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Introduction of CLIO
Laser interferometric GW detector with 
100m arm cavities.

Sited in Kamioka mine.

Cryogenic cooled sapphire mirrors.

Under 20K.

Constructed during 2002-2006.

Full operation has started in 
2006/02/18.
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LCGT & CLIO
LCGT is a future project in Japan.

Large-scale Cryogenic Gravitational wave Telescope

Laser interferometric GW detector with 
3000m arm cavities.

Sited in Kamioka mine.

Cryogenic cooled sapphire mirrors.

Under 20K.

GW from NS-NS binary coalescence 
can be detected several times in a year.
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Purpose of CLIO

We wish the first detection of GW and 
starting the GW astronomy by LCGT.

LCGT is a future project in Japan.

The underground site and the cryogenic 
mirrors are key features of LCGT.

The prime purpose of CLIO is 
demonstration of the keys.  
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Where is Kamioka?
KAMLAND

Super Kamiokande

CLIO

1.8km from the mine entrance

In the mine

LISM

Kamioka

We are here.

XMASS
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Sky view of CLIO

CLIO
LCGT

Super

Kamiokande

Kamland
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New tunnel for CLIO

2002/12
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Strain meter

2003/08. 8



Start of CLIO construction

Mode Cleaner install. 2003/12. 9



The 1st cryostat install

The inline end cryostat has been installed. 2004/09. 10



One arm has been completed.

Perpendicular arm has been completed. 2005/02.
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Vacuum system completed

2005/06

I would like to thank Mr. Sato (Ultra 
Finish Technology), Mr. Imura (SETEC) 
and Mr. Ichimura (TI) for assembling the 
vacuum system.
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Why Kamioka?
Tokyo

Kamioka

Amplitude of seismic motion
More than 100 times smaller seismic noise.

Quite stable temperature & humidity. 13



Kamioka observatory

Kamioka observatory, 
ICRR.

Established in 1983 for 
Kamiokande experiment.

We are supported a lot 
of things, infrastructure, 
safety management, 
facility and so on.

http://www-sk.icrr.u-tokyo.ac.jp/index-e.html
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LISM project
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LISM project 
(1999-2003)
Pioneer of GW detector 
in underground site.
20m prototype at NAOJ 
Mitaka replaced to 
Kamioka mine.

Blue: at Mitaka
Red: underground Kamioka 
Green: limit by isolation system

LISM displacement sensitivity
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Why cryogenic?
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CLIO target sensitivity curve
10 times smaller thermal noise is available.
The best solution for thermal lensing effect.

€ 

X 2(ω) ∝Tφ
X: amplitude of thermal noise

T: temperature
Φ: dissipation 
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Difficulties of cooling

Mirrors are always heated by laser absorption.

Mirrors are in high vacuum (10-5Pa) and low temperature.
No convection and no radiation for heat transfer.

Mirrors are vibration isolated.
Low suspension thermal noise is necessary.

Contamination, mirror control and so on. 

Difficult but challenged!
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History of cryogenic mirrors
Japan original!! 

1997 Stating of feasibility study at KEK. 
Sapphire mirror & fiber suspension.

2001 CLIK: Control of cryogenic 
Fabry-Perot cavity at Kashiwa.

2002~ CLIO: Sensitivity of cryogenic 
GW detector.

201? LCGT: Detection of Gravitational 
wave.

10cm

7m

100m

3000m
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History of CLIO
Constructed during 2002-2006.
Full operation started from 2006/02/18.
2006: Noise hunting at 300K.

not reached the mirror thermal noise.
80 hours data take in 2007/02.

Vela pulsar(22Hz) upper limit: 5.3×10-20.
2007: Full cryogenic operation.

All mirrors were cooled about 14K.
Sensitivity did not improved.

2008: Noise hunting at 300K.
Toward the mirror thermal noise again.
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CLIO 

Laser: NdYAG
1064nm, 2W 20



Optical configuration

Gravitational
Wave
Signal

Feed
Back

FB

FB

Most component designs and techniques are planted from TAMA300.

fm1

Feed
Back

MC1
Signal

R= - 43m

R= 30m

Option

for laser frequency 
stabilization

with coil actuators 
for length control
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Cryostat and Suspension
3 stages vibration isolation.

Mirror alignment control stage.

Magnet dumper
Single stage vibration isolation

Mirror alignment control stage.

Mirror
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Suspension

Sapphire mirror
 Φ100×60
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1: Mirror tank
1300×900×2500, weight: 4t

2: Cryogenic vacuum pipe
In oder to reduce radiation heat.
 φ300×500

The tanks for the near mirror have two cryogenic 
vacuum pipes at the both sides.

