sidebbands

In the future: possible test bench for EPR, three-mirror
cavity (tunable finesse)

Already French-Japanese collaboration: exchanges of
researchers and students - Continue the
collaboration (also using NEWS and PROBES EU
project from France)



E.Capocasa - squeezing in Virgo

Filter cavity longitudinal control with green beam

VI:LFC_SC_PD_RF_11MHz_I_CAL

VI:LFC_GR_PD_RF_SMHz_I_FIL

H
4 1
* Feedback to FC mirror up to 10 Hz 15
¢ Feedback to laser frequency up to ~900Hz 10" 1
(added later to suppress noise in the ~100 Hz 10° I\ ,.‘J,u}..«wy
region ) '
 Residual length noise ~1 Hz 10°
10 = ‘ ‘ ‘ ‘
1 10 10* 10° 10° Hz
1329821758.00 : Feb 25 2022 10:55:40 UTC dt:2.00s nAv:99
:glf‘ ITF main
! ickoff
PLL i ¢ Working fine in standalone
¢ To be tested with ITF
Filter Cavity
QN7 main lacar "

Scattered light contamination

Frequency dependent squeezing measurement

. FDS Characterization with different angles
\ Wm0l pN=02  pN=O03  pN=O04 — phi=05 - ph=06 — ph=0

T wRww T peore——

\ \; 4\ \
A,/\ﬂ;/»M@y\wrf““MWWMM&WW

25/02/22

e Ellipse rotation at ~60Hz -> shot noise level at low frequency
® Excess of losses (~35%) -> sub optimal alignment conditions
¢ Detuning stability to be better characterised

 Evidence of local oscillator scattered light by Homodyne PD

 Effect reduced with the locking precision improvement and active stray light mitigation

AUDIO_DIFF —/\ 3

SQZ + scattered light

N SQZ+scattered I l
light
v

Lo Active stray light mitigation loop sch

OHz Detuning Stray Light Effect

10 10

T AL *JKL
| L TL YT M bl L
' Shot noise spectrum Ml bR W e e
10°

* Note that local oscillator will
be switched off during SQZ
injection in ITF




E.Capocasa - squeezing in Virgo

KAGRA/Nirgo collaboration within FDS activities

¢ FDS demonstration at Tama: joint work of KAGRA and Virgo members

¢ \/isits and exchange periods: hopefully more frequent after covid emergency resolution

PHYSICAL REVIEW LETTERS 124, 171101 (2020)
| Featured in Physics |

PHYSICAL REVIEW D 98, 022010 (2018)

y-Di dent Sq d Vacuum Source for Broadband Quantum Noise

- | J v

Reduction in Advanced Gravitational-Wave Detectors

Measurement of optical losses in a high-finesse 300 m filter cavity for

Yuhang Zhao .'? Naoki Aritomi,” Eleonora Capocasa " Matteo Leonardi,"' Marc Eisenmann,* Yuefan Guo.® 2 A At
7 9 broadband quantum noise reduction in gravitational-wave detectors

Eleonora Polini®,* Akihiro Tomura.® Koji Arai,” Yoichi Aso®,' Yao-Chin Huang.® Ray-Kuang Lee® " Harald Liick
. 10 . n 1 s 1 7. 9 3. 3 5 ?
Osamu Miyakawa, "~ Pierre Prat, = Ayaka Shoda®,” Matteo Tacca,” Ryutaro Takahashi®,” Henning Vahlbruch, Eleonora Capocasa,'*" Yuefan Guo,’ Marc Eisenmann,* Yuhang Zhao,"* Akihiro Tomura.” Koji Arai,

Marco Vardaro,.*'>" Chien-Ming Wu®,* Matteo Barsuglia,'" and Raffaele Flaminio*' Yoichi Aso,' Manuel o, Laurent Pinard,® Pierre Prat,” Kentaro Somiya,” Roman Schnabel, "
'National Astronomical Observatory of Japan, 2-21-1 Osawa, Mitaka, Tokyo, 181-8588. Japan Matteo Tac y shi,' Daisuke Tatsumi,' Matteo Leonardi,'
*The Graduate University for Advanced Studies(SOKENDAL), 2-21-1, Osawa, Mitaka, Tokyo 181-8588, Japan Matteo Barsuglia.” and Raffacle Flaminio*'
Department of Physics, University of Tokyo, 7-3-1 Hongo, Tokyo, 113-0033, Japan
*Laboratoire d’Annecy-le-Vieux de Physique des Particules (LAPP), Université Savoie Mont Blanc, |

