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Goal setup of the KAGRA interferometer
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3km Fabry-Perot optical 
cavities
• Light power~ 400 kW
• To transduce GW signals 

to light phases
Laser light source
• 100~180W 

(planned)

Anti-symmetric  port
• To extract GW signals

Four main mirrors
• 22cm diameter
• Sapphire

Cryogenic system
Cooling the four main 
mirrors down to ~23K.

Vibration isolation system
• Isolating mirrors from 

vibrations.

Original: K. Somiya et al., Class. Quantum Grav. 29, 124007 (2012)



Current setup for O4a
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Input: 1 W
EY: 252 K

IY: 251 K

IX: 251 K

EX: 88 K

Transmission monitor
Partly in air/partly not on a VIS table.

Transparent SRM
Replaced with

Partly cryogenic power recycled 
Fabry-Perot Michelson 
interferometer

Steering mirrors are on a stack structure 
but not suspended by pendulums.

Previously it was 81 K, though.

The temperature values are of IMs. 
TMs would be cooler than IMs, 
because the cooling process is still in 
the radiation dominant, and sapphire 
would have a larger emissivity than 
solblack on IMs. 
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KAGRA’s run history and plan
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24 May – 21 June
2023

O3GK

Original:

TODAY

iKAGRA
run

bKAGRA
run

Spring 2024



Contents

GWADW (May 22-26, 2023, Isola d'Elba, Italy) 6

• Introduction
• Towards O4a
• Beyond O4a
• Summary

(c) KAGRA Collaboration / Rey.Hori



Revisit: O3GK commissioning issues
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Sensitivity
• “Time-up” for satisfactory noise 

hunting before starting O3GK

Stability / repeatability
• BNS range drifting
• Frequent lock loss
• Lock acquisition failing due to storms

Reliability
• Frost on cryogenic optics → gave up 

cooling for O3GK
• Unexpected power loss ← beam 

clipping(?), dead OMC-PD, unused SRM…

Figure 5: Top: BNS range in O3GK, April 7-21, 2020, UTC. The mean value of the sensitivity was 500
kpc. These data indicate a minute trend generated by the real-time calibration pipeline which have
a relatively large calibration error. Middle: Seismic activity level at the earthquake frequency band
(from 30 to 100 mHz). Note that the y-axis is on a log scale. Bottom: Seismic activity level at the
microseismic frequency band (from 100 mHz to 300 mHz).

following hardware upgrades are planned: (i) Upgrading the interferometer configuration to DRF-
PMI. (ii) Improving the suspension damping and control schemes. (iii) Increasing the laser power to
lower the shot noise. (iv) Improving the laser intensity and frequency stabilizations. (v) Reducing
scattered light with more shrouds installed in vacuum.

6 Conclusions
The gravitational-wave detector, KAGRA, completed its first formal scientific observation in the
spring of 2020. The last half of the observation was a joint observation with GEO600. Furthermore,
KAGRA detector’s mean BNS range was 500 kpc, with a duty factor of 54%. The obtained data are be-
ing analyzed for astrophysical searches. Currently, the KAGRA detector is offline for major upgrades
to improve the sensitivity, thus aiming to join the next LIGO–VIRGO observation run.
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Noise budget estimation right after O3GK
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KAGRA collaboration, PTEP ptac093 (2022)

PTEP 2022 H. Abe et al.

Fig. 4. Top: Various noise sources in the KAGRA detector during the O3GK run (12 April 2020). The
measured sensitivity (orange curve) and summation of various noise sources (solid black curve) are dis-
played. Each noise source (depicted in multiple colors) is estimated using online monitoring channels and
pre-measured transfer functions. The seismic motion through the Type-A tower and vibration through
heat links are shown in Fig. 6. Bottom: Measured sensitivity (orange curve) and identi!ed line frequen-
cies (vertical lines). The values of each frequency are listed in Appendix B.

of Fig. 4) are also explained. The measured sensitivity can be explained by adding the effects
of each noise.

The estimated noise curves in the sensitivity are evaluated as follows: the amplitude spectral
density of the witness channel for a certain noise contribution and the transfer function from
this witness channel to the GW channel (DARM) are measured. For the latter, the sinusoidal
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Upgrading vibration-isolation systems
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PTEP 2022 H. Abe et al.

