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Abstract

Direct detection of the gravitational waves opened a new window to observe
the Universe. The recent observations have discovered astronomically important
events such as the ”mass-gap” objects with 50− 120M⊙. These discoveries have
provided observational facts for the theories of the formation of black holes and
their binaries, and allow us to place restrictions on those theories. To observe
more such events, the low-frequency sensitivity of the gravitational wave detector
is now highly important.

The Large-scale Cryogenic Gravitational wave Telescope KAGRA is the third
km-scale interferometric gravitational wave detector in the world and is expected
to contribute to the joint observation with Advanced LIGO and Advanced Virgo
in the next observing run O4. One of the most advanced technologies in KAGRA
is to cool sapphire mirrors at 20K for thermal noise reduction. These mirrors
are cooled down by thermal radiation and thermal conduction. While thermal
radiative cooling is done by non-contact way, thermal conductive cooling requires
connecting heat links to the mirror suspension system, and it has been pointed
out that these heat links may become a shortcut for vibration which could shake
the mirror above the displacement noise requirement level. According to our
recent calculation, indeed, it was shown that heat links make the detector sensi-
tivity worse in the low-frequency region.

Therefore, we have developed a device to reduce vibration transfer via heat
links, i.e., Heat Link Vibration Isolation System (HLVIS). This system is intro-
duced in the middle of the thermal path and functioned to attenuate vibration
via heat links. The HLVIS was considered from the viewpoints of mechanical
and thermal aspects. The mechanical performance was practically tested by
measuring the mechanical transfer function at cryogenic temperature. The ther-
mal performance was evaluated by the integrated cooling test with the mirror
suspension after the installation of the HLVIS in KAGRA. The spring constants
of the heat links connecting the HLVIS and the mirror suspension were also
practically measured.

We calculated the vibration inflow via the heat links after HLVIS installa-
tion based on the measured results and showed that it was successfully reduced
under the design sensitivity curve in the observation frequency band although
we couldn’t satisfy the requirement curve due to some issues. Regarding ther-
mal performance, we confirmed that thermal resistance inside the HLVIS was as
designed. However, it was newly found that the temperature of the mirror sus-
pension system was higher than the design due to unknown heat flow. For above
mechanical and thermal problems, we have suggested several countermeasures.
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It was confirmed that installation of HLVIS greatly contributes to improve
the detector sensitivity. In the design sensitivity, detectable volume is expected
to be improved by a factor of approximately 2 and 40 for observation of 50 −
50M⊙ and 100 − 100M⊙ binary black hole mergers. Moreover, in O4, which is
scheduled to start in 2022, about 1.5 and 11 times improvements of the number of
detections are estimated for 50−50M⊙ and 100−100M⊙ objects by installing the
HLVIS. These achievements by developing the HLVIS are essentially important
for observing mass-gap objects.
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Chapter 1

INTRODUCTION

Gravitational-wave astronomy is now firmly established even though it has just
been five years since gravitational waves were detected directly [1–3]. They
have enabled direct observation of black holes. Recently, several massive black
holes have been found; component masses in the ”mass-gap” region [4,5]. These
events have given new observational knowledge to the theories of black holes
and their formation. Since the merger frequencies of the mass-gap objects are
approximately below 100Hz, the low-frequency sensitivity of the gravitational
wave detector is now very important.

The Large-scale Cryogenic Gravitational wave Telescope KAGRA is a ground-
based interferometric gravitational wave detector constructed under the Kamioka
mine in Japan. It is third km-scale interferometric detector in the world and is
expected to contribute to the joint observation with Advanced LIGO [6] in the
USA and Advanced Virgo [7] in Italy in the next observing run O4 [8]. In the
interferometric gravitational wave detector, it is necessary to ultimately reduce
any vibration because it measures the position change of the mirror caused by
gravitational waves with laser interference. Fundamental noise sources that limit
the detector sensitivity at low frequencies are quantum noise due to the quantum
nature of light and thermal noise due to thermal fluctuation in the mirror and its
suspension. To reduce thermal noise, KAGRA adopts 20K cryogenic sapphire
mirror for first time in the world for a km-scale gravitational wave detector [9–12].

The mirror needs to be cooled with as small vibration as possible, so, it is
cooled by thermal radiation in the high-temperature region which is typically
from room temperature to 100K because thermal radiative cooling can be done
by non-contact way and it is suitable in terms of vibration transmission. How-
ever, thermal conductive cooling must be used at cryogenic temperature because
the efficiency of thermal radiation is decreased. Since heat links connect the
cooling part and mirror suspension for thermal conductive cooling, it has been
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pointed out that these heat links may become a shortcut for vibration inflow and
it could shake the mirror above the displacement noise requirement level [15,16].
According to our recent calculation, indeed, it was shown that the heat links
make the detector sensitivity worse in the low-frequency region. Especially for
observations of mass-gap objects, the number of detectable events was estimated
to be decreased to 1/2 and 1/40 for binary black hole mergers of 50−50M⊙ and
100− 100M⊙, respectively.

To solve this critical problem, we have developed a device to reduce vibration
transfer via the heat links. This system is installed between the cooling part and
mirror suspension, that is exactly the middle of thermal path, and functions to
attenuate vibration via the heat links; we named this system Heat Link Vibration
Isolation System, HLVIS for short. To sufficiently reduce vibration transfer via
heat links and not limit heat flow, the HLVIS is considered from the viewpoints
of mechanical and thermal aspects. It is composed of three stages with three
types of tension springs and designed to attenuate vibration transfer below the
noise requirement curve in KAGRA.

In this dissertation, the detailed mechanical design of the HLVIS and the
experimental results of the mechanical transfer function measurement are pre-
sented. The measured results of the spring constant of the heat link, which is a
critical parameter to decide amount of vibration transfer, are also reported. The
thermal design and a pre-experiment enabling more accurate thermal design are
described. Based on the above results, improvement of the detector sensitivity
is discussed, and the reasonable sensitivity curve in O4 reflecting thermal issue
newly found is also shown.



3

Outline of the dissertation

This dissertation is organized as follows. Chapter 2 briefly reviews the theory
of gravitational waves, the principle of interferometric gravitational wave detec-
tor, and major noise sources. Physics with gravitational waves are summarized
in the last section. Chapter 3 overviews KAGRA gravitational wave detector fo-
cusing on the cryogenic parts. Chapter 4 is the background of this study. Details
of the heat link are discribed with measured data, and the past cooling results are
analyzed using these data. After calculating vibration inflow via heat links, the
target of this study is stated. Chapters 5−7 are the core part of this dissertation.
Chapter 5 describes the design of the HLVIS. Chapter 6 reports the mechanical
performance test results carried out in KEK. In the last section, the improve-
ment of the sensitivity by installing the HLVIS is discussed. Chapter 7 reports
the performance tests in KAGRA. The thermal performance of the HLVIS is dis-
cussed using the integrated cooling test results. The estimated vibration inflow
via heat links and the latest sensitivity curves are compared in the last section.
Chapter 8 provides the future prospects and concludes the dissertation.
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Chapter 2
GRAVITATIONALWAVES AND
DETECTION

Gravitational waves are very small ripples of curved spacetime. They are pro-
duced by the accelerating movement of objects with mass. They change the
distance between two objects so that it is possible to detect them by measuring
the distance very precisely. A laser interferometer plays this role with advanced
techniques.

This chapter briefly reviews the theory and principle of detection of grav-
itational waves, major noise sources in the interferometric gravitational wave
detector, recent observation results, and their physics.

2.1 Theory of gravitational waves

Gravitational waves are derived from the Einstein equation. It is first linearized
and the gravitational waves are derived. Their polarization and the effect onto
the test particle are considered. The quadruple radiation and energy transfer by
gravitational waves are explained.

2.1.1 Einstein equation

Gravitational waves are derived as a waveform of the linearized Einstein equation,
which can be expressed as [18,19]

Gµν = Rµν −
1

2
gµνR =

8πG

c4
Tµν , (2.1)

where Gµν , Rµν , gµν , R, and Tµν are Einstein tensor, Ricci tensor, metric tensor,
scalar curvature, and energy-momentum tensor, respectively. G and c are New-
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tonian constant of gravitation and speed of light, respectively. In vacuum, since
Tµν is zero, equation (2.1) can be derived as

Rµν −
1

2
gµνR = 0. (2.2)

The metric of Minkowski spacetime is defined as

ηµν =


−1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

 . (2.3)

Here, we consider metrics that are close to flat spacetime:

gµν = ηµν + hµν . (2.4)

The amplitude hµν are small perturbations to the flat spacetime:

|hµν | ≪ 1 (2.5)

hµν satisfies everywhere across spacetime.
We introduce the Riemann tensor Rµναβ to express equation (2.1) with hµν .

The Riemann tensor Rµναβ is

Rµναβ =
1

2

(
∂2gµβ
∂xν∂xα

+
∂2gνα
∂xµ∂xβ

− ∂2gνβ
∂xµ∂xα

− ∂2gµα
∂xν∂xβ

)
+
(
Γρ,ναΓ

ρ
µβ − Γρ,µαΓ

ρ
νβ

)
.

(2.6)
Γ is the Christoffel symbol and is defined as

Γ µ
νλ =

1

2
gµα(gαν,λ + gαλ,ν − gνλ,α). (2.7)

We consider hµν until the first order, then the Riemann tensor can be calculated
as

Rµναβ =
1

2
(hµβ,να + hνα,µβ − hνβ,µα − hµα,νβ). (2.8)

Relationship between the Riemann and Ricci tensors are

Rµν = Rα
µαν , (2.9)

and Rνβ is expressed as
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Rνβ =
1

2

(
hµ

β,µν + hµ
ν,µβ − h ,µ

νβ,µ − hµ
µ,νβ

)
. (2.10)

Moreover, the scalar curvature R can be derived as

R =
(
hµ ,β

β ,µ − hµ ,β
µ ,β

)
(2.11)

by contracting equation (2.10) with ν, µ. We define h̄µν as

h̄µν ≡ hµν −
1

2
ηµνh, (2.12)

h ≡ hρ
ρ, (2.13)

and calculate equation (2.1) with equation (2.10) and equation (2.11). By giving
Lorentz gauge condition h̄ρ

µ,ρ = 0, the linearized Einstein equation in vacuum is
derived as

□h̄µν =

(
− ∂2

∂t2
+

∂2

∂x2
+

∂2

∂y2
+

∂2

∂z2

)
h̄µν = 0. (2.14)

When we consider the energy-momentum tensor, equation (2.14) is

□h̄µν = −16πG

c4
Tµν . (2.15)

Equation (2.15) shows that gravitational waves are generated by time varying
Tµν .

2.1.2 Gravitational wave polarization

A plane wave solution as equation (2.16) can be considered as an solution of
equation (2.14):

h̄µν = Aµν exp(ikαx
α). (2.16)

When this plane wave solution satisfy the Lorentz gauge condition and equation (2.14),
equation (2.16) needs to satisfy following two conditions:

Aµνk
ν = 0, (2.17)

kµk
µ = 0. (2.18)
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Figure 2.1: Schematic view of movement of the test particles by gravitational
waves traveling along z axis. Test masses move tidally.

equation (2.17) indicates that the plane wave solution is a transverse wave, and
equation (2.18) indicates that the gravitational waves propagate with the speed
of light. Transforming equation (2.16) into Transverse-Traceless (T-T) gauge
condition equation (2.19) and equation (2.20)) gives equation (2.21).

Aµ
µ = 0 (2.19)

AµνU
ν = 0 (2.20)

Uν is an arbitrary unit vector including time. When we consider plane wave
propagation to the z-direction, it is obvious that gravitational waves have two
polarization modes: + mode and × mode (see figure 2.1).

ATT
µν =


0 0 0 0
0 Axx Axy 0
0 Axy −Axx 0
0 0 0 0

 = A+
µν + A×

µν (2.21)
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A+
µν =


0 0 0 0
0 Axx 0 0
0 0 −Axx 0
0 0 0 0

 , A×
µν =


0 0 0 0
0 0 Axy 0
0 Axy 0 0
0 0 0 0

 (2.22)

From here, A+
µν = h+, A

×
µν = h× are defined for sake of simplicity.