CNRS/IN2P3, F-
*Nikhef, Science Park,|
*The University of Electro-Communicatic

e e ] IMproving the stability of frequency-dependent squeezing with bichromatic

*Institute of Photonics Technologies, N
Institut Gravitati hysik, Leibniz Univers
nstinat fir Graviationsphysik, Leibniz Univers|. control of filter cavity length, alignment, and incident beam pointing
(Albert-Einstein-Institur), Ca
“Institute for Cosmic Ray Research (I Phys.Rev.D
. ) Kamioka-cho, Hid ' yhang Zhao, Eleonora Capocasa, Marc Eisenmann, Naoki Aritomi, Michael Page, Yuefan Guo, Eleonora Polini, Koji Arai, Yoichi Aso, Martin van Beuzekom, Yao-Chin
. Université de Paris, CNRS, Astro| Huang, Ray-Kuang Lee, Harald Liick, Osamu Miyakawa, Pierre Prat, Ayaka Shoda, Matteo Tacca, Ryutaro Takahashi, Henning Vahlbruch, Marco Vardaro, Chien-Ming
2 nstitute for High-Energy Physics, University of A Wu, Matteo Leonardi, Matteo Barsuglia, and Raffaele Flaminio
¢

Universita di Padova, Dipartimen| Accepted 1 March 2022

Important testbench with squeezing injection in the
Interferometer
Collaborations on-going (Y.Zhao @ Virgo for a month)
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B.Mours — Newtonian calibrator

Mirror

NCal basic principle §

» Rotor made of two masses
Center of mass is not moving
The non linear Newtonian force creates the signal
Signal at twice the rotor frequency;
Signal proportional to 1/d* effect > Mirror to NCal distance is critical
» Expected benefits
Signal depends mainly on the rotor geometry, mass and position
Mass of the mirror cancels out
Correction for a real mirror geometry compared to point particle:around 1%
No aging effect of the signal
Simple interface with the detector
Could be moved from one mirror or ITF to another

» An old principle, tested during O2:

“First test of a Newtonian calibrator on an interferometric gravitational wave detect«

CQG. 35,235009,2018

v v v w

Amplitude ratio

m
'g 1.04
T 1.03F-
O3 results 1o
g 1.01
EI 1B
< 0.99F-
Accurate FEM simulation gt 3

Results published: COG 38, 075012 oosf-

* PCalNE
A NearNCal pos. corr.
Far NCal pos. cor.

70.94

“Newtonian calibrator tests during the Virgo O3 data taking”**

2
Eluaney Ho1

PCalNE

Near NCal pos. cor.

Far NCal pos. cor.
I

Probing h(t) up to 120 Hz (rotor @ 60 Hz) e Rhiase diference
2 004
Same shape as PCal £ o
1]
3% amplitude offset between PCal and NCal o
Systematic uncertainties <
At the level of the PCal uncertainties e
. . . -0.02|
Dominated by NCal-mirror distance 0.03f--
10
Parameter uncertainty formula | hrec/hin; near (%] | hrec/hin; far (%]
NCal to mirror distance d 6.4 mm 46d/d 2.02 1.31
NCal to mirror angle ® | 5.0/3.3 mrad | 0®sin® 0.28 0.19
NCal vertical position z 1.3 mm 5/2(z/d)? 0.03 0.01
Rotor geometry see table ] 0.53 0.53
Modeling method see end of section 4 0.018 0.017
Mirror torque from NCal see end of section |4 0.05 0.03
5 Total quadratic sum 2l 1.4

10?
Freauency [Hz]



B.Mours — Newtonian calibrator

Improving the NCal rotor for O4

OS5 NCal plans

Y

» Improve the accuracy from less than | % (O4 goal) to less than 0.5 %.
Improve the knowledge (and stability) of the NCal position
» Install an NCal system on the West End tower,
To be able to inject accurate calibration signals on both arms.
» Extend the frequency band cover up to at least 250 Hz (in h(t)).
This corresponds roughly to the frequency where 95 % of the BNS SNR is accumulated.
-> Work on new rotor
May need

To use denser material (could gain a factor 2.85 with stainless steel)

» Simpler geometry
Remove: the O3 external ring and central disk
» Make it thicker
» Benefit
Force x 2 compared to O3
Simplify the metrology and prediction
» Challenge: air motion = friction