Fig. 4. Top: Various noise sources in the KAGRA detector during the O3GK run (12 April 2020). The
measured sensitivity (orange curve) and summation of various noise sources (solid black curve) are dis-
played. Each noise source (depicted in multiple colors) is estimated using online monitoring channels and
pre-measured transfer functions. The seismic motion through the Type-A tower and vibration through
heat links are shown in Fig. 6. Bottom: Measured sensitivity (orange curve) and identi!ed line frequen-
cies (vertical lines). The values of each frequency are listed in Appendix B.

of Fig. 4) are also explained. The measured sensitivity can be explained by adding the effects
of each noise.

The estimated noise curves in the sensitivity are evaluated as follows: the amplitude spectral
density of the witness channel for a certain noise contribution and the transfer function from
this witness channel to the GW channel (DARM) are measured. For the latter, the sinusoidal
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From local suspension control

• Inertial damping for main 
mirror suspensions

• Reduced electronic noise 
contaminating in the 
suspension local control

• Damped “overlooked” 
resonances with improved local 
sensors/actuators and new 
optical levers

• Decoupled local DoFs at 
hardware level as much as 
possible

Not to degrade the GW sensitivity KAGRA collaboration, PTEP ptac093 (2022)

Additive optical levers



Further stray-light mitigation
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PTEP 2022 H. Abe et al.

Fig. 4. Top: Various noise sources in the KAGRA detector during the O3GK run (12 April 2020). The
measured sensitivity (orange curve) and summation of various noise sources (solid black curve) are dis-
played. Each noise source (depicted in multiple colors) is estimated using online monitoring channels and
pre-measured transfer functions. The seismic motion through the Type-A tower and vibration through
heat links are shown in Fig. 6. Bottom: Measured sensitivity (orange curve) and identi!ed line frequen-
cies (vertical lines). The values of each frequency are listed in Appendix B.

of Fig. 4) are also explained. The measured sensitivity can be explained by adding the effects
of each noise.

The estimated noise curves in the sensitivity are evaluated as follows: the amplitude spectral
density of the witness channel for a certain noise contribution and the transfer function from
this witness channel to the GW channel (DARM) are measured. For the latter, the sinusoidal
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From acoustic? -> scattered light noise?

• Installed 14 mid-size baffles 
around the corner station

• Resolved a crowded optical 
path (to ISS)

• Additional optical shields
• Additional beam dumps

KAGRA collaboration, PTEP ptac093 (2022)



Preparation for higher power input
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PTEP 2022 H. Abe et al.

Fig. 4. Top: Various noise sources in the KAGRA detector during the O3GK run (12 April 2020). The
measured sensitivity (orange curve) and summation of various noise sources (solid black curve) are dis-
played. Each noise source (depicted in multiple colors) is estimated using online monitoring channels and
pre-measured transfer functions. The seismic motion through the Type-A tower and vibration through
heat links are shown in Fig. 6. Bottom: Measured sensitivity (orange curve) and identi!ed line frequen-
cies (vertical lines). The values of each frequency are listed in Appendix B.

of Fig. 4) are also explained. The measured sensitivity can be explained by adding the effects
of each noise.

The estimated noise curves in the sensitivity are evaluated as follows: the amplitude spectral
density of the witness channel for a certain noise contribution and the transfer function from
this witness channel to the GW channel (DARM) are measured. For the latter, the sinusoidal
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From shot noise

• Higher power laser source is 
now ready (not yet replaced)

KAGRA collaboration, PTEP ptac093 (2022)

~95 
cm

~5
0 

cm

Master 
laser
NPRO

Power 
amplifier

~50W



Better stability
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Local damping improvement
• Now PRFPMI can be maintained even in somewhat stormy days.

Alignment-sensing and control (ASC)
• Took time for wave-front sensing (WFS) in a strategic way; now WFS can 

be implemented for some global DoFs; drastically improved the contrast 
fluctuation.

• In addition, some noise structures and noise floor got better in the 
sensitivity curve.

Doppler phase noise cancellation
• For auxiliary green laser paths; now stable lock acquisition is possible 

even in somewhat stormy days.

Stormy
Stormy



Better reliability
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To overcome frosting
• Better vacuum pressure with additional pumps
• Leak check allover the vac chambers thoroughly; took long time to complete.
• Monitors for partial pressures of remnant components
• Defrost heaters
• Re-consider the cooling procedure

Scattered light from the frosted test 
mass during O3GK commissioning

1 of 4 main mirrors has been at ~80-90 K without frosting for ~1 yr.