2.1.3 Effect onto the test particle

TT-gauge condition is applied to the system that the test particle is at rest. The
test particle follows the equation of geodesic deviation equation (2.23)

d

dτ
Uµ + Γ µ

αβU
αUβ = 0. (2.23)

Since the test particle is at rest first, an initial value of its acceleration is(
dUµ

dτ

)
0

= −Γ µ
00 = −1

2
ηµν(hν0,0 + h0ν,0 − h00,ν). (2.24)

Since hTT
µ0 is zero, initial velocity is zero. This discussion indicates that the test

particle will be at rest forever in TT coordinate system.
When the light flies along x-axis, the proper distance can be expressed as

∆l =

∫
|ds2|1/2 =

∫
|gαβdxαdxβ|1/2 =

∫ ε

0

|gxx|1/2dx ≈
[
1 +

1

2
hTT
xx (x = 0)

]
ε.

(2.25)
Since hTT

xx is not zero generally, we can find that the proper distance has time
variation. A laser light flies a geodesic so that it can measure the change of
the proper distance. This is a fundamental principle of the laser interferometric
gravitational wave detector such as KAGRA.
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2.1.4 Gravitational wave emission

A solution of equation (2.15) can be written as

h̄µν =
4G

c4

∫
τµν(t− |x− x′| ,x′)

|x− x′|
d3x′. (2.26)

where τµν is the energy momentum pseudotensor. The mass quadruple momen-
tum is expressed as

Iij =

∫
ρxixj d3x, (2.27)

so that traceless part of the momentum is derived as

Īij =

∫
ρ

(
xixj − 1

3
δijr

2

)
d3x. (2.28)

Therefore, the amplitude of gravitational waves can be expressed as

hTT
ij =

2G

c4r

∂2

∂t2
Īij(t− r), (2.29)

where r is the distance from the origin of gravitational waves.

2.2 Interferometric gravitational wave detector

Laser interferometric gravitational wave detector makes possible to realize high
sensitivity in wide frequency range. This section briefly reviews the principle of
the laser interferometric gravitational wave detector.

2.2.1 Michelson interferometer

As explained in section 2.1.3, a laser interferometric gravitational wave detector
detects gravitational-wave signals by measuring the proper distance. Its basic
configuration is the Michelson interferometer as shown in figure 2.2.

In the Michelson interferometer, a laser beam goes into the Beam Splitter
(BS) and become two orthogonal lights [20]. These lights individually fly along
x and y arms and come back from both ends by reflecting of the mirrors (Test
Masses). Reflected lights recombine at the BS to produce interference. When
gravitational waves enter the interferometer, they change the proper distances of
two arms in anti-phase. Therefore, the phase difference occurs in the reflected
lights, and we can detect gravitational-wave signals.
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Response to the gravitational wave

We consider the response of the Michelson interferometer to the gravitational
wave [21]. When + mode gravitational wave is entering the interferometer, ds2

is given by

ds2 = −c2dt2 + (1 + h+(t))dx
2 + (1− h+(t))dy

2 + dz2, (2.30)

where h× = 0. h+(t) means time variance of the amplitude of gravitational waves
at the position of the observer.

Since ds2 = 0 for light, by equation (2.30), the one going to x-axis can be
expressed as

dx = ± cdt√
1 + h+(t)

∼ ±
(
1− 1

2
h+(t)

)
cdt. (2.31)

Let τx be time it takes for the light to travel both ways between Beam Splitter
and the mirror. Integrating both sides of equation (2.31) gives

2Lx

c
=

∫ t

t−τx

(
1− 1

2
h+(t)

)
dt. (2.32)

By h ≪ 1, the phase difference in both ways can be written as

ϕx = Ωτx ∼ Ω
2Lx

c
+

Ω

2

∫ t

t− 2Lx
c

h+(t)dt. (2.33)

Here, τx ∼ 2Lx

c
is assumed. Ω is an angular frequency of the laser. As with

x-axis, the phase difference along y-axis can be written as

ϕy = Ωτy ∼ Ω
2Ly

c
+

Ω

2

∫ t

t− 2Ly
c

h+(t)dt. (2.34)

Total phase difference of lights travelling along x and y-axis is written as

∆ϕ = Ω
2(Lx − Ly)

c
+

Ω

2

∫ t

t− 2Lx
c

h+(t)dt+
Ω

2

∫ t

t− 2Ly
c

h+(t)dt

= Ω
2(Lx − Ly)

c
+∆ϕGW

(2.35)

Here, ∆ϕGW expresses the phase difference produced by gravitational waves.
When Lx ∼ Ly ∼ L is assumed, ∆ϕGW can be expressed as
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Figure 2.2: Schematic view of the Michelson interferometer. A laser beam is
divided into two beams at the BS, each beam flies along x and y arms and come
back from both ends by reflecting of the end mirrors.

∆ϕGW = Ω

∫ t

t− 2L
c

h+(t)dt. (2.36)

Frequency response and baseline length

We consider the frequency response of the Michelson interferometer. Apply-
ing the Fourier transform to the h+(t) gives

h+(t) =

∫ ∞

−∞
h(ω)eiωtdω. (2.37)
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We obtain following equation (2.38) by inserting equation (2.37) into equation (2.36).

∆ϕGW = Ω

∫ t

t− 2L
c

∫ ∞

−∞
h(ω)eiωtdωdt

=

∫ ∞

−∞

2Ω

ω
eiω(t−

L
c
)sin

(
Lω

c

)
h(ω)dω

=

∫ ∞

−∞
HMI(ω)h(ω)dω

(2.38)

HMI(x) is the frequency response function of the Michelson interferometer:

HMI(x) =
2Ω

ω
eiω(t−

L
c
)sin

(
Lω

c

)
, (2.39)

where ω is an angular frequency of gravitational waves.
Equation (2.39) gives a condition that maxmizes |HMI(x)|:

Lω

c
=

π

2
. (2.40)

If we extend the length of the baseline more from equation (2.40), we cannot
expect further better sensitivity. This is because the effect of gravitational waves
will be integrated during the traveling time of lights. For 100Hz and 1 kHz
gravitational waves, we can calculate that the optimal baseline length is 750 km
and 75 km by equation (2.40), respectively, for example.

2.2.2 Fabry-Perot Michelson interferometer

It is almost impossible to construct such a large interferometer with several-
100 km baseline on the earth. Therefore, a Fabry-Perot cavity is constructed to
extend effective baseline length by installing a mirror in the center-side as shown
in figure 2.3 [20]. Light from the BS first passes through a center-side mirror
(Input Test Mass, ITM), then come back to the ITM from the end by reflecting
of the end mirror (End Test Mass, ETM). There is a high-reflection coating on
the cavity-side surface of the ITM so that the light is reflected towards the ETM
again. Since the reflectivity of the ITM is slightly lower than the ETM’s, light
stored in the cavity comes out from the arm little by little.
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Figure 2.3: Schematic view of the Fabry-Perot Michelson interferometer. An-
other mirror is installed between the BS and the ETM to constitute the Fabry-
Perot cavity in each arm.

The response function of the Fabry-Perot Michelson interferometer is ex-
pressed as [21]

|HFPMI(x)| =
2αΩ

ω(1− rIrE)

|sinγ|√
1 + F sin2γ

. (2.41)

Here, α, γ, and F are

α =
t2I rE

−rI + (r2I + t2I )rE
, (2.42)

γ =
Lω

c
, (2.43)

F =
4rIrE

(1− rIrE)2
=

(
2F
π

)2

. (2.44)

tI, rI, rE, L are the transmissivity of ITM, the reflectivity of ITM, the reflectivity
of ETM, and the cavity length. F is called as finess, this is the value to show
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the steepness of resonance of Fabry-Perot cavity. Using the finess F , average
number of round trips is defined as

N =
2F
π

. (2.45)

In KAGRA, other advanced optical techniques are also used such as power re-
cycling [22], signal recycling, and resonant sideband extraction techniques [23].
The power recycling technique is picked up and explained below because it is
strongly related with heat input into the Test Mass.

2.2.3 Power recycling technique

Power recycling is a technique to increase the effective input laser power [22].
When the interferometer is in operation, the output port is controlled to be
”dark”, i.e. reflected lights from arms are canceled out, therefore, most lights go
back to the way to the laser. The power recycling technique reflects those lights
back to the interferometer and constitute a cavity between a power recycling
mirror and the whole interferometer (see figure 2.4).

When the power recycling is performed, a large amount of laser transmits to
ITM. Although substrates with low absorption are chosen for the mirror, heat
absorption from passing laser is not negligible. In room-temperature detectors,
the thermal compensation system is adopted to compensate for the thermal
lensing effect by laser absorption at the center of the mirror. In KAGRA, since
the temperature is very low, the thermal lensing effect is negligible, however,
injected heat must be somehow extracted. High thermal conductive fibers play
an important role in this, details are described in section 3.2 [24].
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Figure 2.4: Schematic view of relationship between the power recycling mirror
and the Fabry-Perot Michelson interferometer. A light from the Fabry-Perot
Michelson interferometer is reflected back to the interferometer at the PRM.
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2.3 Major noise sources

In order to detect tiny signals of gravitational waves, every noise source needs to
be carefully considered. A ground-based interferometric gravitational wave de-
tector has several fundamental noise sources, which cannot be overcome. Seismic
noise due to seismic vibration which dominates very low frequency. Quantum
noise due to the quantum nature of light dominates almost the whole frequency
region. Thermal noise due to thermal fluctuation is a dominant noise source
at low frequency. This section briefly reviews fundamental noise sources in the
interferometric gravitational wave detector.

2.3.1 Seismic noise

Ground is always vibrating by not only earthquakes but also human activities,
wind, and sea waves, etc [25,26]. Since seismic noise level depends on the place,
the easiest way to reduce it is to build the detector in a quiet vibration area: it
is usually far from the urban area.

Seismic vibration level of such area is, however, still very large to detect grav-
itational waves. Therefore, Test Masses must be strictly isolated from seismic
vibration and a pendulum system is usually adopted for this purpose. When a
mass is suspended by a wire with length of l, a displacement transfer function
from the suspension point to the mass is derived as

H(ω) =
ω2
0

−ω2 + ω2
0

, (2.46)

where ω is angular frequency and ω0 =
√

g/l. g is gravitational acceleration. As
shown with blue curve in the figure 2.5, it can be found that the transfer function
has a inclination of f−2 above the resonant frequency. Furthermore, when a
pendulum has multiple stages, above the resonant frequencies, the inclination of
the transfer function can be expressed as

|H(f)| ∝ f−2n. (2.47)

Since the observation frequency band of the ground-based gravitational wave
detector is typically above 10Hz, the multiple stage pendulum is required to
achieve high vibration attenuation ratio in the observation frequency band.



18 Chap.2 Gravitational Waves and Detection

Figure 2.5: Mechanical transfer function of various numbers of stages. An index
of n represents the number of stages.

2.3.2 Quantum noise

There are two noises in the quantum noise: shot noise and the radiation pressure
noise [20]. Shot noise is caused by statistical fluctuations in the number of
photons at the output port of the interferometer. When N -photons enter a
photodetector, the fluctuation in number of photons will be proportional to the
square root N . The gravitational-wave signal is proportional to laser power and
shot noise is proportional to the square root of the power, therefore, the signal-
to-noise ratio of shot noise is proportional to the square root of the power.

On the other hand, radiation pressure noise is caused by random photons
hitting the test mass so that the signal-to-noise ratio of radiation pressure noise
is inversely proportional to the square root of laser power.
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2.3.3 Thermal noise

Thermal noise is caused by thermal fluctuation of the molecules and atoms that
compose the test mass and its suspension system [27]. The amplitude of the
thermal fluctuation force is product of temperature T and loss angle ϕ [28]:

P (Ω) ∝ Tϕ, (2.48)

where P (Ω) is the power spectrum density of the fluctuation. Loss angle rep-
resents ease of energy dissipation from the system; large loss angle means that
energy dissipates easily from the system. To decrease thermal noise, temperature
T should be low and loss angle ϕ should be small. There are roughly two kinds
of thermal noise to be considered: mirror thermal noise and suspension thermal
noise.

Mirror thermal noise

Sources of dissipation for the mirror thermal noise is located in the mirror
substrate and coatings. For both, two types of dissipation exist: structure damp-
ing and thermoelastic damping. It is experimentally known that the structure
damping can be considered as white noise, and it is also called Brownian noise.
The thermoelastic damping is caused by heat relaxation in the inhomogeneous
strain. The power spectrum densities of mirror thermal noise in the mirror sub-
strate are given by [28]

PMirrorsubBrown(Ω) =

(
2

L

)2
4kBT (1− σ2

sub)ϕsub√
πEsubw0ω

, (2.49)

PMirrorsubthermo(Ω) =

(
2

L

)2
16kBT

2α2
subw0Jsub(Ωc)√
πκsub

, (2.50)

Jsub(Ωc) =

√
2

π3/2

∫ ∞

0

du

∫ ∞

−∞
dv

u3e−u2/2

(u2 + v2)[(u2 + v2)2 + Ω2
c]
,(2.51)

Ωc =
Ωρsubcsubw

2
0

2κsub

. (2.52)

The parameters L, kB and w0 represent the arm length, Stefan-Boltzmann con-
stant, and beam radius at mirror, respectively. The parameters σsub, ϕsub, Esub,
αsub, κsub, ρsub, and csub denote the Poisson ratio, loss angle of mirror substrate,
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Young’s modulus, thermal expansion coefficient, thermal conductivity, density,
and specific heat per unit mass of the mirror substrate, respectively.

