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The thermal fluctuation of mirror surfaces is the fundamental limitation for interferometric gravitational

wave (GW) detectors. Here, we experimentally demonstrate for the first time a reduction in a mirror’s

thermal fluctuation in a GW detector with sapphire mirrors from the Cryogenic Laser Interferometer

Observatory at 17 and 18 K. The detector sensitivity, which was limited by the mirror’s thermal fluctuation

at room temperature, was improved in the frequency range of 90 to 240 Hz by cooling the mirrors. The

improved sensitivity reached a maximum of 2:2� 10�19 m=
ffiffiffiffiffiffi
Hz

p
at 165 Hz.

DOI: 10.1103/PhysRevLett.108.141101 PACS numbers: 04.80.Nn, 95.55.Ym

Introduction.—Two hundred years ago, Robert Brown
investigated the random motion of small particles in water
[1]. This random motion is now understood to be an irre-
ducible natural phenomenon, and it creates a fundamental
limit on the precision of measurements, including the mea-
surement of fundamental constants, high-resolution spec-
troscopy and fundamental physics experiments using a
frequency-stabilized laser [2] and gravitational wave
(GW) detection by a laser interferometer with suspended
mirrors [3].

In the case of interferometric GW detectors, thermal
noise in the mirror typically limits the detector sensitivity
to approximately a few hundred Hz, which lies in the
important frequency region for the detection of GWs
from the binary coalescence of neutron stars. Although
kilometer-scale first-generation laser interferometric GW
detectors, such as the Laser Interferometer Gravitational-
Wave Observatory (LIGO) [4] and VIRGO [5], have
already performed several long-term observation runs, no
GW signal has yet been observed. The sensitivity must be
improved by 1 order of magnitude to be able to detect GWs
within a single year of observation.

According to the fluctuation-dissipation theorem [6], the
power of thermal fluctuations is proportional to both tem-
perature and mechanical loss. Thus, a mirror constructed of
a low-loss material operating at a cryogenic temperature
(a cryogenic mirror) is a good candidate for creating a

low-thermal-fluctuation mirror. Because of various diffi-
culties associated with implementing cryogenic mirrors in
interferometers, major effort has thus far been devoted to
finding low-loss materials at room temperature.
We originally proposed using a suspended sapphire mir-

ror cooled to less than 20 K for a GW detector [7], and we
have researched and developed this technique [8–15].
Here, we demonstrate for the first time a reduction in mirror
thermal fluctuations using this cryogenicmirror in aworking
GW detector. This reduction is the primary purpose of the
Cryogenic Laser Interferometer Observatory (CLIO) [16],
which is the first GW detector to use a cryogenic mirror.
Experiment.—CLIO was built at an underground site in

the Kamioka mine, which is located 220 km northwest of
Tokyo in Japan. CLIO is a Michelson interferometer with
100-m Fabry-Perot (FP) arm cavities, each consisting of
front and end mirrors [16,17]. The front mirrors are sus-
pended closest to the beam splitter and were cooled to 17
and 18 K for the sensitivity measurement reported in this
study. The end mirrors remained at 299 K.
The cavity mirror substrate material is sapphire. The

cylindrical substrate has a diameter of 100 mm, a thickness
of 60 mm, and a mass of 1.8 kg. One surface of the
substrate has a highly reflective multilayered film coating
of SiO2 and Ta2O5. The mirror is suspended at the
final stage of a six-stage suspension system [18], and
the length of the wire suspending the mirror is 400 mm.
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The suspension system is installed in a cryostat with two
layers of radiation shielding (an outer and an inner shield)
[18]. A two-stage pulse-tube cryocooler [19] cools the
outer and inner shields to approximately 70 and 10 K,
respectively. It took approximately 250 hours to cool the
mirrors, and the vacuum pressure was less than 10�4 Pa.

To cool the front mirrors, we changed the mirror sus-
pension wires from Bolfur to 99.999% purity aluminum to
provide higher thermal conductivity, and we added three
heat links to each suspension system [17]. Bolfur wire is an
amorphous metal wire made by Unitika, Ltd. with a
diameter of 50 �m. The aluminum wire used has a diame-
ter of 0.5 mm. The same aluminum wire was used for the
heat links, which provide thermal conduction between the
suspended masses (damping stage, cryobase, and upper
mass) and the inner shield in the cryostat [18]. The lengths
of the heat links between the inner shield and the cryobase,
between the cryobase and the upper mass and between the
damping stage and the inner shield were 315 mm, 115 mm
and 150 mm, respectively; each had one heat link.
Thermometers were attached to the cryobase and the upper
mass. We estimated the temperature of the mirror from the
temperatures of the cryobase and the upper mass and from
the thermal conductivity of the mirror suspension wires
and the heat link.