To avoid beam clipping/mis-centering
• Adjusted heights of suspended mirrors basing on 

measurement for global balancing
• Reliable beam spot target plates
• Additional beam-position monitors/references
• Expanded adjustable height range for the main 

mirrors when cooled down.
• Implemented beam position control

Unlike O3GK, we are not facing:
- Unwanted beam clipping, and
- Superius severe birefringence(?) effects that 

degrade WFS reliability.

Unit test: cooling procedure studied at IYC: Nov. 2020-Mar. 2021



Alignment sensing and control
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• Internal laser power is drastically stabilized; and increased.
• Better AS contrast allows to do handover with smaller DARM offset.
à Now ready to increase the input power from 1 W for O4b!

Data access via pastavi

2023 Feb 2023 May

Smaller DARM offset, and stabilized DC

Stabilized and increased arm power

Stabilized RF readout
Handover

Crossing zero

Sudden drops!

Ref: https://klog.icrr.u-tokyo.ac.jp/osl/?r=23871

Feb 7, 2023 09:50:10 UTC May 17, 2023 09:57:30 UTC 

https://klog.icrr.u-tokyo.ac.jp/osl/?r=23871


Birefringence???
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Picked up from C. Hirose et al., JGW-G2314755

Y-arm trans normalized

WFS error

Ex) ITMY PIT in FPMI

Max

Zero

• Birefringence of the sapphire mirrors was 
thought to be a severe problem for WFS in 
KAGRA; say, WFS signal would offset depending on the 
beam spot position on the sapphire mirror.

• But experiments revealed less impact à
• the WFS error crosses zero when the cavity alignment 

comes around the best.
• Other unwanted effects hidden so far?



• The suspended table seems not well damped. à
• Phase noise on ALS path due to the movement of the in-vac steering mirror 

on the suspended table.
• Phase noise cancellation implemented for ALS-X and Y.

Doppler phase noise cancellation
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https://klog.icrr.u-tokyo.ac.jp/osl/?r=23254
https://klog.icrr.u-tokyo.ac.jp/osl/?r=23271

POP table

PR2

Steering mirrorVac vessel

Suspended
table

POP

ALS-X

PNC error

PNC feedback

0.43Hz

https://klog.icrr.u-tokyo.ac.jp/osl/?r=23254
https://klog.icrr.u-tokyo.ac.jp/osl/?r=23271


Avoid unnecessary power loss
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OMC1 OMC2

OMC3
OMC4

Change this distance

QPD1
QPD2 PD2

PD1

Output mode cleaner (OMC) upgrade
• Higher transmissivity: 80% -> 95%
• Fix the broken DCPD -> Double the GW signal
• Revise absolute length

Transparent SRM
• During O3GK, 30% trans SRM was used, but not doing RSE.
• It has been replaced with a transparent mirror, as we may give 

up to do RSE during O4(?).



The latest stable sensitivity
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Pre
liminar

y
Goal sensitivity by Michimura
Theoretical curves by Komori
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Towards re-joining O4…
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The strategy is under discussion
• Open some chambers to do additional in-vac works?
• Turn on all the coolers for all the main mirrors?
• Replace with the new higher power laser source and input ~50W?
• Implement better ASC?
• Optimize more the local control?
• (RSE?)



For O5: to replace ITMs
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• Birefringence in the sapphire crystals will be a 
problem in the current KAGRA mirrors.

• Search for better crystals was carried out.
• Found that crystals from a Korean company 

have better birefringence homogeneity 
compared to the currently installed TMs and 
comparable absorption.

• We are in a process of making new ITMs with 
crystals from this company.

• Hopefully, we can install a new set of ITMs 
before O5.

Current
ITMs

New 
Crystals

-> Matteo Leonardi’s talk on Fri



Summary

• KAGRA will join O4a from 24 May to 21 June 2023, and come 
back to O4 in the spring of 2024 with the better sensitivity.
• Now better sensitivity than that of O3GK is achieved.
• 1 of 4 main mirrors has been at ~80 K for ~1 yr without frosting.
• Despite using the same mirrors as of O3GK, ASC works mostly 

well; no severe birefringence effects.
• Upgrade plan is under discussion. New ITM preparation is in 

progress for O5. 
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