Although there are four orders of magnitude difference between the thick-
ness of the reflective coating layers (∼10µm) and mirror substrate (∼100mm),
the loss angle of coating is four orders of magnitude larger than the substrate,
so coating thermal noise cannot be ignored. The power spectrum densities of
coating thermal noise are given by [28]

GMirrorcoatBrown(Ω) =

(
2

L

)2
8kBT (1 + σsub)(1− 2σsub)dcoatϕcoat√

πEsubw2
0ω

, (2.53)

GMirrorcoat thermo(Ω) =

(
2

L

)2
2kBT

2 [2αeffdcoat(1 + σsub)− βeffλ]
2

πw0κsub

×Jcoat(Ωc), (2.54)

Jcoat(Ωc) =
2
√
2

π

∫ ∞

0

du

∫ ∞

−∞
dv

u(u2 + v2)e−u2/2

(u2 + v2)2 + Ω2
c

. (2.55)

The parameters dcoat and ϕcoat represent the thickness and loss angle of the coat-
ing, αeff and βeff are the effective thermal expansion and effective temperature
dependence of the refractive index of the coating, respectively. λ is the wave-
length of laser.

Suspension thermal noise

Suspension thermal noise also caused by the structure damping and thermoe-
lastic damping. The power spectrum density of suspension thermal noise is given
by [28]

PSuspension =

(
2

L

)2
4kBTg

mΩ5lfiber
(ϕfiber + ϕfiberthermo)

×

√
4πEfiber

mgl2fiber

(
dfiber
4

)2

, (2.56)

ϕfiberthermo =
α2
fiberEfiberT

ρfibercfiber

f/f0
1 + (f/f0)2

, f0 = 2.16
κfiber

ρfibercfiberd2fiber
. (2.57)

The parameters g is the gravitational acceleration, lfiber, dfiber, and Efiber are the
length, diameter, Young’s modulus of fiber, respectively. ϕfiber and ϕfiberthermo



2.4. Observation of gravitational waves 21

represent the loss angles by structure damping and thermoelastic damping of
the fiber, respectively. αfiber, κfiber, ρfiber, and cfiber are the thermal expansion
coefficient, thermal conductivity, density, and specific heat per unit mass, re-
spectively. The latter term in the right-hand-side of equation (2.56) express the
ratio between its elastic restoring force and the gravitational force, which repre-
sents the dilution of the dissipation inside the suspension fiber.

2.4 Observation of gravitational waves

Several observing runs have been carried out in the last few years. The first
observing run (O1) from September 12th, 2015 until January 19th, 2016 by the
Advanced LIGO detected three events including the first direct detection of the
gravitational-wave [1]. The second observing run (O2) started on November 30th,
2016, and ended on August 25th, 2017. The Advanced Virgo joined O2 from
August 1st, 2017, and enabled the first three-detector observation of gravitational
waves [29]. O2 found eight events including a binary neutron star merger. Results
from O1 and O2 were summarized in the Gravitational-Wave Transient Catalog
(GWTC-1) [30]. O3 was divided into three phases: O3a was carried out from
April 1st to September 30th, 2019, O3b was done from November 1st, 2019 to
late March 2020, and O3GK was performed from April 7th to 21st, 2020 only
by GEO600 and KAGRA. O3GK was the first joint observation for KAGRA in
the international gravitational-wave observation network. At present, O3a data
is published as GWTC-2, and thirty-nine gravitational wave events in total are
described such as massive binary black holes and binary systems with asymmetric
mass ratio [31].

2.4.1 Observed gravitational wave events

Several notable events are picked up and briefly explained here.

• GW150914 : The first detected gravitational waves [1]. As a result of
the coalescence of binary black hole with 35.6+4.7

−3.1M⊙ and 30.6+3.0
−4.4M⊙, a

black hole with 63.1+3.4
−3.0M⊙ was formed and the energy of 3.1+0.4

−0.4M⊙c
2 was

radiated in gravitational waves. This is the first event to show the existence
of a stellar-mass black hole.

• GW170814 : The first detected gravitational waves by three-detector
observation [29]. The area of the 90% credible region was reduced from
1160 deg2 to 60 deg2 using all three detectors
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• GW170817 : The first detection of gravitational waves from binary neu-
tron stars [2]. Two space telescopes, Fermi Gamma-ray Space Telescope
and INTEGRAL, detected the short gamma-ray burst GRB 170817A after
1.7 s of the coalescence. Subsequent electro-magnetic observation identified
a counterpart object in the NGC 4993.

• GW190521 : The gravitational waves generated by massive binary black
holes, resulting in 150.3+35.8

−20.0M⊙ after coalescence [4]. A primary mass
∼ 85M⊙ forces to reconsider the cut off mass range inferred from the
GWTC-1.

• GW190814 : The gravitational waves from a highly asymmetric sys-
tem [32]. They had a confidently unequal mass ratio (q = 0.28+0.12

−0.06) and
exhibited strong signs of higher harmonics in the waveform.

In addition to the above events, there are many other important events listed in
the GWTC-1 and the GWTC-2.

2.4.2 Observing scenarios over the next several years

At the time of writing this dissertation, all the gravitational wave detectors in
the world are stopping their operation and upgrading instruments to achieve
better sensitivity. In KAGRA, many works are carried out in parallel such as
modification of optics, installation of baffles, upgrade and repair of suspensions,
and replacement of cryocoolers towards the next observing run. Currently, two
observing runs, O4 and O5, are scheduled around 2022 and 2025 as shown in
figure 2.6 [8].

In O4, the following observational ranges‡1 are estimated: Advanced LIGO
at 160− 190Mpc, Advanced Virgo at 90− 120 Mpc, and KAGRA at 25− 130
Mpc. In O5, the target sensitivity ranges are 330Mpc for Advanced LIGO,
150 − 260Mpc for Advanced Virgo, and over 130Mpc for KAGRA. The above
sensitivities and precise dates of these runs are now being actively planned and
remain fluid. Reasonable detector configuration in KAGRA for O4 is discussed
in section 7.3.2.

‡1The distance at which gravitational waves associated with the binary neutron star merger
with 1.4− 1.4M⊙ can be detected by signal-to-noise ratio 8.
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Figure 2.6: Planned sensitivity evolution and observing runs of the Advanced
LIGO, Advanced Virgo, KAGRA over the next several years [8].

2.5 Physics with gravitational waves

As introduced in section 2.4.1, gravitational waves have revealed various astro-
nomical information such as the existence of a stellar-mass black hole and the
origin of short Gamma-Ray Burst. On the other hand, discrepancies between
observed results and theories have also arisen. Focusing on heavy black holes, I
consider the physics with gravitational waves for near future.

2.5.1 Population of binary black holes

A lot of theories are considered for binary black hole formation. The isolated
binary black hole may be formed by common envelope evolution [33], the remnant
of Population III stars [34], or chemically homogeneous stellar evolution [35].
Also, near the cluster, binary black hole mergers could occur via dynamical
interactions in young stellar clusters, globular clusters, nuclear star clusters [36],
triple systems [37], or the disks of active galactic nuclei [38]. Or, a part of a
primordial black hole population in the early Universe might be an origin of a
binary black hole [39].

The common envelope scenario expects component masses up to 50M⊙, mass
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ratios in the range 0.3 < q < 1, and aligned spins. The chemically homogeneous
scenario predicts component masses in the range ∼ 20 − 50M⊙ and isotropic
spins. It is thought that black holes aren’t formed between 50 − 120M⊙ by
supernovae. This is because when a star has a mass of 130−300M⊙, an oxygen-
rich core is formed, explosive burning occurs, and the star is completely dis-
rupted [40]. This mass region of 50 − 120M⊙, where no black hole exists, is
called mass-gap. The dynamical interaction models predict isotropic spins and
enable massive binaries. The primordial black holes models predict low spins
and isotropic spin orientation. As introduced above, there are many scenarios
for black holes, therefore, it is important to give them constraints by observing
many events in the coming observation run.

In fact, before publishing GWTC-2, Advanced LIGO and Advanced Virgo
have reported the cut off mass range < 45M⊙ for component masses, and this
criterion is compatible with the above theories. Furthermore, observation results
in O1 and O2 also agree with the existence of the ”lower mass gap” between
2.5− 5M⊙, which has been believed so far [30].

However, the GWTC-2 reports several high-mass events such as GW190521,
GW190602 175927, and GW190519 153544 for which component masses are
much heavier than 45M⊙. Also, according to the GWTC-2, GW190814 had
an accompanying compact object with ∼ 2.6M⊙, which is exactly within the
lower mass gap. These results, summarized in the figure 2.7, force us to recon-
sider models for the distribution of black hole masses in the binary systems.

Especially for massive binary black holes, many theories do not explain their
existence. Therefore, in parallel with theoreticians’ work, we should increase
statistics with many detections. For such events, the detector sensitivity at
several dozens of Hz is very important as explained below.

When two compact objects are revolving in a circular orbit, in Schwarzschild
geometry, the radius of an Innermost Stable Circular Orbit, rISCO, can be derived
as [41]

rISCO =
6G(m1 +m2)

c2
, (2.58)

where G is the constant of gravitation, m1 and m2 are masses of objects, and c
is the speed of light. When objects approach rISCO by decreasing the energy by
gravitational wave radiation, the dynamics is dominated by strong field effects,
and the Schwartzschild geometry is no longer applicable. Therefore, this is the
time of coalescence and the end of the inspiral phase. At this moment, the merger
frequency fs approaches the value [41]
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fs =
1

6
√
6(2π)

c3

G(m1 +m2)
. (2.59)

Here Kepler’s third law was used. According to equation (2.59), the merger
frequencies for 50M⊙ − 50M⊙ and 100M⊙ − 100M⊙ are given as 22Hz and
11Hz (see figure 2.8). Therefore, better detector sensitivity at low frequencies
enables to impose stronger constraints to the theory.

2.5.2 Test of general relativity

General relativity has been verified through various experiments. Beginning with
the gravitational lensing effect by Eddington, it has been proven through various
cosmic observations, such as the perihelion shift of the orbit of Mercury and
the orbital decay of PSR 1913+16 [42]. The validity of general relativity has
also been derived by measuring the difference in gravitational potential with
extremely high precision optical lattice clocks [43].

Gravitational waves are also the best event to directly test general relativity.
Especially in the strong gravitational field, the gravitational-wave is the only
way to test general relativity. Reference [44] presents eight ways to verify them.
It says that there is no inconsistency between general relativity and all eight
validation tests to the detected events during O1 to O3a. These verifications
require precise observations from the inspiral phase to the coalescence and quasi-
normal mode. Conventionally, we have been considering binary neutron stars
with several solar mass for long time, but the recent observations clearly show
that number of black holes with several dozens solar mass is much large. As
mentioned in section 2.5.1, gravitational waves from these binaries are in the
frequency range of tens to hundreds of Hz from inspiral to quasi-normal mode.
Although laser interferometric detectors have the best strain sensitivity in the
hundreds of Hz, it is now necessary to observe the gravitational waves especially
in the low-frequency region with high accuracy.
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Figure 2.7: Summary of detected black hole events. In each column, two black
squares represent masses of the component masses and a red triangle represent
mass after the merger. Upper and lower grey zone represent mass-gap and lower
mass-gap regions, respectively.
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Figure 2.8: Relationship between the mass and merger frequency. Horizontal
axis represents mass of a component object when equal-mass binary is assumed.
Grey zone shows mass-gap region.
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Chapter 3
LARGE-SCALE CRYOGENIC GRAV-
ITATIONALWAVE TELESCOPE
KAGRA

Although KAGRA is the third km-scale interferometric gravitational wave de-
tector in the world, it has two advanced features: an underground site and a
cryogenic mirror. This chapter first briefly overviews the KAGRA detector, then
introduces detail of the suspension system for the cryogenic mirror, and finally
explain apparatus for mirror cooling.

