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Study of Newtonian noise from 

the KAGRA cooling system
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KAGRA
− 2nd Generation GW Telescope in Japan.
− Building block for 3rd generation GWDs.

Mt. Ikenoyama

(c) KAGRA Collaboration / Rey.Hori
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─ Two unique features:

KAGRA

─ Configuration: Dual Recycled Fabry-Perot Michelson 

─ 3-km arm-length. 

Suspended to 
attenuate vibration

Sapphire Mirror
Mass: 23 kg

Diameter: 220 mm

Thickness: 150 mm 3

Housed inside CryostatIYC

EYC

IXC

EXC
Underground Site 

Quiet Site
Reduce Seismic Vibration 

and Newtonian Noise



Test Mass Suspension

Inverted pendulum 
& 5 GAS Filters

This 13.5 m tower is a 9-stage pendulum 
and isolates TM from seismic motion.

How to cool down TM to 20K 
and keep vibration isolation?

(c) KAGRA Collaboration / Rey.Hori 4



Cooling Layout
Cooling System: Double radiation 
shield cryostat cooled by Pulse 
Tube Cryocoolers (PTC).

Double Stage PTC: (x4)

• 1st Stage: All 4 → 80-K Shield

• 2nd Stage: 

   2 → 8-K Shield; 2 → Cooling Bar

Duct shield PTC: (x2)

To cool down 5-m duct shield 
which reduces 300-K radiation.
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Vibration Spectra of KAGRA Cryostat

R Bajpai et al 2022 Class. Quantum Grav. 39 165004

A significant increase in radiation 

shield vibration coupling after 

cooling was observed.

Note: All cryocoolers were turned on.

Coupling of this vibration via 

heat-links is attenuated by 

HLVIS but Newtonian Noise 

coupling might be an issue.

https://doi.org/10.1088/1361-6382/ac7cb5


Newtonian Noise ∝
─ Mass of the object

─ 1/distance2 (TM - object)

─ Vibration magnitude

─ Due to fluctuating mass distribution which 

causes fluctuating gravitational forces on TM.

─ Can’t be shielded against or attenuated.

─ Sources: Seismic waves, Atmospheric fields, 

Vibrating Objects

Newtonian Noise

▪ Cooling System NN:

─ Cooling system components are heavy and relatively close to the mirror.

─ When components vibrate the Newtonian gravitational force between 

them and the mirror fluctuates. 

─ This causes mirror displacement.

Gravitational 
attraction

Propagation of surface 
wave on earth surface
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In KAGRA study of NN has been 

limited to seismic waves, atmospheric 

fields and underground water.



─ When CS vibrates with Ԧ𝑑 𝑢, 𝑣, 𝑤  force fluctuation will 

be:  

─ Consider a simple hollow cuboid cooling system (CS) with 

TM (mass: M) at origin.

─ Split into N element mesh where each element is a point-

mass weighing mn.

Derivation

Summate (or Integrate) over the entire cooling system to 

derive cooling system force fluctuation.

─ The gravitational force on TM along X-axis due to a point-

mass located at (𝑥n, 𝑦n, 𝑧n):
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A, B, and C are constant and 

depend on the geometry

Cooling System 

NN Strain
3000 m

=2πf

are cooling system 

Vibration PSD along each 

axis and are incoherent 

Σ or ∫ መf(ξ) ASD
summate / integrate Fourier Transform (Power Spectral Density)1/2

Change in force 

due to mn

Change in force 

due entire system

Change in force in 

frequency domain

ASD of change 

in force
NN Strain
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KAGRA Cooling System

▪ Values of A, B and C for 

each component:

A ≫ B or C 

─ Evaluated from N element mesh 

generated on Ansys.
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─ Breadboard NN dominates almost the entire 1-100 Hz band.

─ Radiation shield NN dominates around 21-23 Hz due to 

resonance.

─ Chamber NN is comparable or lower than shield.

─ Baffle NN is lowest even though it is closest to TM because 

low mass and smaller vibration.

Comparison

Vibration Spectra of 

the component

NN is estimated as:
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Evaluated as the sum of Newtonian noise from each component.

Impact on Sensitivity

Largest are peaks due 

to shield resonances.

─ Cooling system NN is below 

design sensitivity.

─ But several peaks in (16 -50 

Hz) are larger than the final 

requirement.

12R Bajpai et. al., Phys. Rev. D. 107, 042001 (2023)

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.107.042001


Current Design Sensitivity

No impact

Inspiral Range

No science is lost due to cooling system Newtonian Noise in KAGRA
13

Code: Internal Document JGW-T1707038-v9

Tech. Upgrade Upgraded Design Sensitivity

Negligible impact

High power laser, 100 kg 

mirror and squeezing 

*Note: 100 kg test mass is 

assumed to be point mass

Y Michimura et. al., Phys. Rev. D. 102, 022008 (2020)

https://doi.org/10.1103/PhysRevD.102.022008


Conclusion & Future Work
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─ Significant increase in radiation shield vibration was observed after 

cooling. Coupling of this vibration via heat-links is sufficiently attenuated.

─ Since cooling system components are heavy and relatively close to the 

mirror, we evaluated the Newtonian noise injected by the cryostat.

─ In the current model the size of the test mass is unaccounted for.

─ We are improving the model to include the test mass mesh.

─ Our calculation shows that NN coupling from KAGRA 

cryostat has negligible impact on sensitivity.

─ But cooling system NN could be a potential noise 

source for 3rd generation detector.
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Thank you for your attention
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Backup
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Cooling System
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Cryostat
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Cryocooler



Vibration Spectra
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─ 3rd generation GWD in design phase.

Einstein Telescope

• Longer arm-length →10 Km

• Constructing detector underground

• Using cryogenics → <20 K  mirrors

Estimate cooling system NN for ET using KAGRA cooling system.