3: 4K 2 stage PT refrigerator, 0.5W at 4K.

4: 80K PT refrigerator, 100W at 80K.

a: Suspension stage
The suspension base is put on this stage.
300K

b: Radiation shields
There are two shields in the tank.
Outer (gold): 100K, Inner (silver): 8K. 

c: Radiation shield
There is one shield in the pipe. 
100K

Cryostat component

Inside of the cryostat

1 2

3

4

Outside of the cryostat
(for the end mirror)

a

b
c
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Cooling the mirror

Only thermal conductivity can be used 
for heat transfer.

Heat links must be connected between 
the suspension and the cryostat shield.

The heat links also transfer vibration at 
the shield to the suspension. Vibration 
isolation of the heat link is necessary.

1: Sapphire fiber or

Aluminum wire

2: Aluminum wire

3: Aluminum wire

Heat in the mirror 

goes to the shield 
through the thermal 
conductors 1, 2 and 3. 

1

2
3

Heat flow

20K

10K

8K
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Cooling example

8.8K
45K

!

"

#

$%

&

'

!

"

#

$%%

&

'

(
)
*
+
)
,-
./
,)
01
2
3

'%%&"%&%%$"%$%%"%%

(4*)0156/,3

12.9K
8.82K

62.9K

164

0788),0.6+
09/.),0.6+
0:,;6<=66>),0&8?05)-?
0"*0?/=.0*4?
0:,;6<@-A)
0B++),0*4,,6,
0C4,,6,

D),0-,*0)8?0*4,,6,
E.-,.F0&%%GH%!H&GI0$$F%"

63K

12.9K

26



Summary of cooling in 2007

Mirror Cooling 
time

Mirror 
temp

Heat in the 
suspension

Heat at the 1st 
cooling
2006/02

Inline end
176hour

start 
07/06/22,10:00

13.5K 40mW N/A

Inline 
near

174hour
start 

07/06/22,10:00
13.4K 36mW N/A

Per arm 
end

164hour
start 

07/04/27,11:05
12.5K 62mW#1 116mW

Per arm 
near

193hour
start 

07/08/16,12:30
13.8K 29mW 109mW

#1; No shield for radiation from the outer shield at 63K. 
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CLIO best sensitivity

Reach the thermal noises!!
CLIO displacement sensitivity curve
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Noise budget
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GW sensitivity

Dr. K. Yamamoto

Strain sensitivity
Observation range for compact 

star binary coalescence

2008/11/05
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Comments about sensitivity
DC ~ 20Hz: limited by the seismic noise.

-110dB of Vibration isolation ratio at 20Hz.
Comparable “strain sensitivity” with LIGO 4km.
Less than 0.1% of Vertical - Horizontal coupling (1% assumed for design).
Value of Kamioka site was shown again following LISM.

20 ~ 80Hz: limited by the suspension thermal noise.
105 of pendulum Q measured by wire resonances at 700Hz.
(May be) the 1st observation by a GW laser interferometer.

80 ~ 200Hz: limited by the mirror thermal noise.
Major dissipation source is thermoelastic damping of the sapphire substrate.
The amplitude is determined by material properties and the beam spot size.

Above 200Hz: the laser shot noise.
Unfortunately laser power was down to half at that time.
We got new one. Recovering interferometer is going now.

We are ready to see the thermal noise reduction by cooling.

CLIO is a fundamental noise limited interferometer.
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Sapphire mirror thermal noise

Eric D. Black et al., “Thermoelastic Damping Noise from Sapphire Mirrors 
in a Fundamental-Noise-Limited Interferometer”, PRL 93 241101 (2004).

put mirrors and acting only at low frequencies. Data were
collected from the error signals of the arm cavities, and
the difference between the two data streams was calcu-
lated in real time to remove any remaining laser fre-
quency noise or other common-mode noise. The
calibration of the instrument was described in detail in
a previous paper [20].

In our previous experiments with this interferometer
[20], we measured displacement noise using fused-silica
test-cavity mirrors. In this first configuration we charac-
terized a variety of noise sources and verified that what
appeared to be displacement noise really did originate
inside the test cavities. For the present experiment, we
replaced all four fused-silica test-cavity mirrors with
sapphire mirrors of the same geometry, replacing the
suspension wires at the same time with thicker ones to
keep the violin mode frequencies roughly the same. Any
difference, then, between the first and second noise spec-
tra should be due only to the difference between fused-
silica and sapphire substrates. The coatings on both sets of
mirrors were identical, both being SiO2=Ta2O5 coatings
of the same thickness, made by the same manufacturer
[21]. Each test-cavity had a finesse of approximately
10 000 and a transmission of 70%.