One 100-m FP cavity serves as a reference for the laser
frequency stabilization, and the length of the other 100-m
FP cavity is controlled to maintain the optical resonance
[16]. Coil-magnet actuators, consisting of magnets glued to
the mirror and coils facing toward the magnets, are used to
control the cavity length. The GW signal is included in the
feedback signal for this length control. In this study, the
sensitivity was characterized by the power spectrum

density of the displacement in units of m=
ffiffiffiffiffiffi
Hz

p
and is

calculated using the following three measurements: the

feedback signal, V=
ffiffiffiffiffiffi
Hz

p
, the loop gain of the length con-

trol system, and the response function of the coil-magnet
actuators, m=V.

The thermal fluctuation of a mirror surface is caused by
several different loss mechanisms. The thermoelastic
damping and the internal frictional loss of the sapphire
substrate and of the reflective coating films were consid-
ered in this study. In the case of the sapphire mirror at room
temperature, the largest loss mechanism is the thermoelas-
tic damping of the sapphire substrate (thermoelastic noise).
At temperatures below 20 K, the internal frictional loss of
the reflective coating films is expected to be the largest loss
mechanism.

The theory of thermoelastic noise [20,21] has previously
been validated experimentally [22]. The power spectrum
density (m2=Hz) of the thermoelastic noise in a mirror was
shown in Black et al. [22] and described as follows:

STEð!Þ ¼ 4ffiffiffiffi
�

p �2ð1þ �Þ2
�

kBT
2WJð�Þ; (1)

where Jð�Þ is

Jð�Þ ¼
ffiffiffi
2

p

�3=2

Z 1

0
du

Z þ1

�1
dv

u3e�u2=2

ðu2þv2Þ½ðu2þv2Þ2þ�2� ;
(2)

and � is

� ¼ !

!c

; (3)

where !c is

!c ¼ 2�

�CW2
: (4)

In these equations, ! is the angular frequency, � is the
thermal expansion coefficient, � is the Poisson’s ratio, � is
the thermal conductivity, �C is the specific heat per unit
volume, kB is the Boltzmann constant, T is the temperature
of the mirror, and W is the beam spot radius on the mirror.
In the case of the CLIO mirror at room temperature,
� � 1 is satisfied near 100 Hz. In this case, the power
spectrum density (m2=Hz) is simplified as follows:

S��1
TE ð!Þ ¼ 16ffiffiffiffi

�
p �2ð1þ �Þ2 kBT

2�

ð!�CÞ2
1

W3
: (5)

The power spectrum density (m2=Hz) of the thermal
noise in a mirror caused by the internal frictional loss
of the substrate and of the coating films was shown in
Nakagawa et al. [23] as follows:

SðfÞ ¼ 2kBTð1� �2Þ
�3=2fWE

�substr

�
�
1þ 2ffiffiffiffi

�
p ð1� 2�Þ

ð1� �Þ
�coat

�substr

�
d

W

��
: (6)

In this equation, E is the Young’s modulus, d is the
thickness of the coating films, and �substr and �coat are
the internal frictional loss of the substrate and of the
coating films, respectively.
Results.—For comparison, Fig. 1 presents both the dis-

placement sensitivity curve measured with the front CLIO
mirrors cooled to 17 and 18 K (cryogenic sensitivity;
CryoSens) as well as the curve without cooled mirrors
(room-temperature sensitivity; RoomSens). CryoSens and
RoomSens were measured on March 20, 2010 and
November 5, 2008, respectively. The loop gain of the
length control was measured immediately after each feed-
back signal measurement, and the response function of the
coil-magnet actuators was calibrated for each experimental
configuration. A sensitivity curve consists of frequency-
dependent noise floors and multiple line noises. The noise-
floor level of CryoSens from 90 Hz to 240 Hz is below the
noise-floor level of RoomSens. By reducing this noise-
floor level, the detection range for GW signals from the
binary coalescence of neutron stars in the optimal direc-
tion was improved from 150 kpc to 160 kpc. The noise
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floor at 165 Hz was reduced from 3:1� 10�19 m=
ffiffiffiffiffiffi
Hz

p
to 2:2� 10�19 m=

ffiffiffiffiffiffi
Hz

p
by cooling the front mirrors.

