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We measured the mechanical loss of a dielectric multilayer reflective coating (ion-beam-sputtered SiO,
and Ta,Os) with and without TiO, mixed into the Ta,O5 layers on sapphire disks between 6 and 77 K. The
measured loss angle exhibited a temperature dependence, and the local maximum was found at
approximately 20 K. This maximum was 7.0 x 10~ (with TiO,) and 7.7 x 10~ (without TiO,), although
the previous measurement for the coating on sapphire disks showed almost no temperature dependence
[Phys. Rev. D 74, 022002 (2006)]. We evaluated the coating thermal noise in KAGRA and discussed future

investigation strategies.
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I. INTRODUCTION

Gravitational waves are ripples of space-time generated
by the acceleration of masses, and predicted by the theory
of general relativity on 1916. The LIGO-Virgo collabora-
tion detected a gravitational wave for the first time on
September 14, 2015 [1] using two LIGO interferometers
[2]. This is one of the main scientific achievements of this
century, and is considered the birth of gravitational wave
astronomy. In the three observation runs that followed from
2015 to 2020, the LIGO and Virgo [3] interferometers
detected 90 events [4]. To further increase the detection
event number effectively and analyze the gravitational
wave signals more precisely, noise reduction of the gravi-
tational wave detectors is necessary, especially approxi-
mately 100 Hz where the interferometers are the most
sensitive.

Around this frequency, the dominant noise was the
thermal noise of the mirror’s internal elastic modes [5].
This noise was dominated by the contribution of the
reflective coating [6,7]. This dielectric multilayer reflective
coating has a high reflectance (at least 99.8%) and consists
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of Ta,05 and SiO,. LIGO and Virgo adopted TiO, doping
to reduce the mechanical dissipation in the coating [8]
because the coating thermal noise amplitude is proportional
to the square root of the product of the dissipation and
temperature [5].

KAGRA [9] was the first kilometer-scale cryogenic
underground gravitational wave detector. These two unique
key features (cryogenic and underground) result in the
reduction in thermal and seismic noise. The KAGRA main
mirrors were cooled (to approximately 20 K). Previous
studies in Japan showed that cooling effectively suppresses
the coating thermal noise [10-12]. The coatings used
in these studies and the KAGRA mirror had no TiO,
doping. However, for KAGRA itself as well as future
detectors, such as the Einstein Telescope [13,14], further
reduction is necessary and investigations are actively in
progress [8,15-17].

We investigated the TiO, effect at cryogenic temper-
ature. The measurement of the coating (SiO,/Ta,05) with
TiO, on Si has been reported [18]. We measured the
coatings with and without TiO, on sapphire, which is the
same material as the KAGRA main mirrors. From our
measurement result, we derived the thermal noise of the
KAGRA coating with and without TiO,-doping.

© 2024 American Physical Society
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II. EXPERIMENT
A. Outline

Because the coating is extremely thin (of the order of pm),
it is difficult to manufacture only the coating. We measured
the loss angle of the sapphire disks with (¢ coaing) and
without (@yimout coating) COating, and derived the coating
mechanical loss angle (Pcoqaing) from their difference as
follows:

o Esapphire
¢coating - E

(¢With coating — ¢with0ut coating)7 <1)
coating

where Egponire and Eqqing are the elastic energies of the
sapphire disk and the coating, respectively. This energy ratio
is of the same order as the ratio of the thickness of the
sapphire disk to the coating and includes the difference in the
elastic modulus.

In this investigation, we adopted the ringdown method
[19] to measure the sapphire disk loss. The resonant
vibration of the disk was excited, and the decay resonant
motion was measured. The displacement of the sapphire
disk x(7) is proportional to exp(—zf¢pt) sin(2zfyt), where
fo is the resonant frequency. The value ¢ iS @yim coating OF
¢with0ut coating* Note that ¢with coating and ¢without coating are the
inverse numbers of the Q values of the sapphire disk
resonant mode with and without coating, respectively.

B. Samples

The reflective coating used for gravitational wave
detection was an ion-beam-sputtered amorphous dielectric
multilayer. The layers of Ta,Os and SiO, are stacked
sequentially. LIGO and Virgo adopted TiO,-doped Ta,Os5
instead of pure Ta,Os because TiO, doping reduces
mechanical loss at room temperature [8]. We prepared
reflective coatings with and without TiO, doping on the
sapphire disks. Both coatings were deposited at LMA
(Laboratoire des Matériaux Avancés)-Lyon in France,
where all main mirrors coatings for LIGO, Virgo, and
KAGRA were deposited. The coating with TiO, was used
as a LIGO mirror witness; the sapphire disk and LIGO
mirrors were coated simultaneously. The mixing ratio was
Ti/Ta = 0.27 [8]. The coating without TiO, was the same
as that of the KAGRA mirrors.

The diameter of the sapphire disk used as the substrate
was 100 mm and its thickness was 0.5 mm. The c-axis was
perpendicular to the flat surface. They were provided by
SHINKOSHA [20] as per our previous measurement [10].
The diameter of the coating on the sapphire disk was
90 mm. Table I summarizes the sample details. As a
reference, a blank (no coating) sapphire disk with the same
dimensions was prepared.