Go to 70W motor
. ) . More powerful motor
» Current test: 80 Hz rotor speed achieved Go to (partial vacuum)
Will are building a three sectors rotor to probe h(t) up to 200 Hz Use magnetic bearing (also good to reduce the mechanical vibration
8 » Fix any issue that may be observed during O4

VaimAAD

* Important room for collaborations about on calibration
(intercalibration, exchanges of N-cal / g-cal)



M.Leonardi — KAGRA sapphire
MIrors

Introduction to “sapphire”

KAGRA mirrors: Aluminum oxide (corundum)

« Candidate
material for ET

* Virgo post-O5 1064
room temperature

Pro:

* Very high thermal conductivity at cryogenic
temperature

¢ Transparent at 1064nm
* High density
* Good industrial manufacture techniques

Cons:
* Second hardest material in the world
* Birefringent material (in a-axis)

2022-04-15 ILANCE workshop (SR

Optical absorption in sapphire mirrors

To achieve a stable temperature for the test masses (ITM case):

Prad + PBSabulkL + Parmacoat < Pcryo

Right side depends mainly on fiber diameters
* Suspension thermal noise is determined by fibers geometry

Left side can be minimized optimizing PRG and arm Finesse
¢ This choice has impact on ITF quantum noise

* (design): Ppspuikl = ParmQcoat

2022-04-15 iLANCE workshop 5



M.Leonardi — KAGRA sapphire
MIrors

ITMs bulk birefringence: p-pol detected

45° o JGW-T2214009-v2

* PRC gain measured was not as 0
expected [klog#9300, klog#9310]

* ITMs reflection had some p-pol
PRM PR2

| my , ‘
We calibrated rotation errors

ording to the markers in the
TWEm eeeeeeeeeeee

HR maps

TWE maps k" s
HRthAR
135°

e e mastsscoy

D/B‘“[ ITMX
PR3

BS transmission for s-pol is 49.96%
BS reflectivity for p-pol is 20% (sim)
Forward POP

Almost purely s-pol (p-pol at 3e-4 level)
[klog#9324]

lOl

 Huge experience with sopphlre mirrors in KAGRA |

« This will be crucial for the design of Einstein Telescope if
sapphire selected

 Moreover: collaboration KAGRA-Virgo coating group,
contacts with KAGRA-LMA 10

POP
9.4 % p-pol from ITMX single bounce

4.6 % p-pol from ITMY single bounce klo g#931 ]

ooooooooooooooo

differ fom TWE (HRthAR)
measurements.



T. Yokozawa — Detchar in KAGRA

@OCSGK:Noise hunting

0%

= - There are several result by
e performing the hammering test
- Hammering test between IMC
Sl | and IFl chamber
AR i - Found ghost beam after
= — opening chambers
..’.’“&m| - BS and SR area
= _‘ L - Different frequency, scattered
light from SRM?
- AS table and OMC chamber
- Some sensitivity limit by air
compressor for gate valve
- Performed additional
hammering test -> seismic
motion gave vibration to OMC

SHa-5H, SK3 sde
——— Bost [Feb 20t S41kpen 47)
- Around SR chamber

« PEM, lock losses,
noise analysis and
subtraction

@OC%GK:Lock loss study

- Lock loss study (Search the reason why lose the Fabry Perot cavity)
- Total 75 lock loss during O3GK ( for >10 min lock )
- One study for seismic motion (micro-seismic, earthquake and dam)

Analysis from causation

Lock State of 03GK

a7+ ——

Histogram of seismometer’s ptp

h13

S

40 S} L, — :,' X Lock-loss by
all ground vibration

Mean
RMS

X Lock-loss by
large microseismic

event/ day / bin

ploysanq

Dat;
T EE
an

Xa
.
H
.
o s
'
¥

g m X J g
420 p—_, D e
42144 i —

0 2 4 6 & f0 12 u 16 B W m M
time (JST)

Verocity [pm/s]

Entries 10122

208
2808

10 10° plp [ums]
*1 [ normal ‘ * abnormal
| “ - Time [-::'ih] from 202:0“ 0417 2327 ;Ien JsT rmjz‘éasua 0 ) Yellow zone(1 time /1 5days)
|




T. Yokozawa — Detchar in KAGRA

@Underground interferometer l_j'k_rﬁ“ : “j;‘r
a & f

>y
(44

(My personal) Comment about underground environment
Difficult (Hard) point
Access to experimental area