3.1 Overview of KAGRA

This section overviews the detector configuration of KAGRA and its role in the
international gravitational wave observation network.

3.1.1 Detector configuration

The Large-scale Cryogenic Gravitational wave Telescope KAGRA was constructed
in the Kamioka mine (Mt.Ikenoyama). All the equipments are placed in the un-
derground tunnel, and the vacuum system occupies most part of it: vacuum
ducts with 800mm in diameter are installed in two arms, and dozens of vacuum
chambers are placed at the end and corner stations. An underground site was
chosen to reduce seismic noise and this is one of the most advanced attempts in
KAGRA. Another advanced key feature in KAGRA is the 20K cryogenic mirror
to reduce thermal noise, which limits the most sensitive frequency region in the
ground-based interferometric gravitational wave detector. Since thermal noise is
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Figure 3.1: Optical layout of KAGRA [12]. At the corner section, a main
laser source, Input Mode Cleaner (IMC), and Input Mode Matching Telescope
(IMMT) are installed in the most upstream region. The Power Recycling (PR)
system, Beam Splitter (BS), and Signal Recycling (SR) system are installed at
center of the corner area. Output Mode Matching Telescope (OMMT) and Out-
put Mode Cleaner (OMC) are installed in the most downstream region. In arms,
sapphire Test Masses (ITMX, ETMX, ITMY, ETMY) are installed.

proportional to product of temperature and loss angle as explained in section 2.3.3,
decreasing temperature gives a large advantage to reduce it.

The design optical configuration of KAGRA is the Dual Recycled Fabry-Perot
Michelson Interferometer (DRFPMI) as shown in figure 3.1. It is the Fabry-Perot
Michelson Interferometer adopting power and signal recycling systems. All the
blue rectangles in figure 3.1 represent mirrors to constitute the DRFPMI, the
cryogenic mirrors are four mirrors that constitute the Fabry-Perot cavity in x-



3.1. Overview of KAGRA 31

Figure 3.2: Photo of the KAGRA sapphire mirror. It is 220mm in diameter,
150mm in thickness, and 23 kg in weight and made of artificial monocrystal
sapphire. The dielectric multilayer coating is on the surface [45].

and y-arms. They are made of artificial monocrystal sapphire with 220mm in
diameter, 150mm in thickness, and 23 kg in weight (see figure 3.2). Other mirrors
are made of fused silica and operated at room temperature.

3.1.2 Sensitivity

The design sensitivity of KAGRA is shown in figure 3.3 [46]. Low-, intermediate-
, high-frequency regions are dominated by suspension thermal and quantum
noises, quantum and mirror thermal noises, and quantum noise, respectively.
When KAGRA joins the international gravitational wave observation network
with the design sensitivity and enables four detectors observation, sky local-
ization will be improved to be about ten square degrees: it was hundreds to
thousands and tens to hundreds of square degrees for two and three detectors,
respectively. This improvement is significantly important for an accurate alert
to the optical telescopes for multi-messenger astronomy.
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Figure 3.3: KAGRA design sensitivity [46]. Blue, orange green, and red colored
lines represent the seismic noise, suspension thermal noise, mirror thermal noise,
quantum noise. Black line shows the total of these noises.

The merger rate of binary black holes is estimated to be 23.9+14.9
−8.6 Gpc−3yr−1

[31], however, all the events cannot be detected because the duty factors of de-
tectors are not 100%. Furthermore, at least three detectors are necessary for
accurate sky localization. Assuming unplanned downtime periods, it is calcu-
lated that the duty factor in a three-detector network (LIGO Hanford, LIGO
Livingston, and Virgo) is operated in coincidence approximately 34−42% of the
time. If KAGRA joins this detector network, the duty factor with three or more
detectors will be improved to be around 65− 74% of the time [8].
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3.2 Seismic attenuation system for the test mass

The seismic noise is reduced by constructing the detector underground, however,
vibration level is still large to detect gravitational waves. Therefore, the test
masses are suspended by pendulums to isolate ground vibration. This section
briefly reviews seismic noise and its attenuation system for test masses.

3.2.1 Seismic motion

Seismic motion is divided into two types: cultural noise (> 1Hz) and natural
noise (< 1Hz) [26,47]. It seems that the cultural noise is mainly caused by human
activities such as traffic, factory, footsteps, etc... The frequency band of these
activities overlapes with the observation frequency band so we have to consider
these sources very carefully. On the other hand, the natural noise originates from
ocean waves, air pressure, and earth tides, etc. This low frequency noise strongly
depends on the location. By detailed site study, KAGRA was constructed under
Mt.Ikenoyama; vibration level of Kamioka site is about two orders of magnitude
lower than urban area as shown in figure 3.4.

3.2.2 Seismic attenuation system

Simply, the movement of the test mass has to be smaller than the effect of grav-
itational waves. As shown in figure 3.4, vibration level of Kamioka site is order
of 10−10m/

√
Hz at 10Hz, while KAGRA requires the displacement sensitivity

of order of 10−18m/
√
Hz at 10Hz. Therefore, the high performance vibration

isolation system is necessary for KAGRA.

The seismic attenuation system for the test mass is a 13.5-m tall multi-stage
pendulum, which is called Type-A suspension. The Type-A suspension has 9-
stages; the upper 5-stages are at room temperature and called Type-A Tower,
the lower 4-stages are at cryogenic temperature and called Cryogenic Mirror
Suspension or Cryopayload. While other optics are suspended from the rigid
tower structures built on the first floor, Type-A suspension is suspended from
the second floor of the tunnel. This approach enables to eliminate resonances
of the tower structure. Furthermore, it contributes to increasing the stability of
the interferometer operation because a pair of Type-A suspensions in each arm
move commonly with the bedrock of Mt.Ikenoyama.
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Figure 3.4: Comparison of vibration level between Kamioka site and Mitaka [16].
Small seismic level relaxes the requirement for the vibration isolation systems.
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Figure 3.5: (a): Overview of Type-A suspension. Type-A suspension is mounted
on the bedrock. There are five stages of GAS filter from F0 to BF. Cryopayload
is the bottom most part (1.5m). (b): Schematic view of the GAS filter. A
set of cantilever springs are compressed together to achieve low frequency in
the vertical direction. Blue springs represent the spring composition for the
compressed direction; while the horizontal composition cancels each other out,
the vertical composition remains when the center part move up and down [48].
(c): A photo of the F0 [49]. Six blades in total are compressed together.
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3.2.3 Cryogenic mirror suspension

Cryogenic mirror suspension (or cryopayload) consists of four stages [50]: Plat-
form (PF), Marionette (MN), Intermediate Mass (IM), and Test Mass (TM) as
shown in figure 3.6. Except for the Platform stage, the Recoil Mass surrounds
each stage: Marionette Recoil (MNR), Intermediate Mass Recoil (IMR), and
Test Mass Recoil (TMR). A series chain from TM to MN is called Test Mass
chain (TM chain), and the one from TMR to MNR is called Recoil Mass chain
(RM chain). Total mass of the cryopaylaod is 200 kg. Test Mass and Recoil Mass
chains have magnets and coils, respectively, to constitute coil-magnet actuators
for suspension damping and interferometer operation. Details of each stage are
explained below.

Figure 3.6: 3D view of Cryopayload.
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Platform

Platform (figure 3.7) is located on the top of the cryopayload and connected
with the Bottom Filter, which is the last stage of the room temperature part,
with a 3.3-m rod made of Maraging steel (see figure 3.5). The Platform suspends
both of Test Mass and Recoil Mass chains.

The TM chain is suspended from the point of intersection of three cantilever
blade springs made of copper berylium with about 4Hz resonance for the fun-
damental mode. These blades work for vertical vibration attenuation. To rotate
whole the RM chain, the moving mass systems is installed.

Figure 3.7: Platform. Three cantilever springs made of copper berylium are
merged at the center and suspend TM chain with one rod. Mirrors for the
optical lever are also installed.

Marionette

Marionette (figure 3.8) is located one stage under the Platform. It has +
shape structure with the moving mass systems for rough inclination adjustments
of the IM and TM stages [51]. KAGRA tunnel has 1/300 inclination to drain
spring water so that X-end TM reflects the laser beam upwards and Y-end TM
reflects it downwards. MNR is the first place where the heat links from the
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Figure 3.8: Marionette. In order to align the inclination of the TM, the moving
mass systems are installed in the + shape arms. A mirror for the optical lever
is mounted under MN.

cooling bar are attached as shown in figure 3.13,

Intermediate Mass

Intermediate Mass (figure 3.9) is the second last stage of the cryopayload.
Four folded-blade springs made of sapphire are mounted on the IM to suspend
the TM.

Test Mass

Test Mass (figure 3.10), or just mirror, is located at the bottom of the cry-
opayload. Sapphire has significant characteristics at cryogenic temperature: very
low mechanical loss and very high thermal conductivity. The dielectric multilayer
coating is coated on the surface [45].
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Figure 3.9: Intermediate Mass. Sapphire blade springs suspend the TM with
sapphire fibers and also are the cooling path for the TM.

Figure 3.10: Test Mass. HR (High Reflection) side reflects laser beam. There
are coil magnet actuators on the AR (Anti Reflection) side. For the Recoil mass,
very low magnetism stainless steel NSSC130S is used.
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3.2.4 Sapphire suspension

The sapphire suspension (figure 3.11) is a part of the cryopayload. In order to
reduce thermal noise, the TM and parts near the TM are made by sapphire.
Main components are sapphire blade spring, sapphire fiber, and sapphire Test
Mass. Sapphire blade springs have two roles: to lower the resonant frequency
of the vertical stretching mode, and to compensate for the difference in fiber
lengths. Roles of the sapphire fibers are both suspending the TM and extracting
heat from the TM. Since 0.724W of heat input is estimated into Input Test Mass
(ITM) for design configuration of KAGRA [46], sapphire fiber has a diameter
of 1.6mm and a length of 350mm long to extract heat input. To make good
surface contact between the sapphire blade spring and the nail head of the fiber,
gallium bonding technique is used to bond them together. Besides, since the TM
is cylindrical in shape, two sapphire ears are bonded on the side by making flat
surfaces on the TM. Hydroxide Catalysis Bonding (HCB) was used for the ear
bondings because it has smaller thickness and high shear strength at cryogenic
temperature‡1 [52, 53].

‡1All the HCBs were carried in the clean booth in University of Toyama with large technical
supports by University of Perugia and University of Glasgow. I was one of the core members
for this work.
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Figure 3.11: Overview of the sapphire suspension. The Test Mass is suspended
by four sapphire fibers (1.6mm in diameter and 350mm in length). There is a
nail head at each end of the fiber. Gallium bonding technique is used to bond the
blade spring and nail head of the fiber. Hydroxide Catalysis Bonding is adopted
to attach sapphire ears on the flat cuts of the TM.
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3.3 Cooling systems

This section briefly reviews the cooling system for the cryopayload: low-vibration
cryocooler, cryostat, and cryogenic duct shield.

3.3.1 Cryocooler

Nowadays, two types of cryocoolers are widely, and commercially available:
Gifford-McMahon (GM) cryocooler [54] and pulse tube (PT) cryocooler [55].
Both cryocoolers achieve refrigeration with rotary valves that switch the cold
head between a low- and high-pressure source [56]. A big difference between the
GM and PT cryocoolers is displacer; while the displacer moves as a substantial
piston to exchange working gas in the GM, working gas itself works as a ”gas
piston” in the PT. Therefore, the PT cryocooler has no oscillating mass in the
cryogenic part. Thanks to this feature, the PT cryocooler has smaller vibration
than the GM, and it is preferable for the gravitational wave detector.

KAGRA’s 4K PT cryocooler has novel mechanisms to further reduce working
vibration [57-59]. The concept of development is to fix a cryocooler rigidly onto
the bedrock (see figure 3.12). As shown in figure 3.4, the vibration level of the
Kamioka site is very small, so if we can fix the cryocooler and its cold heads
to the massive and stable bedrock, we can expect to suppress the vibration
of the cryocooler. Since it is difficult to reduce the vibration of cold heads
themself, vibration reduction (VR) stages, which are rigidly fixed onto the floor
but thermally isolated from it, are installed. Each cold head and VR stage are
connected with flexible heat links.

3.3.2 Cryostat

A cryostat is a vacuum chamber to cool down the sapphire test mass. In contrast
to other large-scale cryogenic systems such as an accelerator, KAGRA does not
use any cryogen. This is to reduce maintenance work and to operate in a turn-
key style. Also, the KAGRA tunnel has very limited volume so that choking
gas should be inappropriate. On the other hand, four mechanical cryocoolers
are used effectively for cooling. They are the pulse tube cryocoolers, which are
specialized to reduce the working vibration as explained in section 3.3.1.