We measured the resonant modes @y coaing and
Dwithout coating at 540 Hz and 1.2 kHz, which were close

TABLE 1. Specifications of sapphire disk samples. The sap-
phire disks with coating (sample 1 and 2) were annealed (500
Celsius degree, 10 hours) as the mirrors of gravitational wave
detectors [8].

Coating Layer number Coating thickness
1 TiO, doping 38 5.91 pm
2 No TiO, doping 40 6.41 pm
3 No coating 0 0 pm

to the frequency of the gravitational waves to be detected.
These are the 1st and 3rd resonant modes. Figure 1 shows
the shapes of these vibration modes obtained using
COMSOL [21], which is a software program that performs
calculations using the finite element method.

C. Experimental equipment

Our experimental equipment is similar to that used in the
first measurement of coating mechanical loss at cryogenic
temperatures [10,22]. A vacuum chamber containing the
experimental apparatus and sapphire disk sample (Fig. 2)
were placed inside Dewar. Liquid nitrogen and helium were
introduced to cool the chamber, apparatus, and the sapphire
disk. The pressure in the cooled chamber was approxi-
mately 1073 Pa. The vacuum chamber and apparatus were
connected using stainless-steel rods with low thermal

A
N 4

FIG. 1. Shapes of the 1st (a) and 3rd (b) modes of the sapphire
disk. Their frequencies are 540 Hz and 1.2 kHz.
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Thermometer

Thermometer

FIG. 2. Schematic side view of the apparatus in our vacuum
chamber. This system is almost same as our old apparatus in
Refs. [10,22]. Only the center (nodal point) of the sapphire disk
(“Sample” in this figure) was fixed in the nodal support system
[23] made of copper. An electrostatic actuator to excite the
resonant vibration was installed. An electrostatic transducer
monitored the decay of the resonant motion. The stainless-steel
rods (“Rod” in this figure) connected the top of the nodal support
system to a vacuum chamber. This chamber was in the Dewar.
The liquid nitrogen or helium was introduced into this Dewar.
The pressure in the cooled chamber was approximately 10~ Pa.
For temperature control, a film heater was fixed on the top of the
nodal support system. The two thermometers showed the temper-
ature at the top and the bottom of the nodal support system.

conductivity. During the initial cooling, gas was introduced
to cool the apparatus and the sapphire disk. The chamber
was evacuated because the residual gas caused additional
loss to the sapphire disk.

The support of the sapphire disk must be carefully
designed because the vibration of the support itself caused
by the resonant motion of the sapphire disk can add loss to
the sapphire disk. To reduce this loss, a nodal support
system [23] was adopted in which only the center of the
sapphire disk was fixed. The disk center is the node of the
measured Ist and 3rd modes. The smaller contact area
between the nodal support system and the sapphire disk is
better for measuring the mechanical loss. On the other
hand, when the contact area is too small, the misalignment
between the upper and lower parts (Fig. 2) which contact
sapphire disk could be an issue. The contact area diameter
was 2 mm in this experiment intentionally. An electrostatic
actuator was used to excite the resonant elastic mode. The
displacement of elastic vibration was observed using an
electrostatic transducer. Although dissipation was intro-
duced by the transducer, we confirmed that it was suffi-
ciently small (the measured sapphire disk dissipation
was independent of the bias voltage applied to the
transducer).

After cooling with liquid nitrogen and helium, the
temperature was adjusted using a heater attached to the
top of the nodal support system. It was difficult to attach a
thermometer to the sapphire disk because of dissipation by
the thermometer itself. Therefore, the thermometers were

attached to the top and bottom of the nodal support system.
Because the nodal support system was made of copper and
the heater was near the stainless-steel rod, it was expected
that the temperature difference between the upper and
lower parts of the nodal support system and the sapphire
disk would be small. To confirm this hypothesis, a
thermometer was attached to a sapphire disk without
coating, and the temperatures of the sapphire disk and
nodal support system were measured. The temperature
difference was less than 0.5 K in the steady state (the
deviation from the standard thermometer calibration curve
was approximately between 0.25 K and 1 K). This sapphire
disk with the thermometer was not used as the reference
disk for the loss measurement.

III. RESULTS

Although the nodal support system was designed to fix
the exact center of the sapphire disk, a discrepancy
between the contact and disk centers could occur. In
addition, this discrepancy changed in each measurement
and reduced reproducibility. To evaluate this effect, we
repeated the measurement twice as follows: after meas-
urement at cryogenic temperatures, the chamber was
opened, and the disk was removed. Thereafter, the same
disk was set, and loss at cryogenic temperature was
measured. We call “1st” and “2nd” measurements before
and after the reset of the sapphire disk. The procedure for
the one-cycle measurements is as follows: First, the disks
were cooled in liquid nitrogen. The loss was measured at
the nitrogen temperature. The disk was cooled using
liquid helium. After cooling, the heater was switched
on to adjust the temperature. The loss was measured
between 6 K and 70 K. At each temperature, measure-
ments were performed three or four times in both the 1st
and 3rd modes with coating. In the case without coating,
we measured Q value of each mode at each temperature at
twice because the ring down time without coating is long
(around ten hours).