Some trouble (or need to turn on/off instruments) detected in control room Rﬂ
-> 10 min to center area -> +15 min to end area ;

After heavy rain or snow melting water season, there are many waters in
the experimental area

'

@Summary o

Machine, circuit, cabling, --- - KAGRA detector characterization

Limiting experiment space

Place of the essential instrument (Air compressor, pumps, coolers, “-+)

Temperature control Managed under the Operations Division

o . Various results are reported
We need to keep the temperature within 0.5 deg, especially for

suspensions. Turn on/off of the one instrument varied the temperature. Current DetChar activities

Noise hunting / acoustic injection toward the O3GK

J Offline noise subtraction using ICA
T Lock loss study
Telephoto camera
~ - Some personal opinions for the underground experiment

Good point and difficult point

Welcome the question about DetChar for underground interferometer!

o S s | ——— l

12




N.Arnaud - Detchar in Virgo

Virgo DetChar within Virgo & LVK

Acoustic,
Environmental m‘l'gmt'c’ . $)her . Software
Monitoring ‘""n ;;‘Z:““ Collaborations Development
. Computing
Earthquakes Connections, | Standar-
Experience | dization
Storage
Transients
Commissioning, | Spectral noise | DetChar
Detector ~ Stability | oroup
- Investigations ~ * First long run for Advanced Virgo
®= Virgo DetChar held on over 6+5 months
+ No significant failure/delay, major milestones achieved
Monitoring, Support = A lot of experience gained for O4 preparation and data taking
Calibration, Injections Neak and strong points are clear

h-reconstruction

* Virgo flavour of the DQR

Collaboration = The DetChar group priority for O3: a new, key, development

* Significant resource dedicated to it, well ahead of time
— A real arbitration, given the global personpower shortage

* Partial but efficient internal feedback mechanism to review and improve tasks
= Between O3a and O3b, using the 1-month commissioning break
= But also during sub-runs as well

o

* Connection with the LIGO DetChar group
= Already well-established for years!

* Virgo DetChar visibility

= Within the Virgo collaboration and also more broadly within LVK -

13



N.Arnaud - Detchar in Virgo

Outlook

* Long and challenging O3 run
— Unvaluable experience gathered during 11 months data-taking + offline analysis

¢ Transitioning from final O3 analysis to O4 preparation
= Almost completed: now focus on O4

* Manifold improvements targeted
= Group organization and support from collaboration
= Mostly existing O3 frameworks

= Not many new projects

— Tight constraints from limited personpower
= Not solved despite growing collaboration

* Benefiting from joint LVK activities
= An asset to make progress
— Happy to help KAGRA time- and resource-permitting

| ot of lessons learned by O3 (durinéoct long data
taking campaign)

Difficulties in having “standardized” Virgo-KAGRA-
| |GO tools

Possible common projects/tools/collaborationse

14



T.Washimi— Underground
environment characterization

( ) 4/13
F. Badaracco et al., Phys. Rev. D 104, 042006 (2021) -y
Perturbation of the gravity field due to a variation 10715 X . o e ! 7/13
in the density (8p) of the surrounding media. . -~ KAGRA sensitivity ACOUSt|C f|e|d (a Ir-pressu rE) at KAG RA
10717 \\ —— ET sensitivity
N Acoustic NN .
™ Rayleigh-wave NN KAGRA CS
— -19. N .
N 10 N Body-wave NN pos n°2 @ 101l R KAGRA  LIGO/Virgo
N = N Body-wave NN pos n°5 il = Virgo CEB
; op(r,t) = < 10% - Sprayed Concrete
dp(ro,t) = =G /(1V|r — 1| c 107 i‘: — MGG undergroj) Bubbling Urethane (~5cm) Painting—s
: 0 © o 107! Anti-water Plastic Painting
/ \ & 10723 £ 102 N ‘ ——
A S o s 4 1001 \ =i
A KA § 1073, 41'“0*’%\” ‘uw‘ \‘ 3 r\/\ KAGRA CS.
1072 S bl 2
£ 1074 b S
[ IEEEEEREE ¥ M q.
| Illllll 1 I ANAYTN -5 5
107205 = 102 ST U CAE TR T (R (S O | A,
Frequency [Hz] Al % 107+ \f‘\j /\\‘V\,A\:'ﬁ"/\‘\\“: ";\‘A\‘
S MW V“/WV\; %
. 5 G « The acoustic levels are similar the underground and R T T
Estimated NNs are much below the design sensitivity gf KAGRA, Igut Igrggr than that of ET. S Time (secands)
» Some new approaches (e.g. NN cancelation developing in Virgo) are necessary. «  The underground is more stable with respect to Reverberation time in the KAGRA site is much
transient external disturbances shorter than that of LIGO and Virgo.
%’iﬁﬂw 8/13 airplane » This is because of the difference in the inner
Tonga Volca no eru ptlon Slgnal at KAG RA tokyo.acip/ery/tonga-20220115 surface of the walls, rather than the location.
- gg 1 Selsmometers (underground] | | I o o ren
> 3 ] z i
£ = end vdrecion
] e L e Zdrecton ]
£3 et 0ty
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Seismic wave
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Tatsuki Washimi— Underground
environment characterization

