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Configuration of KAGRA

3 ETMY
- Y arm
PRM
IMHMT2 ™ PRZ ™ Xarm
| ITMX
H |
PSL \: uf-7./1'4 9 M
Mode Cleaner IMMT1 & BSY , -
PR3 | v SR?
: I
ITMs and ETMs are made of sapphire. I I
They are cooled down to cryogenic temperature/ I .
During 04, PRFPMI (AR coated SRM) was used. !
For O5, Resonant Sideband Extraction (RSE) plans SRSI_{] '
to be used. SRM

14th KAGRA international workshop, University of

2026/5/15 Perugia
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Brief history of KAGRA project

Research Topics 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

KAGRA Tunnel — Commissioning | E::b »
Construction {:% FCL -
And

¥

M NowEq |
Commissioning Tohoku EQ Vacuum ,' | | | i
Cryo-System —. ! | COVID Era | .
Suspension, Optics (N> | | B o
GW Observation (and GW Detection) . 032( O?a O4c
Initial Cryo
(~ 1Mpc) (1.3Mpc) (7.5Mpc)

GW Astronomy Generation in the LIGO-Virgo-KAGRA MoU
International GW Observation Network
01 02 O4a,b,c

« KAGRA Project was officially funded by MEXT from 2010.
« KAGRA participated in the international collaboration with LIGO and Virgo,
and LIGO-Virgo-KAGRA collaboration was formed in 2019.

« The observing run 4 (O4) was completed in November last year, and preparations for O5 are now

ugbd@my 14th KAGRA intemati;gf\ulgvi\/aorkshop, University of 3



° List of Large Earthquakes in the past 100 years | | IR

Noto-Earthquakes damaged KAGRA on Jan 1, 2024

Acceleratlon VS earthquake Ievels

-------------------------------

Data anaIyS|s building A N Eas

KAGRA site

Gufu

Hida
Kamioka
Ikenoyama,

11111

XMAS;
M;X“” , Kamland
~f

_Super
=% Kamiokande

1909 Aug 14, M6.8 [Anegawa ] Lv.3 T T T
1944 Dec 7, M7.9 [Tounankai] Lv.4 Period [1/HZ]

2011 Feb 17, M5.5 [Hida area ] Lv.3~4 htttps:;/www.jt:r[la.Igo.jp/jma/kishou/know/jishin/kyoshin/kai
2023 May 5, M6.5 [ Noto Peninsula ] LV.2~3 SO

2024 Jan 1, M7.6 [ Reiwa 6 Noto Peninsula ] LV 5-

Lv.5- was the largest earthquake at least in the last 100 years.

14th KAGRA international yorkshop, University of .
2026/5/1t took about a year to fully recover norm .cryogenic interferometer operation. ‘




Making strategy toward O4c
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Noise budget during O4a
| " Measured
Frequency
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Acoustic
Intensity
Quantum
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Mirror thermal
Sum of noises
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Target sensitivity for O4c

14th KAGRA international workshop, University of
Perugia

Frequency (Hz)

10_13 - I I
g Oda
Frequency
o ~ Dark
3 Suspension control
PRCL
MICH
101 Acoustic
E : Intensity
17 : Quantum -------
E 107 I Suspension thermal -------
= 3 Mirror thermal -------
5 : Sum of noises (10.2 Mpc)
E _17 -‘\‘
‘ § 10 E ‘\
'S,
Nz
A o'l i\
{ "‘-,1"'
107 ................ Ml | :
I —— et 1 ¥ ! ' '
"\\ v 'l “ﬁ ﬂ . J u'E :
T e R"WMM{W R
102 DR | AR\ o T
10' 10°




Making strategy toward O4c

Local control noise reduction (1/10)
» Update of local control scheme
MICH/PRCL coupling noise reduction (1/10)

» laser power increase
» control optimization
PD dark noise reduction (1/30)