As shown in figure 3.13, all the first stages of the four PTs are connected to
the the outer radiation shield. Two second-stages of the four are connected to
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Figure 3.12: Schematic view of low vibration pulse tube cryocooler for KAGRA
(reference [59] was modified). Valve unit is separated from the cold head. The
vibration reduction (VR) stages are fixed to the bedrock via supporting struc-
tures.
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Figure 3.13: Schematic view of the cryostat. Four cryocoolers are used in total.
Black broken lines represent the heat links. The heat links connects between the
cooling bar and Marionette Recoil.

the inner radiation shield. Remaining two second-stages are connected to the
cryopayload for conductive cooling.

In KAGRA, radiation shields work not only for shutting out 300K thermal
radiation but also for thermal radiative cooling of the cryopayload. To assist
radiative cooling, inner surface of the inner shield is coated by Diamond Like
Carbon (DLC) coating [60, 61]. Radiation shields have supporting structures
from the cryostat chamber, which is designed to be rigid at cryogenic temperature
by considering thermal shrink of the rods. In order to extend cooling path from
the conductive-cooling-cryocooler, a cooling bar is attached at the end. The
cooling bars are rigidly connected to the radiation shield with stainless steel
bolts.
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3.3.3 Cryogenic duct shield

In the common sense of the cryostat, it is natural to completely cover an object
with cold surrounding shields, however, there are two large holes in front and
back side of the KAGRA cryostat for the laser path. These apertures are one of
the difficulties for the cooling of the cryopayload since 300K thermal radiation
is tremendously large. One solution to reduce thermal radiation from there is to
install cryogenic duct shields and baffles in front of both sides of the cryostat. In
order to minimize the reflection of radiation, five baffles are installed for one side,
and baffles and inner surface of the duct shields are coated by Solblack coating
[62]. A cryogenic duct shield is cooled down with one stage pulse tube cryocooler.
According to past work, a cryogenic duct shield reduces 300K thermal radiation
to 0.1W for one side [13]. It was also reported that heat input into the Test Mass
stage by thermal radiation from apertures were estimated as 50mW in total [13].

Figure 3.14: Side view of the cryostat and cryogenic duct shield. A cryogenic
duct shield is 5m long and has five baffles [13]. Baffles and inner surface of the
duct shields are coated by Solblack coating [62].





47

Chapter 4
SUSPENSION COOLING ANDHEAT
LINK

Sapphire Test Mass has to be cooled down quietly to achieve an excellent detec-
tor sensitivity and effectively to reduce observation dead time. In this chapter,
cooling scheme for the cryopayload, detail of the heat link and its material prop-
erties, and a potential problem in the suspension cooling are reviewed. At last,
the target of the study is stated.

4.1 Suspension cooling

Thermal radiative cooling and thermal conductive cooling are utilized for sus-
pension cooling. This section briefly overviews cooling scheme and describes a
potential problem.

4.1.1 Thermal radiative cooling

Thermal radiation is the emission of electromagnetic waves whose wavelength
depends on the temperature. No mediating substances are needed. Heat transfer
by thermal radiation from objects 1 to 2, PRad, is expressed as [63]

PRad =
σ

1
ε1
+ A1

A2

(
1
ε2
− 1

)A1(T
4
1 − T 4

2 ), (4.1)

where A, T , ε, and σ are surface area, temperature, emissivity, and Stefan-
Boltzmann constant.

In KAGRA, objects 1 and 2 are considered as the cryopayload and inner
radiation shield, respectively. Since equation (4.1) means that thermal radiative
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heat transfer is proportional to (T 4
payload − T 4

shield), the radiation shield is quickly
cooled down to assist thermal radiation in KAGRA. Two pulse tube cryocool-
ers are assigned for this purpose. In order to further assist thermal radiation,
KAGRA cryogenic system adopts black coatings to increase emissivity. Three
types of black coatings are currently used: Diamond Like Carbon (DLC) coat-
ing [61], Solblack coating [62], and low-magnetism Solblack coating [64]. DLC
is adopted for the inner surface of the inner radiation shield because it has a
very low outgassing rate. Solblack is adopted for the cryogenic duct shield and
Wide Angle Baffle (WAB)‡1. Low-magnetism Solblack is adopted for the cry-
opaylaod. Solblack family is a chemically-treated nickel plating, so it is possible
to coat large parts, which are difficult to be coated by DLC. Photos of DLC and
low-magnetism Solblack coatings in the KAGRA cryogenic system are shown in
figure 4.1.

4.1.2 Thermal conductive cooling

Thermal conduction takes place via heat carriers in the medium. Heat transfer
by thermal conduction from objects 1 to 2, PCond, is expressed as [63]

PCond = −S

l

∫ T2

T1

κ(T )dT, (4.2)

where S, l, and κ(T ) is cross-sectional area, length, and thermal conductivity
of the heat conductor. As an indicator of the ease of heat transfer, thermal
resistance Rθ is introduced, which is defined as

Rθ =
∆T

P
, (4.3)

where ∆T and P are the temperature difference and heat flow. High thermal
resistance means that it is difficult for heat to flow. When the temperature
difference between T1 and T2 is small in equation (4.2), that allows linear ap-
proximation for thermal conductivity κ, equation (4.2) is changed to

PCond =
S

l
κ0(T1 − T2), (4.4)

where κ0 is constant thermal conductivity at the intermediate temperature (T1−
T2)/2. Therefore, the thermal resistance of the heat conductor can be expressed

‡1WAB is placed in front of the Test Mass to absorb scattered light on the HR surface. It is
cooled down at cryogenic temperatures.
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Figure 4.1: (a): DLC coated inner radiation shield. (b): Low-magnetism Solblack
coated cryopayload.

as

RCond =
l

Sκ0

. (4.5)

Equation (4.5) indicates that the heat conductor should have a short length and
large cross-sectional area for effective thermal conduction. However, these char-
acteristics assume a rigid connection, this is completely opposite request from
the viewpoint of suspension cooling in KAGRA because the Test Mass needs to
be cooled down very quietly.
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4.1.3 Cooling concept and potential problem

Cryopayload must be cooled as quiet as possible. Thermal radiation is prefer-
able in this sense because it is non-contact cooling. However, according to
equation (4.1), it will be ineffective when the cryopayload is at cryogenic tem-
perature, which is typically below 100K. On the other hand, pure metals such
as high purity aluminum and oxygen-free copper have large thermal conductivi-
ties at cryogenic temperature [65-68]. They can compensate for heat extraction
at cryogenic temperature instead of thermal radiation. Therefore, cooling con-
cept of the cryopayload is ”thermal radiation at high temperature and thermal
conduction at low temperature”.

Relationship between cooling method and practical situation is organized in
figure 4.2. The TM is vibration-isolated by room temperature part, and only
the cryopayload is cooled down to cryogenic temperatures by connecting the
heat conductors. There is a large problem here, that is, these heat conductors
are connected to the vibration-isolated stage. They become a shortcut of vibra-
tion inflow and may shake the TM above the displacement noise requirement of
KAGRA. Source of vibration is not only seismic vibration but also vibration of
cryocooler, cryostat, and radiation shields.

In order to reduce vibration inflow as much as possible, the stiffness of the
heat conductor has to be small while keeping thermal conductance; a soft and
high thermal conductive heat link is necessary. Therefore, we first developed an
appropriate heat link, and measured its thermal and mechanical properties. We
have then evaluated the thermal performance by a cooling test in KAGRA, and
calculated the effect of vibration inflow via heat links to the detector sensitivity.
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Figure 4.2: Schematic view of relationship between Type-A suspension and the
heat link. Seismic vibration (black zigzag) from the top is sufficiently attenuated
by room temperature part. The heat link becomes shortcut for vibration inflow
(red zigzag) and may shake the Test Mass above the displacement noise require-
ment of KAGRA
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4.2 Heat link

The heat link currently used has been developed for KAGRA. This section ex-
plains the detail of the heat link and reports several measurement results.

4.2.1 Overview of heat link

The heat link is required to have high thermal conductivities at cryogenic tem-
peratures. High purity aluminum and oxygen-free copper were considered as
candidate materials [65-68]. The heat link has been also required to be soft, so
aluminum was chosen because Young’s modulus of aluminum is almost half of
copper’s. Therefore, the heat link is made of pure aluminum with a purity of
99.9999% (6N). Furthermore, it is composed of many thin wires to decrease the
effective spring constant (detail can be found in section 4.2.4).

The composition of the heat link is shown in figure 4.3. The minimum unit
of the heat link is a thin wire with a diameter of 0.15mm. Seven thin wires are
gathered and stranded, and a primary twist is formed. Similarly, seven primary
twists are gathered and stranded, and a secondary twist is formed. The heat link
is made by seven secondary twists in parallel with two terminals made by 5N
aluminum at both ends. Each terminal has a hole with a diameter of 5mm to
be fixed by an M4 screw. Fabrication was carried out by Japanese companies;

Figure 4.3: Detail of the heat link. One heat link consists of 7×7×7 thin wires.
End terminals are made by 5N aluminum.



4.2. Heat link 53

the pure aluminum was produced by Sumitomo Chemical Co., Ltd., thin wires
were made by Noge Electric Industries Co., Ltd., the stranding work was done
by Arai Co., Ltd., and the terminal was clamped by Furukawa Electric Power
Systems Co., Ltd.

4.2.2 Thermal conductivity

The high thermal conductivity allows us to reduce the number of heat links re-
quired, that is, amount of vibration inflow to the cryopayload can be reduced.
The thermal conductivity of the developed heat link has been practically mea-
sured as shown in figure 4.4 [53, 69]. The measured maximum thermal conduc-
tivity was 18500W/m/K at 10K.

Figure 4.4: Measured thermal conductivity (red points) [53, 69]. Grey broken
line is the thermal conductivity of AL 1350 for comparison [67]. The measured
maximum value was 18500W/m/K at 10K.
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4.2.3 Contact thermal resistance

Equation (4.5) defines thermal resistance, which is calculated by thermal conduc-
tivity. However, in cryogenic engineering field, it is well known that there exists
thermal resistance in contacts, and it is difficult to estimate thermal resistance of
these contacts theoretically. Therefore, they were measured for KAGRA’s case
this time.

Contact thermal resistances considered

The heat link shown in figure 4.3 is used as shown in figures 4.5 and 4.6 in
KAGRA. In figure 4.5, the heat link is mounted on 6N aluminum thin plate. In
figure 4.6, terminals of two heat links are connected.

Figure 4.5: Photo of connection part of the 6N aluminum thin plate and the
heat link.



4.2. Heat link 55

Figure 4.6: (a) Photo of terminal connection of two heat links. (b) Detail of
connection of terminals. A stainless steel block with 3mm in thickness will be
inserted practically instead of a flat-washer.

Considering figures 4.5 and 4.6, considerable thermal resistances in the heat
link path are schematically summarized as shown in figure 4.7. Rcond HL and
Rcond PL are thermal resistances of the heat link and 6N thin plate, respectively,
which are calculated by thermal conductivities. RTerm, Rcont PLHL and Rcont HLHL

are contact thermal resistances inside the terminal, between surfaces of the ter-
minal and 6N thin plate, and between surfaces of two terminals. These three
contact thermal resistances have to be measured. Since the heat links are used in
the case of either figures 4.5 or 4.6 in KAGRA, it is enough to measure compound
thermal resistances such as RTerm + Rcont PLHL in the left rectangle and 2RTerm

+ Rcont HLHL in the right rectangle in figure 4.7.
To study RTerm more, we observed the cross-section of the terminal as shown

in figure 4.8‡2. It was found that there were many gaps, that is, side surfaces
of many thin wires did not touch perfectly. These gaps may become sources of
contact thermal resistance inside the terminal.

‡2Lapping process was performed by Mechanical Engineering Center in KEK.
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Figure 4.7: Schematic view of thermal resistances in the heat link path.

Figure 4.8: (a): Cross sectional photo of the heat link terminal. (b): Enlarged
view of (a). Several gaps can be seen as black points.