Discussion.—The noise floors of the two sensitivities
shown in Fig. 1 are very similar from 40 Hz to 90 Hz
and from 400 Hz to 5 kHz, although additional line noises
appeared in CryoSens. The line noise near 30 Hz results
from the mechanical resonance of the cooled front mirror
suspension systems. The line noise near 120 Hz and its
higher-order harmonics are also caused by mechanical
resonance in the suspension wires of the cooled front
mirrors. The line noise at 60 Hz and its higher harmonics
are similar to electric power line noise.
Figure 1 also shows the mirror thermal noise estimates

corresponding to each sensitivity measurement (CryoMT
and RoomMT), with the fitted lines for the noise floor in
the low-frequency region (the low-frequency noise model;
LFNM) and the high-frequency region (the high-frequency
noise model; HFNM).
The parameters for the thermal noise calculation are

summarized in Table I. We did not perform any fits to
the parameters. The RoomMT was calculated to be

3:7� 10�19 m=
ffiffiffiffiffiffi
Hz

p � ð100 Hz=fÞ. Because the mirror
thermal noise is larger with a smaller laser beam, the
thermal noise of the front mirror is approximately twice
as large as the thermal noise of the end mirror in the
RoomMT. The CryoMT was greatly reduced to

1:5� 10�19 m=
ffiffiffiffiffiffi
Hz

p � ð100 Hz=fÞ by the decrease in
the thermal fluctuation of the cooled front mirrors. If all
CLIO mirrors are cooled to 20 K, the mirror thermal noise

near 100 Hz should be reduced to 1:7� 10�20 m=
ffiffiffiffiffiffi
Hz

p �
ð100 Hz=fÞ1=2.
The LFNM was estimated from the noise floor of

CryoSens between 40 and 70 Hz and the noise floor
of RoomSens between 20 and 70 Hz, with a value of

3:7� 10�19 m=
ffiffiffiffiffiffi
Hz

p � ð100 Hz=fÞ2:5. A discussion of

TABLE I. Parameters for sapphire mirror thermal noise estimation

Objects Unit Room temperature Cryogenic

Mirror temperature K 299 17 and 18

Wfront Beam spot radius on front mirrors mm 4.9 4.9

Wend Beam spot radius on end mirrors mm 8.5 8.5

Material properties of Sapphire

� Thermal expansion coefficient [24,25] 1=K 5:4� 10�6 5:6� 10�9

�C Specific heat per unit volume [24] J=K=m3 3:1� 106 2:8� 103

� Thermal conductivity [24] W=m=K 46 1:6� 104

� Poisson’s ratioa 0.27 0.27

E Young’s modulus [10] Pa 40� 1010 40� 1010

�substr Mechanical loss [8] 1=4:6� 106 1=1:5� 108

�coat Mechanical loss in coating films [10] 4:0� 10�4 4:0� 10�4

d Thickness of coating films �m 3.9 3.9

aWe found various values for the Poisson’s ratio of sapphire between 0.23 and 0.30. We used the
averaged value.

FIG. 1 (color online). Comparison of CLIO displacement sen-
sitivity curves. Cryogenic sensitivity (CryoSens) was measured
with the front mirrors at 17 and 18 K and with the end mirrors at
room temperature (299 K). Room-temperature sensitivity
(RoomSens) was measured with all of the mirrors at 299 K.
CryoSens and RoomSens were measured on March 20, 2010 and
November 5, 2008, respectively. The magnified sensitivity
curves are shown in Fig. 2. Mirror thermal noise estimate curves
corresponding to each of the sensitivity measurements are also
shown (CryoMT and RoomMT). The CryoMT and the RoomMT
were estimated to be 1:5� 10�19 m=

ffiffiffiffiffiffi
Hz

p � ð100 Hz=fÞ and
3:7� 10�19 m=

ffiffiffiffiffiffi
Hz

p � ð100 Hz=fÞ, respectively. The low-
frequency noise model (LFNM) consists of the fitted lines for
the noise-floor level of CryoSens from 40 Hz to 70 Hz and for
RoomSens from 20 Hz to 70 Hz. The LFNM was estimated to be
3:7� 10�19 m=

ffiffiffiffiffiffi
Hz

p � ð100 Hz=fÞ2:5. The high-frequency
noise model (HFNM) consists of the fitted lines for the noise-
floor levels of both sensitivity curves above 400 Hz. Based
on the characteristics of the 100-m Fabry-Perot cavities of

CLIO, the HFNM was found to be 1:4� 10�19 m=
ffiffiffiffiffiffi
Hz

p �ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðf=250 HzÞ2p

.
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the origin of the LFNM is outside the scope of the current
work. The HFNM was estimated from the noise floors of
both sensitivity curves above 400 Hz by assuming a simple
pole frequency dependence [26]. The HFNM consists of
photocurrent shot noise and laser intensity noise at a
frequency of 15.8 MHz and was estimated to have a value

of 1:4� 10�19 m=
ffiffiffiffiffiffi
Hz

p � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðf=250 HzÞ2p

; the HFNM
depends on the length and finesse of the 100-m FP cavity.
Cavity pole frequencies of 262 and 246 Hz were obtained
for the measurements of CryoSens and RoomSens, respec-
tively. The systematic error in the noise-floor amplitude
due to the discrepancy in the cavity pole frequencies was
less than 2% at frequency below 200 Hz.