» Reduction of electrical coupling

> Laser power increase
Thermal noise reduction (1/6)
» Cooling mirrors

Quantum noise (shot noise) reduction (1/3)

» Laser power increase

Acoustic noise reduction (1/30)
» Coupling function reduction
» Noise source mitigation

Frequency noise reduction (1/2)

» Coupling function reduction

| Target sensitivity for O4c
: | | Oda
Frequency
14 Dark
107 Suspension control
; PRCL
MICH
~ 107 Acoustic .
E Intensity :
RS Quantum ------- ]
E 1071 Suspension thermal ------ 1
z 3 Mirror thermal -------
5 Sum of noises (10.2 Mpc)
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Control noise reduction

We changed the local damping control scheme: Displacement Roll-off filter
Velocity damping — Narrow Band Damping (NBD) v / X 4\

High-pass filter

Advantage and disadvantage of NBD:

» Possible to optimize the gains for each resonance /\
» Avoid overdamping and unnecessary strong damping

X

< [/\

 Lower noise in the observation band

« Difficult to critically damp the resonances Displacement *
» Residual Q factor of the resonance is sometimes high. A
> It affects the global control filters such as LSC and ASC.
« Low robustness Band-pass filters

» It easily becomes unstable when the suspension characteristics
change, especially during cooling.

14th KAGRA international workshop, University of

2026/5/15 Perugia



OMC PD dark noise

Two OMC transmission PDs have large electrical coupling, which changes in time.
Comparison of quiet and noisy spectrum

| Power spectrum |

We found two issues needed to be solved.

1. Bad ground connection for switching impedance in
the pre-amplifier of OMC DC PDs.

2. Large electrical coupling from power supply cables,
which was located near the signal cables.

107 ==

Magnitude

107

By changing the cabling connection and separate the
signal cables from power lines, the breathing noise e e o
around 100 Hz was drastically improved. Frequency (He)
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14th KAGRA international workshop, University of
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Acoustic noise (around OMC)

Several issues are found on OMC VIS:
 The overload caused the OMC VIS stack to malfunction.

« The OMC suspension resonances had not been damped.

 The OMC VIS stack resonances and the OMC suspension
resonances had overlapped.

« The performance of vertical isolation is not good.
[T —

Transfer function (dB)

JGW-G2415928

20F

10 r

1-stage
All of the three are connected

0 =
10 ¢
207 2-stages :
Top and middle are connected
30 7,
v 10-times reduction
40
around 90 Hz klog30
3-stages
_50 L
10 102
Frequency (Hz)

10"

/= DuctShake (719) |
| ™ GroundShake (7/22) |
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2026/5/15 14th KAGRA international workshop, University of 9
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Acoustic noise (around IFI)

Issues around IFlI;

« Two steering mirrors, which are not well isolated
from the ground motion, are located after IMC.

IMMT2
H

PRM

—

h/\
STM2
y

* One of the fixed screws for STM2 was loose and
the stability of the mirror mount becomes worse.

Tightening the screws on the mirror mount reduced
the beam jitter generated at STM2 drastically.

\ " 'v-‘\ N \ 7 ‘\'&1 /“ \ . Y”"\‘

Pictures during tightening the screw

2026/5/15
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IMMT 1
IFI chamber

Spectrum of QPDs for beam jitter monitor

Power spectrum |

Magnitude
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14th KAGRA international workshop, University of
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Alignment Sensing and Control

Alignment sensing and control (ASC) was upgraded from O4a.