One aspect of using sapphire mirrors became clear
when we performed this measurement: Mechanical reso-
nances in the mirrors were much less problematic than
with fused-silica mirrors. With fused-silica mirrors in
our interferometer, we needed eight notch filters in the
arm-cavity servos to keep the lowest-frequency mirror
resonances from ringing up. The same resonances in
sapphire mirrors occur at nearly twice the frequencies
of those in fused-silica mirrors. Moreover, even though
the intrinsic Qs of sapphire mirrors are expected to be
higher than those of fused-silica optics, the in situ Qs are
largely determined by the suspensions and are not much
higher than those of the fused-silica optics. These two
effects combined to remove the mirror modes far enough
away, in frequency, from the unity-gain frequency of the
servo that no notch filters were required. The interferome-
ter thus operated much more stably with sapphire mirrors
than with fused-silica.

Results. Figure 2 shows a plot of the measured dis-
placement noise S1=2!!" in the interferometer, along with
predicted curves for the thermoelastic-damping noise and
coating thermal noise, and measured values of the shot
noise and electronic noise. No parameters were adjusted
in the theory to fit the data. We measured the shot noise in
our photodetectors by shining a heat lamp on them.

The thermoelastic-damping noise prediction agrees
well with the observed noise floor of this instrument
over approximately one decade in frequency, from
400 Hz to 5 kHz. The observed noise floor falls slightly
below the prediction between about 500 Hz and 1 kHz,
and the fit can be improved by adjusting the parameters !

and " by approximately 10%. This is not surprising, since
the values of ! and " reported in the literature often vary
by this much or more [18]. Note that the thermoelastic
characteristic frequency, !c=2# # 134 Hz, is low enough
that we cannot measure the thermoelastic-damping noise
below this frequency because of seismic noise. We are,
however, still able to observe the transition region be-
tween high- and low-frequency behavior.

It is important to separate coating thermal noise from
thermoelastic-damping noise if we are to make a defini-
tive measurement of the latter. We expect the coating
noise to fall well below the observed total noise curve
based on our previous measurements of the mechanical
losses in identical coatings [20]. The theoretical model we
use to calculate coating noise takes into account the
different Young’s modulus and Poisson’s ratio of the coat-
ing and substrate, and it admits the possibility that the
coating mechanical loss angle might be different for
strains parallel and perpendicular to the substrate-
coating interface. For a coating with thickness d,
Young’s modulus Ec, and Poisson’s ratio $c, the thermal
noise is [22]
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FIG. 2. Displacement noise [S1=2!!"] in the interferometer
with sapphire mirrors as a function of frequency f # !=2#.
Curve ‘‘A’’ is the total measured noise; ‘‘B’’ is the calculated
thermoelastic-damping noise; ‘‘C’’ is the expected coating
thermal noise; ‘‘D’’ is the measured shot noise; and ‘‘E’’ is
the electronic noise in the measurement, principally due to the
photodetectors. Curve ‘‘F’’ is the sum, in quadrature, of the
thermoelastic-damping noise and the shot noise. There are no
undetermined parameters in these curves. No fits to the data
were performed.

PRL 93, 241101 (2004) P H Y S I C A L R E V I E W L E T T E R S week ending
10 DECEMBER 2004

241101-3

Sapphire mirror thermal noise 
caused by thermoelastic damping 
has already observed.

The measured amplitude is 
consistent with theoretical 
prediction. 

Difference is only beam spot size.

CLIO: 4.9mm and 8.5mm.

Black et al.: 0.16mm.
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Compare with others 

CLIO displacement sensitivity is 
comparable with other detectors.

VIRGO uses very low frequency 
vibration isolation system.

 LIGO & VIRGO uses larger beam 
spot and fused silica mirrors for 
small thermal noise.

Long base-line is necessary to catch 
up “GW sensitivity”.

LIGO

4kmx2

2km

GEO

600m

Virgo

3km TAMA

300m

AIGO

80mx0.5

LCGT

3km

CLIO
100m
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2009

300K
Recover the sensitivity after the laser replacement.
Short term observation for data analysis group.
Preparation for mirrors cooling with TAMA 
members.

20K
Cool the mirror one by one.
Try to see the thermal noise reduction!!
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Summary
CLIO is a laser interferometric GW detector 
with 100m arms. 

Kamioka site and the cryogenic mirrors are key 
features of CLIO and LCGT.

Low seismic motion in Kamioka mine provides 
CLIO good sensitivity in low frequency region.

The prime purpose of CLIO is sensitivity 
improvement by cooling the mirror about 20K.

CLIO reached the suspension and mirror 
thermal noise at the room temperature in 2008.

In 2009, we will cool the mirrors again.
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