Measurement method

Figure 4.9 shows schematic figures of the setup to measure the above two
compound thermal resistances. Longitudinal heat flow method was adopted
[67,70]: the temperature difference was given by gradient heater at the bottom.
First, overall thermal resistance was calculated by measuring the temperature
difference T1 − T2 and input heat P . Then, thermal resistances of conductors,
which can be calculated by thermal conductivities, were subtracted from them.
The remaining value was the compound thermal resistance. To measure several
points with respect to temperature, a base heater on the top copper base block
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Figure 4.9: (a): Schematic view of measurement setup for RTerm + Rcont PLHL.
(b): Schematic view of measurement setup for 2RTerm + Rcont HLHL. The end is
suspended by Kevlar wire.

was used to control the temperature of the whole setup. The setup was cooled
with liquid helium as shown in figure 4.10.

For measuring RTerm + Rcont PLHL, the setup shown in figure 4.9 (a) was used.
In this setup, the temperature gradient can be derived by

T1 − T2 = (2Rcont PLHL + 2RTerm +Rcond HL + 2Rcond PL)× P. (4.6)

Since thermal conductivities of the heat link and thin plate have already been
measured, the compound thermal resistance RTerm + Rcont PLHL can be obtained.

For measuring 2RTerm + Rcont HLHL, the setup shown in figure 4.9 (b) was
used. In this setup, the temperature gradient can be derived by

T1−T2 = (2Rcont PLHL+4RTerm+Rcont HLHL+Rcond HL1+Rcond HL2+2Rcond PL)×P.
(4.7)

By using the measured result of the compound thermal resistance of RTerm +
Rcont PLHL, 2RTerm + Rcont HLHL value can be eventually obtained.
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Figure 4.10: Photo of thermal resistance measurement. Left silver tank is 500 L
liquid helium dewar. In the right blue cryostat, a vacuum tank with specimen
is installed and cooled with transferred liquid helium. Vacuum pump unit is
located back side of the blue cryostat.

All the thermometers were calibrated Cernox sensors. To reduce heat leakage
through electrical wires, all wires were once anchored on the top copper base.
Phosphor bronze wires were used for the thermometers. To reduce measurement
error, electrical resistance of the gradient heater should be larger than electrical
wires. The electrical resistivity of the manganin wire was measured as 15.6Ω/m,
100mm of wires were used, and the number of current lead was two, so the
electrical resistance of the manganin wires is approximately 3.1Ω. Therefore,
560Ω of metal film resistor was chosen for the gradient heater to achieve below
1% error. Heat extraction by thermal radiation was negligible because it was
estimated to be orders of 100µW while input heat was within several tens to
hundreds mW. The samples were partially suspended by Kevlar wires so as not
to give stress to the heat link. Heat extraction via Kevlar wires was negligible
because they have extremely low thermal conductivity at cryogenic temperature.
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250mm long heat links were used for RTerm + Rcont PLHL measurement, and
250mm and 400mm long heat links were used for 2RTerm + Rcont HLHL. Length
uncertainty due to terminal length became main source for error bar.

Measured result

In figures 4.11 and 4.12, colored points represent measured data while black
curve shows the estimated Rcond HL calculated by thermal conductivity. There
are large gaps between them. It indicates that these gaps obviously include the
effects of contact thermal resistances.

Figure 4.13 shows values of RTerm + Rcont PLHL and 2RTerm + Rcont HLHL cal-
culated from measured results. Both curves have very similar shapes having
minima around 18K.

Figure 4.11: Results of RTerm + Rcont PLHL measurement. High temperature
region was measured in the first cooling. Then, low temperature region was
measured after disassembling the whole setup once. Black curve shows calculated
Rcond HL and grey zone represents error region due to length uncertainty.
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Figure 4.12: Results of 2RTerm + Rcont HLHL measurement. Black curve shows
calculated Rcond HL1 + Rcond HL2 and grey zone represents error region due to
length uncertainty.

Figure 4.13: Obtained thermal resistances of RTerm + Rcont PLHL and 2RTerm +
Rcont HLHL. Error bars are mainly due to length uncertainty.
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4.2.4 Spring constant

The spring constant is an important factor to discuss vibration transfer. In can-
tilever shape, the spring constant of a cylindrical wire, k, is generally expressed
as

k = 3
EI

L3
= 3

E

L3

πr4

4
, (4.8)

where E, I, L, and r are Young’s modulus, the moment of inertia of area, length,
and radius of a wire.

Gathering thin wires results in reducing the spring constant. If N thin wires
are lined up in parallel, the combined spring constant kN is written as

kN = N × k1 = N × 3
E

L3

πr41
4

, (4.9)

where k1 and r1 are the spring constant and radius of a thin wire. When the total
cross-sectional area of single wire and thin wires are the same, i.e. πr2 = Nπr21,
kN has a relationship with k as

kN =
1

N
k. (4.10)

Equation (4.10) tells us that it is possible to effectively decrease the spring con-
stant by gathering many thin wires. Therefore, this approach enables to achieve
soft connection‡3. This is the reason why we have made the stranded cable type
heat link as shown in figure 4.3. Experimentally, it was confirmed that the spring
constant of our heat link was decreased to 1/43 by gathering thin wires when it
is compared with single wire with same cross-sectional area [53,69].

‡3Size effect also needs to be considered.
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4.3 Cooling result

In this section, cooling results of the ETMY are analyzed using measured results
reported in section 4.2.

4.3.1 Cooling curve

We performed the cooling test of Y-end Test Mass (ETMY) in spring of 2018.
Figure 4.14 shows the cooling curve of the cryopayload for several stages. The
gradients of cooling curves of cryopayload were changed around 70 − 80K. As
discussed in section 4.1.3, it seems that thermal radiation is dominant above those
switching temperatures. It is also considered that steep inclination after those
temperatures occurred because of following two features: increase of thermal
conductivity and decrease of specific heat.

Before reaching minimum temperatures, one cryocooler for the suspension en-
tered a quasi-stable state and temperature of its cold head stopped at 23K. Since
two cryocoolers are connected to the cryopayload as explained in section 3.3.2, it
is assumed that the temperature distribution inside the cryostat caused an inbal-
ance of heat flow. We then once stopped those cryocoolers and restarted them
again. Finally, the sapphire TM reached 17.8K and the IM reached 14.9K [12].

4.3.2 Heat flow estimation

Figure 4.15 shows the final temperature distribution during the cooling process.
This is when the laser was not injected. The temperature difference between
Cooling Bar (CB) and TM was over 10K. Even if there is no laser absorption,
thermal radiation from apertures enters TM, however, this value was reported as
50mW in total [71]. This small value doesn’t apparently explain the temperature
gradient in figure 4.15. One of the easiest and the most reasonable explanation
for such a large temperature gradient is unexpected heat flow.

Assuming that temperature gradient is caused by heat flow, the values are
estimated for four paths shown in figure 4.15. Paths are: (1) TM to IM, (2) IM to
MNR, (3) TMR to MNR, and (4) MNR to CB. In figure 4.15, △ and □ represent
thermal resistances of RTerm + Rcont PLHL and 2RTerm + Rcont HLHL, respectively.
Necessary information for calculation such as the number of conductors, geome-
try, and thermal conductivity are summarized in table 4.1.
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Figure 4.14: Cooling curve of the cryopayload [12]. One cryocooler for the
suspension entered a quasi-stable state and temperature of its cold head stopped
at 23K. We then once stopped conductive-cooling-cryocoolers and restarted them
again.

Figure 4.15: Final temperature distribution. △ and □ represent thermal resis-
tances of RTerm + Rcont PLHL and 2RTerm + Rcont HLHL, respectively. The tem-
perature difference between CB and TM was over 10K.
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Path (1): I first explain the story of sapphire fiber. Four sapphire fibers suspend
the TM from the IM stage as explained in section 3.2.4. A sapphire fiber consists
of three parts: two nail heads and a rod, and they are bonded with Sumice-
ram adhesive. The thermal conductivity of Sumiceram-bonded sapphire fiber is
measured as shown in figure 4.16 [72]. Figure 4.16 shows two kinds of measured
results: blue dots are the thermal conductivity of the sapphire rod and orange
dots are the one between two nail heads including the effect of the Sumiceram
bonding. In this dissertation, the latter data is used to reflect practical situation.
Heat flow from the TM to IM was calculated as

P(1) = ∆T/RSapphirefiber = (17.8− 14.9)/16.1 = 0.18W. (4.11)

RSapphirefiber was calculated using equation (4.5) and table 4.1. The value having
error bar is shown in table 4.1. The dominant factor of error bar was accuracy
of thermometers which was ± 0.5K.

Path (2)-(4): Since the temperature of the MNR stage was missing, it is not
possible to calculate heat flows in the paths (2)−(4) as path (1). Therefore, as-
suming that the temperature of the MNR is TMNR, we first build three equations
as follows:

P(2) = (14.9− TMNR)/R(2), (4.12)

P(3) = (14.4− TMNR)/R(3), (4.13)

P(4) = (TMNR − 7)/R(4), (4.14)

where Pi and Ri are heat flow and thermal resistance of path (i). If we assume
that P(4) = (P(2) + P(3))/2 (P(4) is a path for one cryocooler), we can solve
these simultaneous equations. Thermal resistances also need to be somehow
decided. In figure 4.15, the CB and IM are at 7.0K and 14.9K, respectively,
so temperature of the MNR is estimated within those temperatures. According
to figure 4.4, the thermal conductivities of the heat link was 16900W/m/K and
15700W/m/K at 7.0K and 14.9K, respectively, and the peak was at around
10K. Therefore, 17100±1400W/m/K was assumed for the thermal conductivity
of heat links as it was an intermediate value of the maximum and minimum values
within the above temperature range. Contact thermal resistances of △ and □
depending on temperature of the stages were used. For the MNR stage, 0.6K/W
and 1.7K/W were assumed for △ (= RTerm + Rcont PLHL) and □ (= 2RTerm +
Rcont HLHL), respectively.
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Figure 4.16: Thermal conductivity of sapphire fiber [72].

Path Material l [mm] S [mm2] κ [W/m/K] Heat flow [W]
(1) Sapphire 350 8.04 2700± 500 0.18± 0.1
(2) Al HL 1000 24.2 17100± 1400 0.9± 0.3
(3) Al HL 700 24.2 17100± 1400 1.0± 0.5
(4) Al HL 400+400 12.1 17100± 1400 0.9± 0.2

Table 4.1: Sumary of heat flow calculation. Path: (1) TM to IM, (2) IM to
MNR, (3) TMR to MNR, and (4) MNR to CB. Note that path (4) is for one
cryocooler. The dominant factor of error bar was accuracy of thermometers,
which was ±0.5K.

Calculation results are summarized in the right column of table 4.1. Heat
flows in the TM and RM chains were expected to be approximately 1W for
each. These values were unexpectedly large.



66 Chap.4 Suspension Cooling and Heat Link

4.4 Vibration inflow via heat links

As mentioned in section 4.1.3, the heat link could introduce vibration to the cry-
opayload because it is connected to the vibration-isolated stage. This section first
explains the calculation flow of vibration transfer, calculate the transfer function
of the heat link using the Finite Element Method, and estimate displacement
noise contribution due to heat link.

4.4.1 Calculation flow of vibration transfer

Schematic view of the calculation flow is shown in figure 4.17. Input vibration
is vibration of the Cooling Bar (CB). Vibration of the CB is transmitted to
the Marionette Recoil (MNR) via heat links. Vibration of the MNR is finally
transmitted to Test Mass (TM) via Platform (PF), Marionette (MN), and Inter-
mediate Mass (IM). A series of these flow can be expressed as:

DispTM = DispCB × HHL × HMNR→TM, (4.15)

where DispTM, DispCB are vibrations of the TM and CB. HHL and HMNR→TM

are mechanical transfer functions (TFs) of the heat link and the payload from
the MNR to TM. Horizontal and vertical degrees of freedom were considered for
each parameter.

Figure 4.17: Schematic view of the calculation flow of vibration transfer.
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For displacement noise estimation in this section, the measured data is used
for vibration of the CB. It was measured with accelerometers‡4 put near the
top of the CB in KAGRA. The measured results are shown in figure 4.18. The
mechanical transfer function of the heat links will be calculated in the following
subsections. The mechanical transfer function from the MNR to TM in the
cryopayload was calculated with SUMCOM‡5 as shown in figure 4.19 [73].

Figure 4.18: Vibration level of the CB. The broad peaks around 16Hz are due to
resonances of the radiation shield. Low-frequency regions were limited by noise
level of the accelerometer.

‡4Accelerometer MG-102S and preamplifier OSP-06 made by Tokkyokiki Co. were used.
‡5Rigid body modelling tool for suspension characterization developed for KAGRA.



68 Chap.4 Suspension Cooling and Heat Link

Figure 4.19: Mechanical transfer function from MNR to TM [73].