« WFS: IMC, Diff ETMs, Comm ETMs, BS, and OMC (beacon)
— IMC, CHARD, DHARD, BS, PR3, and IMMT?2

« ADS: PRM and IMMT2 — No ADS
« DC QPD: XSOFT and YSOFT — XSOFT and YSOFT
« BPC: ETMX and ETMY — ETMX, ETMY, and ITMY

Normalized transmission powers became more stable: improving stability and sensitivity

1.10 1.10
X arm 1951 O4a 1.05 - O4c
Norm. 190 WYWJ’"WW 100 | St e g AN W S NN o g
Trans. ©9- 0.95 -
0.90 1 — . . . . . . 0.90 - — . . . . . .
100 20 40 60 80 100 120 100 20 40 60 80 100 120
Y arm 1o0s5- 1.05 -
Norm ) 1.00 WWWWW“ 1.00 WWW
Trans. o.9s- 0.95 -
0.90

0.90

0 20 40 60 80 100 120 0 20 40 60 80 100 120
. 4th KAGRA international workshop, University of .
2026/5/15 Time [second]1 Perugia Time [second]



Sensmwty |mprovement

1015 L .
? O4a (1.3 Mpc)
20241024 (2.1 Mpc)
11:13:10 UTC, 20250303 (4.2 Mpc)
01:25:00 UTC, 20250702 (7.5 Mpc)
10716 r O4c goal (10.2 Mpc)
N
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Status during KAGRA O4c



KAGRA configuration during O4c

Y
Configuration: PRFPMI (AR coated SRM) 'T' ETM

Laser power: 10.5 W @ IMC output
- Yarm
PRM e
IMHMT2 - PR2H ITMY X arm
" 7 | ITMX ETMX
(- |
PSL 4 \: n - ? . D
Mode Cleaner IMMT1 BSY -
PR3 | " SRo
I A
Mirror temperature: (achieved less than 100 K for all mirrors.) : /1
ITMX: 90 K, ETMX: 40 K, ITMY: 40 K, ETMY: 60 K III :
I
a1 _ |
SR3E 7
E ASRM

2026/5/15 14th KAGRA international workshop, University of |

Perugia 14



KAGRA status during O4c: highlight

KAGRA participated in the second block of the O4c observing
run (from June 11 to Nov. 18), operating for the first two
months and the final five days, while remaining offline for three
months in between due to a malfunction in the main laser.

The BNS range of 5—7 Mpc (maximum 7.5 Mpc) was achieved,

which is five times better than the O4a sensitivity (1-1.5 Mpc).
The duty factor during this period registered at 20.3%, and the
reasons for the offline were primarily attributed to the laser
troubles and substantial seismic activity.

Trouble ——-——l——

Duty Factor

Commissioning—=8#
[+ ]

A
Obs Intent Off

Observing
(20.3%)

Maintenance _._,.

No Observing

Trouble
(63.8 %)

14th KAGR,

2026/5/15

BNS range evolution, obtained from the GWISTAT public website

GstLAL Inspiral Detector Range History (Mpe)

L
Observing I

ER17 Odc (27 block) ER18

i

(=]

06/01 07/01 08/01 09/01 10/01 11/01 12/01

JGW-G2617266-v1

Weekly Duty Factor

" “ 1

T W 1% N N 17

#week



What happens with long-term cryogenic operation

20.0
-== 2 PRG in PRFPMI Feb 2026 2.4+/-0.4 (PRC loss of 14.3+/-1.8 %: klog #36340)
K1:LSC-TR_IRX_NORM OUT DQ * 10.35 %
17.5 1 * K1:LSC-TR_IRY_NORM_OUT DQ * 10.35 %

b POP90 VI? + Q2 /Pyc*(1.88+/-0.09) (klog #36340)

KAGRA O4c

as | SR 11

7.5

5.0 + *

Power recycling gain
&

2.5 --tt:——:-?:——h—_—i _____________________________ —

. L e
0.0 T T T T = T T
0.0 0.5 1.0 15 2.0 2.5 3.0
le7
2026/5/15 14th KAGRA international workshop, University of Tlme [day] 16
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Discussion on finesse and PRG reduction

700

JGW-G2617195

I Measured X arm RTL at room temp Aug 2024 (klog #30823)
Measured Y arm RTL at room temp Aug 2024 (klog #30823) +

* Finesse and PRGs for both carrier and sidebands are w0, Emasxamiminese
reduced in time.