11/13

Underground water

Water fluid in the drainpipes can cause
Newtonian noise. So we are working on )
*  Monitoring the water fluid @ Y-end %
» NN estimation with water simulation |

If we conclude this noise possibly affects s .
the KAGRA design sensitivity and/or will
be observed in 04 data, we need to
mitigate this noise before O5 starts.

ttttttt

collaborate

Simulation study is ongoing
(T. Suzuki @ TITECH)

nnnnnnnnnnn

Summary

® Underground is low-noise and good for GW detectors.
® Underground environment is be studying at KAGRA.

* Seismic motion: Well reduced at observation
frequency, but not at a lower frequency.
» Acoustic field: Stationary level is not so different from

on-surface, but more stable.

and understudying.

» Water: One difficulty of underground
® Understanding the underground environment is
important for the next generation GW detectors.

A wealth of data useful for Einstein Telescope
Many contacts with Virgo-ET communities.
Try to see it and how French community can also

* Magnetic field: The situation is a little bit complicated

16
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T. USHIBA — Cryogenics

Main mirror suspension (Type-A suspension) in KAGRA

Cryogenic sapphire mirror is one of key features of KAGRA.

The sapphire mirror is suspended by four-stage cryogenic pendulum.

It is suspended from a huge tower called Type-A tower for vibration isolation.

5-stage GAS filters
@ room temperqture

TypesA-tower

{Eeo

ure suspension)

Cryogenic Payload

Type-A suspension

OpLevs and length-sensing OpLevs (LS OpLevs)

OpLevs configure gouy phase telescopes in order

to distinguish beam shift and tilt.

—Three degrees of freedom can be detected by
one set of OpLevs.

« Even though OpLevs measure the suspension

motion with respect to the ground, noise level at
high frequency is much better than PSs thanks to

the quite environment of the underground site.

Displacement [um/riHz]

b
Large noise below 30Hz is due to air disturbances and decreases in the vacuum condition.

[ I S—
P atﬁffrm

Marionette &
Recoil mass

Intermédiate mass
& recoil mass

§
Mirror &

Recoil mass
/7

Cryogenic payload

Wx;( Longitudinal
£ 1.5X 109 m/rtHz

f r

)

Angutar motion [urad/rtHz]

] 3 X 101° rad/rtHz \.jLE

I
w ' 10 o

1
Frequency (i)

i i
' o' 1 10 "
Frequency (i)

Example of spectra (suspension in air)

Cryogenic system in KAGRA

A cryogenic payload is stored inside the cryostat with two-layer
radiation shields (80 K shield and 8 K shield).

Both HR and AR side of a mirror, there are 5-m cryogenic duct
shield for reducing the thermal radiation from the beam tubes,

Outer shield (80K) I I

Red: Change from O3

—_———— e—————
Inner shield (8K)
Heat link
|
PF |
Connected to Connected to
2nd stage PTC 2nd stage PTC
A MN MNR A
Arm side
M IMR
v | | ~TTTTT
Main laser
T TMR
_; WAB
Cooling bar M
Cryoduct (80K)
BS or TMS side

Connected to
1st stage of PTC

Connected to
2nd stage of TC

Connected to
2nd stage of PTC

17



T. Ushiba — Cryogenics

Problem of the cooling (frosting issue)

* During the cooling, thick frost was formed on the mirrors, which causes
drastic finesse drop of arm cavities.

« Since a part of finesse drop can be recovered when warming up the mirrors
at 70 — 80 K, the main components of the frost seems N,.