4.4.2 Calculation model of mechanical transfer function
of the heat link

To estimate the vibration inflow through the heat link, the mechanical transfer
function from the CB to MNR is necessary. The CB is fixed, however, the MNR
is supported by the suspension and vertical spring, so these constraint conditions
must be taken into account. Vibration directions to be considered are horizontal
and vertical. The situations are summarized in figure 4.20 for horizontal and
figure 4.21 for vertical directions. The cryopayload is assumed to be a point
mass.

In figure 4.20, an equation of horizontal motion of the cryopayload is derived
as

mẍ = −mg
x

l
− kh(x−X). (4.16)

Applying Fourier transform to equation (4.16) yields
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Figure 4.20: Horizontal constraint condition. It is assumed that the pendulum
supports the cryopayload.

x̃

X̃
=

ω2
h

−ω2 + ω2
sus + ω2

h

,

(
ω2
h =

kh
m

, ω2
sus =

g

l

)
. (4.17)

At DC region, equation (4.17) can be written as
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h
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In figure 4.21, an equation of vertical motion of whole system of Type-A is
derived as

Mz̈ = −kF0z − kv(z − Z). (4.19)

Applying Fourier transform to equation (4.19) yields
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At DC region, equation (4.20) can be written as
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=

ω2
v

ω2
F0 + ω2

v

. (4.21)
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Figure 4.21: Vertical constraint condition. It is assumed that the vertical spring
at the F0 stage supports whole suspension of TypeA.

In equations 4.17 and 4.20, all values except kh and kv are known values, they
are summarized in table 4.2. Therefore, by calculating spring constants kh and
kv, it is possible to obtain mechanical transfer functions of the heat link.

m 200 kg
M 600 kg
l 13m

kF0 2130N/m

Table 4.2: Summary of parameters for mechanical transfer functions of the heat
link.

4.4.3 Spring constant calculation by FEM modal analysis

Spring constants kh and kv were calculated by Finite Element Method‡6 modal
analysis. With the theory of the single harmonic oscillator, the spring constant is
calculated from the resonant frequency, f , as k = m(2πf)2. The setup shown in

‡6The FEM first divides an object into finite numbers of elements and then solves a series
of linear equations of motions for each element. Even if the shape of the object is difficult to
solve analytically, the FEM enables to reveal its behavior. This study used ANSYS Mechanical
Enterprise managed by Computing Research Center in KEK.
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figure 4.22 was adopted. A secondary twist was assumed instead of the heat link
with seven parallel secondary twists because it was obvious that spring constant
of the heat link was just seven times larger than the spring constant of the
secondary twist. The geometry of the secondary twist including height difference
and distance between the CB and point mass (=cryopayload) was the same as the
practical relationship. A blue object was a substitute for the cryopayload, which
moves only in the calculating degree of freedom. The material properties used
are shown in table 4.3. According to section 4.2.4, the spring constant became
43 times smaller than a single wire with same cross-sectional area, therefore,
this effect was incorporated into the analysis by reducing Young’s modulus of
aluminum from 68GPa to 68/43=1.58GPa.

Spring constants kh and kv were finally obtained as summarized in table 4.4.
Vertical spring constant seemed to be about 20 times smaller than the horizontal.

Figure 4.22: Schematic view of calculation setup. A secondary twist was used
instead of the heat link. Geometry of wire was the same as the practical rela-
tionship.



72 Chap.4 Suspension Cooling and Heat Link

Density 2.7 g/cm3

Young’s modulus 1.58GPa
Poisson ratio 0.35

Table 4.3: Material properties used in the modal analysis for aluminum secondary
twist. Typical Young’s modulus of 68GPa for aluminum is decreased by 43
according to section 4.2.4.

Horizontal 1.249× 10−1N/m
Vertical 7.421× 10−3N/m

Table 4.4: Obtained spring constants by modal analysis. Vertical spring constant
is about 20 times softer than the horizontal.

4.4.4 Mechanical transfer function calculation by FEM
frequency response analysis

The mechanical transfer function of the heat link can be easily calculated from
the spring constant in the case of a simple harmonic oscillator. However, It is
difficult to incorporate the effects of higher-order resonance modes analytically.
Therefore the mechanical transfer function was calculated by FEM frequency
response analysis.

The results of frequency response analysis are greatly affected by mechanical
Q factor in general. It is known that the smaller Q factor, the greater the loss
and the worse the vibration attenuation performance at high frequencies. In the
following calculations, viscous damping was assumed as the type of damping and
Q factor of 300 was used‡7‡8, which was reported in previous studies as Q factor
of 5N single wire [74].

First, mechanical transfer function in case of figure 4.22 was calculated. The
input was force in frequency response analysis, so the calculation results were
force to displacement transfer functions. However, since displacement to dis-
placement transfer functions were necessary, they were normalized to be unity
at DC. Normalized mechanical transfer functions are shown in figure 4.23. No

‡7The critical damping ratio ξ = 1/2Q is usually used in ANSYS.
‡8Q factor of 300 might be too high because it is expected that a strand of many thin wires

could have large friction loss inside strand.
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Figure 4.23: Obtained displacement to displacement transfer function. They
were normalized from force to displacement transfer function.

peak of higher-order mode was observed. It was considered that the point mass
was heavy enough to ignore the stiffness of the secondary twist.

In equations (4.17) and (4.20), the peak frequency ωres of the transfer function

is given by ωres =
√

ω2
sus/F0 + ω2

h/v. These resonant frequencies are combined

values of the constraint condition and aluminum heat link. ωsus, ωF0, ωh, and ωv

were calculated as equation (4.22).
ωsus = 0.87, (fsus = 140mHz)

ωF0 = 1.9, (fF0 = 300mHz)

ωh = 2.5× 10−2, (fh = 4.0mHz)

ωv = 6.1× 10−3, (fv = 0.97mHz)

(4.22)

ωh and ωv are the resonant frequencies of one secondary twist, however, four
heat links will be connected to the cryopayload, so they need to be multiplied by
7×4 = 28. Even so they are still much smaller than ωsus and ωF0, therefore, peak
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Figure 4.24: Shifted figure 4.23 to have resonances at f = 1
2π

√
ω2
sus/F0 + ω2

h/v. kh

and kv were multiplied by 28 because four heat links will be connected to the
cryopayload in total.

frequencies are almost determined by the condition of constraints. In this case,

the transfer functions of the heat link don’t have resonances at f = 1
2π

√
ω2
h/v as

shown in figure 4.23, but have resonances at f = 1
2π

√
ω2
sus/F0 + ω2

h/v. Therefore,

figure 4.24 is obtained if we shift figure 4.23 to the high-frequency side so that it
has resonances at these frequencies.

At last, DC gains must be adjusted. Considering equations (4.18) and (4.21)
with tables 4.2 and 4.4, DC offset values were calculated. Therefore, the mechan-
ical transfer functions of the heat links were finally calculated as figure 4.25.



4.4. Vibration inflow via heat links 75

Figure 4.25: DC offset figure 4.24. Due to low spring constant of heat links in
vertical, DC gain of vertical transfer function is largely reduced, however, this
advantage seems to become small at high frequencies because of a relatively high
resonant frequency.



76 Chap.4 Suspension Cooling and Heat Link

4.4.5 Deterioration of sensitivity

Vibration inflow via heat links can be calculated by equation (4.15). Vibration
of the CB, DispCB, mechanical transfer function of the heat link, HHL, and me-
chanical transfer function from MNR to TM, HMNR→TM, were given in figure 4.18,
figure 4.25, and figure 4.19, respectively.

Since the KAGRA tunnel has an inclination of about 1/300 for water drainage,
the direction of gravity is not perpendicular to the laser beam. Therefore, there
is a coupling between horizontal and vertical. In this calculation, we assumed a
stronger coupling ratio of 1/100, used commonly.

The results are summarized in figure 4.26. Blue and orange lines represent the
displacement noise contribution caused by transmitted vibration via heat links
for each degree of freedom. Red line is sum of them. As is clear from figure 4.26,
it was found that vibration inflow via heat links can largely deteriorate the design
sensitivity of KAGRA. As indicated by the overlap of the orange and red lines,
vertical vibration inflow is problematic in the observation frequency band.

Figure 4.26: Comparison of sensitivity and vibration noise via heat links.
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Figure 4.27 shows detectable volume calculated by sensitivity curve. Black
and green lines were calculated by design sensitivity of KAGRA and deteriorated
sensitivity due to heat link connection, respectively. Grey zone represents mass-
gap region. Since the effect of the heat link was at low frequencies as shown
in figure 4.26, it largely decreases the detectable volume for heavy black holes
within mass-gap region. The number of detectable events is proportional to the
volume, therefore, for 50− 50M⊙ and 100 − 100M⊙ black hole mergers, it was
estimated that number of detection will be decreased to aproximately half and
1/40, respectively.

Figure 4.27: Comparison of detectable volume as a function of a component
mass. Black and green lines were calculated by design sensitivity of KAGRA
and deteriorated sensitivity due to heat link connection, respectively. Grey zone
represents mass-gap region. Connection of heat links seems to largely decrease
the detectable volume in mass-gap region.
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4.5 Target of the study

As seen in figure 4.26 and 4.27, it was revealed that direct connection of the heat
link makes the detector sensitivity worse and decreases the number of detectable
events. On the other hand, heat links are essentially important for achieving
cryogenic mirrors and reducing thermal noise. Therefore, the reduction of vibra-
tion inflow via the heat link has to be considered.

There are several ways to accomplish this purpose, but we install a new vi-
bration isolation system called Heat Link Vibration Isolation System (HLVIS)
to attenuate vibration transfer via heat links. This system should reduce vibra-
tion transfer, however, should not interfere with heat flow. Therefore, HLVIS
must be considered from the viewpoints of mechanical and thermal aspects. For
the mechanical aspects, the vibration attenuation performance of HLVIS needs
to be evaluated at cryogenic temperature and the spring constant of the heat
link, calculated by FEM, needs to be replaced with measured value for realistic
estimation of vibration inflow. For the thermal aspect, heat links inside HLVIS
need to be carefully arranged and the thermal design needs to be practically
confirmed by the cooling test in KAGRA.

By conducting the above points one by one, I aim to reduce the vibration
inflow below the noise requirement line, which is 1/10 of the sensitivity, and
realize a low-vibration cryogenic mirror. This achievement will contribute to a
significant improvement in the number of black hole detections, especially for
the mass-gap region.
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Chapter 7
PERFORMANCE TEST OF HLVIS
IN KAGRA

Eight HLVISs in total have been installed in four cryostats of KAGRA during
2018 − 2019, and integrated cooling tests with cryopayloads were performed
in the summer of 2019. Afterwards, interferometer commissioning was started
towards the observing run O3. Finally, the observing run, called O3GK, was
jointly performed by KAGRA and GEO600 in April 2020. This chapter first
overviews assembly and installation works of the HLVIS and considers results
of the integrated cooling test. Furthermore, vibration inflow via heat links is
discussed with the current best sensitivity in O3GK and the sensitivity estimated
for O4.

7.1 Assembly and installation of HLVIS

Assembly and installation works of the HLVIS were started in the summer of
2018 at Input-X cryostat (IXC) and completed in the spring of 2019 at End-
X cryostat (EXC). All assembly works were carried out in the clean booth.
Assembly procedure is briefly overviewed below.

The security frame was first assembled. The inner chain was connected from
the bottom to the top. Flexible heat links and 6N aluminum thin plates were
installed on the inner chain and the security frame, respectively. Two thermome-
ters were placed on the bottom security ring of the security frame and the 3rd
stage of the inner chain.

It took about three days to complete assembly for one HLVIS. After assem-
bling two HLVISs, they were installed into the cryostat. In order not to damage
HLVISs and cryostat, installation frame, which has been used for cryopayload
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Figure 7.1: Assembled HLVIS. Low-magnetism Solblack has been coated. Flex-
ible heat links and 6N aluminum thin plates were mounted on the inner chain
and security frame, respectively. Blue small cylinders are babble levels.
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installation, was used to install HLVISs. The inner chain was fixed with screws
to the security frame before the installation work. It was mounted on a cart
on the installation frame and carried into the cryostat (figure 7.2). Then, the
HLVIS was lifted up by two people and the third person fixes it to the beam of
the ceiling of radiation shield with three M10 screws. The same procedure was
repeated for the second HLVIS. Finally, thermometer wires were connected to
the Burndy port, if Cryocon showed the correct value, the installation process
was complete (figure 7.3).