Estimated Y arm RTL from finesse

Measured ¥ arm RTL at room temp Feb 2026 (klog #36283)
Estimated X arm RTL from finesse and PRGs

Estimated ITMX transmission changes from finesse and PRGs
Estimated Y arm RTL from finesse and PRGs

Estimated ITMY transmission changes from finesse and PRGs

A 400 A

» Since they kept high just after cooling mirrors, the reason
of the reduction should not be caused directly from the 1 |
temperature reduction. . | WZ

: kb *

Y
e ®

* They were gradually reduced in time, so it is likely due to } e ——
forming residual gas layers (frost) on the mirror surface. | | | | |

« The PRG reduction rate is consistent with the formation of
water molecules on the mirror surfaces (klog34903). T o Vet vt o &

=== Nomina | ITMX transmission 0.44 %
=== Nominal ITMY transmission 0.48 %

+ To explain the finesse and PRGs reduction at the same 1y

time, the cavity reflection doesn’t seem to reduce by ol o o e vz 9 5 st 664120
increasing loss but increasing transmission of ITMs.

—100

%)

Losses in IFO (%

¥ Estimated ARM loss from Y arm transmission and f2 PRG (PRC loss ratio: 6.0+/-2.0)

154

« After warming up the mirrors, PRGs and finesse were
recovered (not fully but the reason is not clear).

5

2026/5/15 14th KAGRA international workshop, University =~ o . . : . !

i 0.5 10 15 2.0 25 3.0
P eru g 1a Time from GPS time 1424790018 (2025-02-28 15:00:00 UTC) 1le7



Toward IR1 and O5



Latest IGWN observing plan

Both LIGO detectors will be observing in IR1, and Virgo and KAGRA will join as they are available.

Updated o1 02 03 04
2026-04-14
80 100 100-140 150-170
Mpc  Mpc Mpc Mpc
LIGO L HIEE
30 40-60 50-60
] Mpc Mpc Mpc
Virgo [ B
0.7 1.3 5-7
Mpc Mpc Mpc

KAGRA | |

IR1

160-180

Mpc

50-60
Mpc

7-15
Mpc

i i I I [ [ [ I I I I
2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026

14th KAGRA international workshop, University of
Perugia

G2002127-v35

2026/5/15

l I I I I
2027 2028 2029 2030 2031
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O35 target sensitivity

, , s O5 target sensitivity

* Local control noise reduction 10 m" | T EE i ey ey

» Optimization of cotrols "a,ﬂJ l suspel{sionlihenml i
« Shot noise reduction 16 M r Mirror Thermal

. 10 \l | Quantum

» Laser power increase - 1\“ [ Actuator (O4c)

> Achieving RSE configuration T l‘ gg;z:l‘;‘;éf;ﬂ wol |
« Thermal noise reduction B107 J\' L | Frequency ]

» Cooling mirrors to 30K g k‘ \v Total (32.7 Mpo)

» Beam centering for P2L coupling reduction § » \ | _‘
+ Beam jitter and acoustic noise reduction 21 | J‘UJ | A

> ITM replacement A | w f

> IFI modification .t W /)

» OMC VIS upgrade L\ 5

» Rigid beam position controls on ITMs L

[

S
o]
=]

» Frequency noise reduction: A e
» |TM replacement Frequency [Hz]
» Control optimization

[
o
[

Beam jitter noise mitigation is challenging

2026/5/15 14th KAGRA international workshop, University of

Perugia 20
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Shorter KAGRA IR1 schedule
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RSE 2nd High-power laser PRCL, SRCL
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RSE commissioning

In the case of the observing runs O3 and O4, KAGRA adapted the PRFPMI configuration.
However, the objective is to utilize the Resonant Sideband Extraction (RSE) technique to
enhance the sensitivity for IR1 and O5.

In 2020, a two-month commissioning period was undertaken to achieve RSE configuration;
however, the locking of the interferometer was not successfully achieved at that time.