Mirror surface at cryo temp. A T

Summary

Using cryogenic sapphire mirror for reducing the thermal noise is one of key features
of KAGRA.

Sensors and actuators are designed, considering cryogenic compatibility.
— Reflective PSs with large sensing range.

— OpLlevs and length-sensing OpLevs.

— Coil-magnet actuators.

— “Ropeway style” moving mass

Cooling mirros can occure the serious problem: frosting on the mirror.
— Vapor pressure of the molecules needs to be considered.
—Step by step cooling seems effective.

Preparation of the payload and a part of cooling is ongoing toward O4.

We hope our cryogenic experiences can help future gravitational wave detectors such
as Einstein telescope.

* Crucial experience for Eisntein Telescope |

18




M.Was — Virgo commissioning

Interferometer commissioning highlights

@ Upgrade sensors on optical bench suspensions
» Scattered light pushed below 12 Hz

@ Injection & Laser system robustness

» 10 year old stability issues resolved
=> Installed fiber EOM actuator with x 10 larger dynamic (~ 20 rad)
> losses slowly increasing

Achieved lock acquisition at 25W and then at 40W,
then reduced input power to 33W

Thermal compensation enabled, CO2 laser actuator aligned
Arm Fabry-Perot cavities optical characterization
New output mode cleaner locked, and interferometer in DC read-out

.

19



M.Was — Virgo commissioning

Interferometer thermal tuning

Beginning of the lock

o : Ny q q q Optical spring
# g - - —— - . Tmmws o I fri—=2

=% Conclusion

@ Achieved first full DC read-out lock
f,kf @ Several not understood surprises limit good operations

> Stiffer optical spring
» Interferometer mode jumps
> Sideband not overlapped with carrier

@ 04 goal is to have 200kW in arm cavities
(880mW in transmission of end mirrors)

@ With 40W input power locking with +66kW 190kW and quickly decaying to @ Opt @ Good ideas of potential solutions
+20kW 170kW ® Me: > Center input beam on PR (currently 4 mm off-center)
@ Dark fringe power is ~ 46 5 times higher than during O3 b SC;‘; > Adjust SR radius of curvature
@ Improvement after enabling end mirror ring heaters, but very short locks > o Diagonalize length control using feed-forward techniques to reduce control
VIR-0716A-21, I. Nardecchia > noise coupling by more than x100

@ Investigate any remaining excess noise in sensitivity curve

Michal Was (LAPP, VIR-0427A-22) U (@)

* New facts, difficulties (high power effects, opftical
spring, SR alignment )

» Role of the simulation!

« Possible collaborations, exchanges of
commissioners and development of simulation
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Y.Aso — KAGRA commissioning

dise Budget
107H Test mass suspension
(Type-A)
damping control noise
10-13

Coupling from auxiliary
degrees of freedom

10—15
Acoustic noise?

10-17

Displacement [m/VHz]
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=21
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Alignment Sensing and Control

* ASC is much more difficult and messier than LSC
(Universal Truth)

« ltis especially hard for KAGRA because of the
birefringence
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RSE lock trial

RSE lock ~ 2 sec

e

» Suspensions were not quiet enough
* No WFS implemented
* Not enough time to tune feedback filters

Laser noises

High power laser

* 60W amplifier (neoLASE)

* Lower intensity noise than the current IaserQ

* Mode shape is not great o
* 80% transmission of a test cavity
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Y.Aso — KAGRA commissioning

Alignment Sensing and Control ngh power laser

» ASC is much more difficult and messier than LSC
(Universal Truth)

« ltis especially hard for KAGRA because of the
birefringence

* 60W amplifier (neoLASE)

* Lower intensity noise than the current laser_ §

* Mode shape is not great © RSy,
* 80% transmission of a test cavity 5

« Possibility to collaborate on several
commissoning items
« Exchange of commissioners and co-
tutoring of students
« Regular meetings (already a few LIGO-
Virgo common calls)
« Sharing of simulation tools ,




J.Degallaix — Einstein Telescope

Goal of Einstein Telescope: to be 10 times more sensitive

_AL QLIS VU I /ADAANANITIVICO>D DA NA IV YN -DL A

compared to 2" generation LIGO and Virgo

2]