Figure 2 compares CryoSens, RoomSens, the cryogenic
noise model (CryoNM), and the room-temperature noise
model (RoomNM). CryoNM is the quadrature sum of the
LFNM, the HFNM, and CryoMT. RoomNM is the quad-
rature sum of the LFNM, the HFNM, and RoomMT. Error
bars are shown for both CryoNM and RoomNM, represent-
ing the quadrature sum of the calibration error and the

noise estimation error. We estimated a �2:5% systematic
error for the calibration, a �5% estimation error for
CryoMT and RoomMT, and a �10% statistical error for
LFNM and HFNM. The noise estimation error is the
quadrature sum of the error in the mirror thermal noise
estimate (CryoMT or RoomMT) and the errors in LFNM
and HFNM.
The noise floor of RoomSens agrees with RoomNM.

The noise floor of CryoSens is below RoomNM and agrees
instead with CryoNM. The difference between CryoNM
and RoomNM is solely based on the mirror thermal noise
estimate. Thus, we conclude that the sensitivity limitation
due to thermal noise in the mirror at room temperature was
improved by the noise reduction because of the decreased
thermal fluctuation in the cooled front mirrors. This
observation is the first demonstration that mirrors display
less thermal fluctuation at cryogenic temperatures than at
room temperature.
Conclusion.—The thermal fluctuation of mirror surfaces

represents the fundamental limitation on experiments that
require high-precision measurements, such as experiments
using a frequency-stabilized laser and GW detection using
a laser interferometer. The cryogenic mirror technique uses
a low-mechanical-loss mirror at a low temperature to
reduce such fluctuations. Our demonstration using an
actual GW detector directly proves that the cryogenic
mirror technique effectively improves the sensitivity of
the GW detector. This cryogenic mirror technique will be
used in advanced GW detectors, such as KAGRA formerly
called the Large-Scale Cryogenic Gravitational Wave
Telescope [27], on which construction began in the middle
of 2010 in Japan, and the Einstein Telescope project in
Europe [28]. The mirror thermal noise of KAGRA

near 100 Hz, which limits the sensitivity to 4�
10�20 m=

ffiffiffiffiffiffi
Hz

p � ð100 Hz=fÞ at 299 K, will be reduced

to 5� 10�21 m=
ffiffiffiffiffiffi
Hz

p � ð100 Hz=fÞ1=2 at 20 K due to the
cryogenic mirror technique. The KAGRA sensitivity will
make it possible to detect a GW signal from the binary
coalescence of neutron stars in the optimal direction up to
250 Mpc with a signal-to-noise ratio of 10 and the event
rate is expected to be approximately 6 events per year [27].
We believe that our achievement represents a breakthrough
in the study of thermal fluctuations, laser frequency stabi-
lization, and GW detection.
We wish to thank our CLIO, TAMA and KAGRA col-
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FIG. 2 (color online). Comparison of CLIO displacement
sensitivity curves and noise models. The cryogenic sensitivity
(CryoSens) and the room-temperature sensitivity (RoomSens)
show similar curves, as observed in Fig. 1. The cryogenic noise
model (CryoNM) is the noise-floor model curve for CryoSens
and is calculated as the quadrature sum of the low-frequency
noise model (LFNM), the high-frequency noise model (HFNM),
and the mirror thermal noise estimate for CryoSens (CryoMT).
The room-temperature noise model (RoomNM) is the noise-floor
model curve for RoomSens and is calculated as the quadrature
sum of the LFNM, the HFNM, and the mirror thermal noise
estimate for RoomSens (RoomMT). Error bars are shown for
both CryoNM and RoomNM, representing the quadrature sums
of the calibration error and the noise estimation errors. We
estimated a systematic calibration error of �2:5%, a �5%
estimation error for CryoMT and RoomMT, and a �10% statis-
tical error for LFNM and HFNM. The noise estimation error is
the quadrature sum of the error in the mirror thermal noise
estimate (CryoMT or RoomMT) and the errors in the LFNM
and HFNM.
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