Main problems at that time were:

» Poor vibration isolation performance

» Poor experience of Alignment Sensing and Controls (ASC)
During the commissioning phase of the O4 observing run, KAGRA implemented inertial
damping controls for the test mass and BS suspensions. This implementation enhanced their
vibration isolation performance. In addition to that, ASC with Wave Front Sensing (WFS) was

employed for all the relative degrees of freedom of the interferometer alignment, which could
not be achieved during the observing run O3.

The characterization process for the SRC and DRMI in achieving the RSE configuration has
commenced this month.



New |TM production

Current ITMs have two main problems:
1. Different transmissivity: Low common mode reduction ratio (CMRR)

2. Large inhomogeneous birefringence: low MICH contrast for sidebands
JGW-G2617259

Polarization conversion losses

We found better crystals with homogeneous birefringence.

60_# 601[7-058 +/-11.806 %
Strategy for better ITMs: ™ -
 Cut out the crystal in the optimal direction o @ N@
« Coating at the same time < Current TEror
- 1 Y:rz\grizf;an[;sm] 50 1 Y?rz‘snzoj;a‘)[ism] 50
1(1.821 +/-1.512% 601(1.329 +/-1.886 %|
QNGW CryszgtaISQ

—601

-50 =25 0 25 50
Y (horizon! tal) [mm]




IF1 upgrade

Current IF| JGW-G2617272
Current IFI problems: V. mp— P e
. i ASAAD 1 \ WS A (3..\" -
1. Due to the poor beam separation due to CWP, we gﬁ&sc""“ed CWF WP2
need two steering mirrors, which are fixed on the (Isolation) Incident ﬂ

optical table, after IMC.

A O O O R e —
T - e e .-

2. Scattered light from the IFI optical components 3 | M2 DKDP PRI

TH S o S R S R R S ————————

Our strategy for new IFI: Using KTF + TFPs
« Enable to enlarge beam separation

« Enable to reduce a number of optics. s-pol input ! ' I s-pol g
We purchased a commercial Fl with ~ ‘
KTF crystal, which satisfies = 2 b L \ MERR
requirements for KAGRA O5, except REFL QR for 45 deg
for the aperture size and start testing it. rotation

New IF| plan

14th KAGRA international workshop, University of

2026/5/15 Perugia
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OMC VIS upgrade

« We found vibration of OMC couples to DARM signals
via OMC length fluctuation.

« The estimated coupling factor from OMC length
fluctuation to DARM is consistent with the theoretical
expectation, OMC length fluctuation itself should be
mitigated.

« Currently, OMC is located on the optical table with
vibration isolation stacks but the vibration isolation
doesn’t seem sufficient, especially for vertical motion

OMC, Oct.21 after connection
20
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Other plans for upgrade

Cooling system upgrade: (Takayuki’s talk)

* Once cooling system has a trouble, it spoils our commissioning time for 1-2 months. It
is therefore very important to make the system more robust.

« Even without serious trouble, formation of the frost on the mirrors degrades the
interferometer performance. The quick defrosting system should be considered.

Better sapphire suspension: (Munetake’s talk)

« No improvement to the sapphire suspension was assumed for the current O5 target
sensitivity. However, improvements to the sapphire suspension, particularly the Q-
factor of the sapphire fibers, could enhance the sensitivity of KAGRA by a factor of 2-3.



Summary

« KAGRA participated in the second block of O4c
» The first observing run with all four detectors operated at the same time.
» KAGRA maximum sensitivity is 7.5 Mpc.

« Many lessons learned from the observing run:
» The first operation with all sapphire mirrors cooled down below 100 K.
» Gradual PRG reduction in time was first measured.

» The degradation seemed due to frosting on the mirrors, which causes the transmissivity
increase of input test masses.

 KAGRA proceeds commissioning and upgrade for IR1 and O5.
» RSE lock trial
» New |ITM production
» New [FI test
» New OMC VIS
» Others
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