Figure 7.2: HLVIS was mounted on a cart on the installation frame for movement
into the cryostat at IXC.
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Figure 7.3: Final layout inside cryostat. Cryopayload were installed after HLVIS
installation. Heat links between HLVISs and cryopaylaod were connected just
before closing the cryostat.
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7.2 Cooling Test with HLVIS

After installing HLVISs, integrated cooling tests were performed in all cryostats.
Here, focusing on the End-Y cryostat (EYC), thermal design of the HLVIS was
practically evaluated.

7.2.1 Heat flow estimation

Cooling curves were obtained as shown in figure 7.4. It took about 27 days to
reach the minimum stable temperature. The final temperature distribution was
as shown in figure 7.5. These temperatures were measured when the interfer-
ometer was not operating, therefore, the condition is the same as in the case of
figure 4.15. As done in section 4.3.2, assuming that the temperature distribution
was generated by heat flow, heat flow was calculated as summarized in table 7.1.
Estimated heat flow in table 7.1 was consistent with previous results in table 4.1
within error bar.

Figure 7.4: Cooling curve obtained during the EYC integrated cooling test. Cool
down time was 27 days to reach a stable temperature.
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Figure 7.5: Final temperature distribution inside EYC after the integrated cool-
ing test. Red arrows represent heat flow for five paths. Note that path (4) and
(5) are for one cryocooler.

Path Material l [mm] S [mm2] κ [W/m/K] Heat flow [W]
(1) Sapphire 350 8.04 4400± 700 0.36± 0.2
(2) Al HL 1000 24.2 14000± 2300 1.1± 0.5
(3) Al HL 700 24.2 14500± 1000 1.1± 0.5
(4) Al HL 450 12.1 17000± 1000 0.99± 0.44
(5) Al HL 750 24.2 18300± 200 1.1± 0.3

Al plate 750 60 34800± 200

Table 7.1: Results of heat flow calculation. Thermal conductivity of sapphire
is the one including the effect of Sumiceram bonding (see figure 4.16). Note
that path (4) and (5) are for one cryocooler. Main contribution of error bar is
temperature accuracy of thermometer.
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7.2.2 Discussion

While the IM temperature before installing HLVISs reached at 14.9K, it stopped
at 18.7K after the installation. Temperature of the IM stage increased by +3.8K.
Here, we consider whether this temperature increase can be explained by exis-
tence of HLVIS.

The designed thermal resistance value was 3.0K/W as explained in section ??.
The heat flow inside one HLVIS was estimated as 1.1± 0.3W in table 7.1. Since
temperature increase was calculated by product of thermal resistance and heat
flow, an increase of the IM temperature, ∆TIM, can be estimated as

∆TIM = RHLVIS × P = 3.0× (1.1± 0.3) = 3.3± 0.9K. (7.1)

It seems that equation (7.1) explains the observed result within error bar. There-
fore, we can conclude that thermal design of the HLVIS was as designed.

However, due to unexpected heat flow of about 1W, TM may heat up which
can be a serious problem. In this situation, IM cannot keep 16K, which is
required value to cool TM at 22K when TM absorb heat input of 0.724W. Re-
flecting these facts, we consider the realistic sensitivity for near future observing
run O4 in section 7.3.2.

On the other hand, in order to achieve 16K at the IM stage when full power
laser is injected, it is indicated that improvements of the heat link such as length,
number, and layout are strongly required. Details of these future tasks are
presented in section 8.1.3.
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7.3 Contribution of HLVIS in the past and fu-

ture observation

The impact of HLVIS has been discussed based on design sensitivity so far. In
this chapter, it is compared with O3GK sensitivity first and then O4 feasible
sensitivity, which is calculated reflecting current issues.

7.3.1 O3GK

On February 25th, 2020, prior to O3GK observation, KAGRA started its first
official observing run with a maximum binary neutron star (BNS) range of ap-
proximately 600 kpc [28]. The interferometer configuration was PRFPMI at this
time. On March 10th, the observing run was temporarily stopped to adjust the
alignment of the interferometer and proceed the noise investigation. After this
commissioning break of about one month, KAGRA achieved about 1Mpc in BNS
range and resumed the observation on April 7th. This latter observation lasted
until April 21st with GEO600 in Germany. This is called O3GK observing run.

In figure 7.6, green line shows O3GK sensitivity. Comparing it with the design
sensitivity (black line), it is obvious that a large improvement is still necessary.
Blue line shows vibration inflow via heat links estimated when HLVIS is not in-
stalled. Although the detector sensitivity was not seemingly limited by vibration
inflow via heat links in O3GK, the vibration inflow will be large problem in O4
because KAGRA is aiming to achieve further better sensitivity shown by red line
in figure 7.6. However, blue line is already suppressed to orange line by HLVIS
installation, therefore, it can be concluded that the O4 sensitivity will not be
limited by vibration inflow via heat links.
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Figure 7.6: Comparison of several sensitivity curves and vibration inflow. Black
solid and broken lines are KAGRA design sensitivity and noise requirement curve,
green and red lines shows O3GK and estimated O4 sensitivities. Blue and orange
lines are vibration inflow via heat links with and without HLVIS. Pink arrows
represent reduction in vibration inflow by HLVIS.
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7.3.2 O4

At the time of writing this dissertation, detector configuration of KAGRA in O4
is still under discussion. However, as already mentioned in section 7.2, tempera-
ture was increased by 3.8K at IM stage by installing HLVISs and about 1W of
unknown heat was also found. Furthermore, although it is not mentioned so far,
a frosting issue has been observed in KAGRA. This issue is that thick molec-
ular layers are accumulated on Test Mass surface, and it reduces the finesse of
the KAGRA arm cavity and finally makes the detector sensitivity worse. Since
arm finesse drops around 30 − 40K [80], it seems the cause is residual nitrogen
according to reference [81,82].

Considering both issues, TM should not be cooled below 40K in the current
situation. Therefore, O4 sensitivity was estimated in the case of TM at 40K.
Moreover, the following improvements in O4 were considered for sensitivity cal-
culation [83].

• Detector configuration: DRFPMI

• Input power: 300W at BS‡1

• Laser frequency and intensity noise: 1/10 of O3GK

• Uknown excess noise: 1/40 of O3GK

Here, TM temperature is calculated when input power is 300W at BS. Heat
input into TM can be calculated by equation (??).

Pabs = 2βsubtTMPmich + γcoaPcirc + Prad (5.17)′

Since Prad = 50mW is thermal radiation from apertures, it always exist whether
laser is injected or not. So, remaining two terms in the right-hand side of
equation (??) should be considered. Pmich is half of PBS = 300W; Pmich = 150W
in O4. Therefore, increase of Pabs from when laser is injected, ∆Pabs, is calculated
as

∆Pabs = 0.3W. (7.2)

Repeating same calculation with table 7.1, we have estimated TM temperature
when input power is 300W at BS as

‡1Preparation status of high power laser and optical loss were considered. Moreover, input
power is not so critical for O4 sensitivity.
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T300W at BS = 28K. (7.3)

This temperature is obviously lower than frosting temperature, so frosting might
happen if the setup is kept as it is. However, there is a 100Ω heater made by
nichrome wire on the IM stage, and it can be used to keep TM temperature high
at 40K. Therefore, it can be concluded that 40K Test Mass is feasible in O4.
Sensitivity curve estimated based on these discussion was shown with red curve
in figure 7.6.

Figure 7.7 shows comparison of detectable volume using estimated O4 sensi-
tivity curve. Red solid and broken lines are detectable volume with and without
HLVIS. It is expected that HLVIS improves detectable volume, namely number
of detections, by a factor of 1.5 and 11 for 50−50M⊙ and 100−100M⊙ objects,
respectively, in O4.

Figure 7.7: Comparison of detectable volume with and without HLVIS in O4.
Black solid line is detectable volume calculated by design sensitivity. Red solid
and broken lines are detectable volume in O4 with and without HLVIS, respec-
tively.
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Chapter 8
CONCLUSION

8.1 Future Prospects

8.1.1 Further reduction of vibration inflow

Although HLVIS greatly reduced vibration inflow via heat links, several peaks at
around 10Hz and 16Hz were still over the noise requirement curve. One way to
reduce these vibrations can be to make the HLVIS four stages. If new springs are
designed to achieve 2Hz−4 stages suspension in the vertical direction, the slope
will be much steeper and the vibration can be reduced below the requirement.

8.1.2 Towards surging-free system

As seen in figure ??, the surging phenomena of the spring makes the vibration
isolation performance of the HLVIS worse above 20Hz. These surging are not
problematic at this moment, but may become a problem in future when KAGRA
will be upgraded and aim to improve the sensitivity at low frequency.

In order to prevent surging, a non-linear spring is effective. This is because the
resonant frequency of the non-linear spring changes while shock wave propagates
along the spring wire [84]. A spring with a non-uniform pitch is considered as a
non-linear spring, and it can be manufactured industrially.

8.1.3 Reduction of thermal resistance

In section 7.2, it was revealed that there was unexpected heat flow. In parallel
with the identification of the origin, it is also important to consider how to
extract heat flow effectively. For that, the thermal resistance of the heat link
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should be smaller. Since total thermal resistance is decided by conductor and
contact, both reduction should be considered.

As measured in section 4.2.3 and calculated in section ??, contribution of con-
tact thermal resistance are not negligible. Therefore, longer heat links should
contribute to reduce thermal resistance since the number of connection can be
reduced. The number of heat links in parallel also should be reconsidered, how-
ever, vibration attenuation performance should also be taken into account for
that.

8.2 Conclusion

In this study, I have studied the impact of the heat links to KAGRA. The heat
links are indispensable for KAGRA to achieve cryogenic sapphire Test Mass
while there was a problem that they introduce vibration from the cryostat to
the vibration isolated part, i.e. cryopayload. Although this problem has been
actually pointed out in the previous researches, I showed a substantial solution
to overcome this problem by developing the vibration isolation system for the
heat link (HLVIS) for first time in the world in this dissertation. The design of
the HLVIS is considered from mechanical and thermal aspects.

The requirement of the mechanical performance was to reduce vibration in-
flow via heat links below 1/10 of the design sensitivity. The mechanical transfer
functions were measured for the horizontal and vertical directions at 16K to ver-
ify practical mechanical performance in cryogenic environment. In the horizontal
direction, although vibration attenuation performance above 10Hz was slightly
deteriorated by coupling with other degrees of freedom between 3 − 8Hz, its
slope was as expected. In the vertical direction, the surging phenomena in the
tension springs deteriorated the performance above 20Hz, however, the slope
was as expected between 10 − 20Hz, that is the most crucial frequency band
for vibration inflow via heat links. The spring constants of the heat link were
also practically measured as 1.0N/m for horizontal and 0.22N/m for vertical di-
rections. Reflecting the above results, we estimated vibration inflow via HLVIS
and confirmed that all peaks were suppressed under the design sensitivity in the
observation frequency band. The suppressed vibration is still close to the design
sensitivity so it is also indicated that further modification will be necessary in
future. Thermal performance was evaluated by the integrated cooling test after
the installation of the HLVIS in KAGRA. Although temperature of the cryopay-
load was slightly increased, it was considered that the thermal resistance of the
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HLVIS was as designed. On the other hand, unexpected heat flow was found but
the cause is still under investigation.

The impact of HLVIS was discussed not only with design sensitivity but also
using O3GK and O4 sensitivities. Reliable sensitivity in O4 was estimated by
considering issues of the unexpected heat flow and a frosting. As a result, vi-
bration inflow via heat links was not seemingly problematic in O3GK, however,
O4 sensitivity would be greatly deteriorated if HLVISs were not installed. All
HLVISs were installed into the KAGRA cryostat already, therefore, it is esti-
mated that vibration inflow via heat links will not be problem in O4.

Installation of the HLVIS allows us to improve the detector sensitivity. The
number of detectable events, which is proportional to volume, is expected to
be improved by a factor of approximately 2 and 40 for 50 − 50M⊙ and 100 −
100M⊙ binary black holes, respectively, in the design sensitivity. In O4 obser-
vation, about 1.5 and 11 times improvements are expected for 50 − 50M⊙ and
100 − 100M⊙ binary black holes, respectively. These achievements by develop-
ing HLVIS is essentially important for observing mass-gap objects. This work
is essentially important not only for KAGRA but also for the next-generation
gravitational wave detectors such as Einstein Telescope. Besides, we are sure
that a part of this study will give new knowledge for low-vibration conductive
cooling to the artificial satellite [85] and particle accelerator fields [86].
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