= Advanced Virgo

= Advanced Virgo+

Einstein Telescope

Underground facility

Amplitude spectral de bruit h [1/vVH

Lower coating thermal noise

Reduced light quantum noise

10°

¥ The key parameters

_AL QAL VU T/~ ANAQANIT TNV I8 5034 3QA IV I -DL A

. % 8 _ Parameter ET-HF ET-LF
9 X o - Arm length 10km 10km
DeSIQn Report Input pO\CJver (after IMC) 500 W 3w
’ Update 2020 O Arm power 3IMW 18kW
. : Temperature 290 K 10-20K
for the Einstein Telescope Mirror material fused silica silicon  (sapphire ?)
’ ; Mirror diameter / thickness ~ 62cm/ 30cm 45cm/ 57 cm
o Mirror masses 200 kg 211kg
Laser wavelength 1064 nm 1550 nm
SR-phase (rad) tuned (0.0) detuned (0.6)
SR transmittance 10 % 20
Quantum noise suppression  freq. dep. squeez. freq. dep. squeez.
Filter cavities 1%300 m 2x1.0km
Squeezing level 10dB (effective) ~ 10dB (effective)
Beam shape TEMqy TEMpo
Beam radius 12.0cm 9cm
Scatter loss per surface 37 ppm 37 ppm
Seismic isolation SA, 8 mtall mod SA, 17 m tall
) = Seismic (for f > 1Hz) 5-1070m/f2 5-10710m/f?
Gravity gradient subtraction none factor of a few

https://apps.et-gw.eu/tds/ql/?c=15418



Strain [1/vHzZ]

10—20

J.Degdllaix — Einstein Telesco

and post-O5)

AdV sensitivity evolution from O3 to post-O5

10—21 |

10722

10—23

- —— 03 (BNS: 60Mpc)

04 (BNS: 88-116Mpc)
05 (BNS: 145-258Mpc)
post-O5 (amorphous coating)
| —— post-05 (crystalline coating)
post-O5 (BNS: 258-500Mpc)

T

04 high

c

10!

10?

Frequency [Hz]

Parameter 04 low 05 high 05 low VnEXT_low
Power injected 25W 40W 60 W 80W 277 W

Arm power 120 kW 190 kW 290 kW 390 kW 1.5 MW

PR gain 34 34 35 35 39

Finesse 446 446 446 446 446

Signal recycling Yes Yes Yes Yes Yes
Squeezing type FIS FDS FDS FDS FDS
Squeezing detected level |3 dB 4.5 dB 4.5dB 6dB 10.5
Payload type AdV AdV AdV AdV Triple pendulum
ITM mass 42 kg 42kg 42 kg 42 kg 105 kg
ETM mass 42 kg 42kg 105 kg 105 kg 105 kg

ITM beam radius 49 mm 49 mm 49 mm 49 mm 49 mm
ETM beam radius 58 mm 58 mm 91 mm 91 mm 91 mm
Coating losses ETM 2.37e-4 2.37e-4 2.37e-4 0.79e-4 6.2e-6
Coating losses ITM 1.63e-4 1.63e-4 1.63e-4 0.54e-4 6.2e-6
Newtonian noise reduction None 1/3 1/3 1/5 1/5
Technical noise “Late high” “Late low” “Late low” None None

BNS range 90 Mpc 115 Mpc 145 Mpc 260 Mpc 500 Mpc
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J.Degdallaix — Einstein Telescope
(and post-Od)

_ AL ALISI VU O/~ ANAN\ITNIVIP O 2A QA IV IV DL A

» strong dynamic in Lyon to push for large sapphire substrates What about the coating ?

AL ALLISI VU I /A ANQANIT TNV IO 3A 1A IV I DL A

..+ Unique oven to melt

500 kg of alumina » research right now focusing on large coating for 05
_  material candidate to replace Ti:Ta205 - Ti:GeO2
Testsimprogiess « further reduction in coating loss angle for post-O5

+ fiber production

a * ET will benefit in all the coating development for
: LIGO/Virgo
» dedicated cryogenic coating ?

| Best (and latest) results:  * crystalline coating ?
.'~ <15 ppm/cm
" at 1064 nm

» Study absorption
vs growth parameters
on smaller samples

20

* Huge inputs from KAGRA to Einstein
Telescope |
« Cryogenics, mirrors, materials,
underground environment,...
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« Thanks to T.Kqgjita and S.Katsanevas for the very
iInspiring welcome talks!

« Thanks to T.Kgjita and M.Gonin, ILANCE directors