• Features unique to KAGRA.

• KAGRA is the building block 

for Einstein Telescope (ET).

─ It aims to push the sensitivity of ground-

based GWD to its limits by:
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─ Still in the design phase. 

─ Substitute KAGRA cooling system as ET’s.

Cooling System NN- ET

NN is estimated as:

3 km for KAGRA

10 km for ET

Cooling system NN will limit 

ET sensitivity.
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𝐄𝐓𝐍𝐍 = 𝐊𝐀𝐆𝐑𝐀𝐍𝐍 ×
𝟑

𝟏𝟎 Conclusion: 

Design of ET cooling system 

should be carefully considered to 

minimize NN and achieve design 

sensitivity.



Breadboard
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Baffle
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Radiation Shield
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Cryostat
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Vibration Transfer

Radiation shield vibration 

couples to Test-Mass as:

Top of inner shield → HLVIS 

→ HL → MNR → PF → MN 

→ IM → TM

Issues:Current noise budget

for this vibration coupling is 

based on old in vacuum room 
temperature measurement.

Perform vibration measurement at 12 K.
34



Sensor Monitors

Seismic Motion

Cold-Head Vibration

Inner Shield Vibration

Setup

Shield vibration source:
─ Seismic Motion. (ground vibration)

─ Cryocooler Operation.

─ Resonances*: Shield and Chamber
*Enhances the vibration

IYC

EYC

EXC

IXC

Measurement was done in IY cryostat.
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© nanometrics

R

Seismometer

Piezoelectric
Accelerometer
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Cooling down to 12 K took 2 months.

Analysis was done after cooling.



Analysis Results

Conclusion:

Shield follows ground motion below 1 Hz.

▪ Influence of Seismic Motion:

Compare 8 K shield and 

seismic motion in 0.1-2 Hz.

Measured at: 12 K

Sensor:

Trillium 120QA 
Cryogenic Accelerometer

Both spectra below 1 

Hz are comparable and 

coherence is 1. 

Performed vibration analysis to 

identify the origin of peaks.
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Conclusion:

• Shield vibration is 2-3 orders larger than seismic motion.

• Operation of cryocooler doesn’t affect noise floor but 2 

Hz peaks and it’s harmonics appear.

▪ Influence of Resonances:

─ Cryocoolers off ⇒ peaks 

due to resonances.

─ Origin of peaks identified 

by hammering test.

Measured at: 12 K

Sensor:

RION LA-50
Cryogenic Accelerometer

Compare shield vibration 

when all cryocoolers are 

on/off and seismic motion.
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▪ Influence of Cryocooler:

Compare shield vibration 

with cold-head vibration.

Measured at: 12 K

Sensor:

Tokkyokiki MG-102S
Cryogenic Accelerometer

Cryocooler operation 

introduces 2.0 Hz and its 

harmonics over the entire 

shield vibration spectra
Conclusion:

Shield vibration spectra is dominated by 2.0 Hz peaks in 1-100 

Hz however, internal resonance dominate in 10-30 Hz band. 39



伝達関数測定結果 - 鉛直方向

1 0Hz付近のカッ プリ ングに引きずられ、 10H z以上の防振性能が悪化。
バネのサージング により高周波の防振性能が大幅に悪化

3 0 0  K

16  K
基本3周波数のピーク
位置はほぼ一致

傾き :  理論と一致
防振性能:  約3倍悪化

他自由度との
カッ プリ ング

バネの
サージング

サージング
周波数の半分？

2 5 /4 5

Coupling with 

other DoF

Peaks Consistent 

with theory

Slope is consistent with 

theory but 3 times larger

Surging of 

coil spring

Surging of 

coil spring

HLVIS
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A simple vertical vibration 

isolation system was developed 

for heat link .

Measured Transfer Function

40

−Heat links should be effective in 
reducing vibration transfer while 
keeping sufficient thermal conductivity.

−We found that vertical vibration 
isolation was insufficient to achieve 
design sensitivity.

KAGRAへの導入

• Y-endクライオスタ ッ ト で冷却試験

鏡懸架システム
H LVIS HLVIS

常温部へ

3 8/4 5

Yamada T., PhD. Thesis, The University of Tokyo (2021)



Vibration Coupling

Due to 1 heat-link 

between HLVIS 

and Payload

assumptionmeasured

Measured by 

Yamada et al.

Evaluated using 

simulation

V-H coupling due to 

1/300 tunnel slope
assumption 

(commonly used) 41



Note: Detection bandwidth is 

above 10Hz

4 heat-links

similar vibration coupling for 

all 4 TM with no correlation

No correlation between vertical 

and horizontal vibration  

Added in quadrature

Conclusion:

Direct vibration coupling via 

heat-links will not be an issue 

for KAGRA in the current 

configuration at 12 K.

TM Displacement

42

The results are summarized in: 

R Bajpai et al 2022 Class. 

Quantum Grav. 39 165004

https://doi.org/10.1088/1361-6382/ac7cb5


▪ Design / Layout:

─ High Sensitivity can be achieved.

─ Laser wavelength can be used for 

calibration.

─ Issue: Loss of interferometer output 

due to thermal contraction.

─ Sensor: Michelson Interferometer

─ Interference signal ∝ d

Cryogenic Accelerometer

▪ Requirements:

─ Calibration: Self Calibrating

─ Temperature Range < 20 K 

─ Sensitivity < KAGRA seismic motion 

in 0.1-100 Hz range

(Cooling may change the Calibration Factor)

▪ For cryogenic issues:
─ Identified cryogenic compatible PD.

─ Minimum misalignment components:

o Designed proof-mass.

o Identified mirror mount.
43
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