The measured losses for each mode are shown in Fig. 3.
The average values (markers) and standard deviations (error
bars) of the measurements are shown. The losses of
the sapphire disk without the coating were approximately
1 x 107 (1st mode) and 1 x 10~8 (3rd mode). The loss of
the 1st mode was larger because the vibration displacement
around the disk center of the 1st mode was larger, and the
loss by the nodal support system was effective. However,
the loss of the sapphire disk with the coating was around
5.0 x 107%. The effect of the coating loss was clearly
evaluated.

The coating loss angles were derived from the values in
Fig. 3 and Eq. (1). The ratio Egpphire/ Ecoating Was calculated
using COMSOL, and is summarized in Table II. Figure 4
shows the mechanical loss angle of the coating derived
from the measurements. The error bar indicates the stan-
dard deviation of the measurements of the disk with and
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FIG. 3. Measured loss angle (¢) of the sapphire disks with and
without the coating. The circles and squares (blue and green in
online) markers are loss angle of sapphire disks with TiO, doped
and undoped coating, respectively. The triangles (red or black
in online) markers are loss angles of sapphire disks without
coating. Between the 1st (open markers) and 2nd (closed ones)
measurements, the chamber was opened and the disk was
removed and reinstalled. Note that the 1st measuremet (without
TiO,) was at only 8 K, 10 K, 20 K, 25 K, 30 K, and 77 K. The
dashed lines represent the loss angle limited by the thermoelastic
damping [24].

without coating. From Fig. 4, it can be confirmed that both
the Ist and 3rd modes have a peak at approximately 20 K.
The losses in the 3rd mode in the 1st and 2nd measurement
were comparable. However, the coating loss of the 1st
mode in the 1st measurement is greater than that in the 2nd
measurement. This could be because the sapphire disk
might have been moved from the center by some impact,
and the effect of the nodal support system changed. The
results of the 3rd mode are discussed in the following
section.

TABLEII. Ratio of elastic energy in substrate to that in coating,
Egapphire/ Ecoating» calculated by COMSOL.

Ist mode 3rd mode
TiO, doped 126 143
TiO, undoped 119 135
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FIG. 4. Measured mechanical loss angles of the coating as a
function of the temperature. The circles and squares (blue and
green in online) markers represent the coating loss angles with
and without TiO, doping, respectively. Between the Ist (open
markers) and 2nd (closed ones) measurements, the chamber was
opened and the disk was removed and reinstalled. Note that the
first measurement (without TiO,) was at only 8 K, 10 K, 20 K,
25 K, 30 K, and 77 K. The difference between the 1st and 2nd
measurement of the 3rd mode (without TiO,) is considerably
small to observe this graph. The error bars of the 3rd mode were
smaller than the size of the makers.

IV. DISCUSSION

A. Temperature dependence

We found a temperature dependence (peak around 20 K)
of Si0,/Ta,05 coating mechanical loss with and without
TiO, doping. References [25] and [18] also reported peaks
at approximately 20 K for Ta,O5 with and without TiO,
doping and SiO,/Ta,05 loss with TiO, doping, respec-
tively. In both studies, the coating was deposited on a
silicon substrate. The latter was deposited by LMA-Lyon.

According to previous measurements in Japan [10,11],
no peak was found (the measured loss was almost inde-
pendent of temperature) for SiO,/Ta,0Os without TiO,
doping on a sapphire disk. This temperature independent
loss angle was almost half of the loss peak height measured
at this time. The coatings in the Japan previous studies were
prepared by the Japan Aviation Electronics Industry (which
provided the coating for TAMA [26]) and the National
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Astronomical Observatory of Japan. We expect that the
peak height depends on the details of the coating deposition
process, and that the peak could be suppressed.

B. TiO, doping effect

Figure 4 shows that TiO, doping slightly reduce the
mechanical loss of the coating. The average 3rd mode loss
angles of the Ist and 2nd measurement at 20 K (the target
temperature of KAGRA) were 7.7 x 10~ (without TiO,
doping) and 7.0 x 10~* (with TiO, doping). TiO, doping
suppresses this loss by approximately 10%. This corre-
sponds to a 5% reduction in the thermal noise amplitude.
This reduction ratio is smaller than that at room temperature
(25% in loss angle [8]).

C. Evaluation of KAGRA coating thermal noise

The thermal noise of the KAGRA coating was derived
from our measurements as shown in Fig. 5. This formula is
introduced in Ref. [7]. The average loss angle of the 1st and
2nd measurements at 20 K for the 3rd mode were adopted.
The mechanical loss of the coating was assumed to have no
frequency dependence. The necessary parameters are sum-
marized in Table III [27]. As reference, the mirror thermal
noise and KAGRA sensitivity derived from KAGRA
official parameters (the coating loss angle was assumed
to be similar to the previous result in Japan) are shown.

At approximately 100 Hz, KAGRA sensitivity based on
our measurement, total(Toyama) in Fig. 5, is slightly but
obviously larger than with KAGRA official parameters,

Sensitivity Curve

— 10722 X,
B \
AN

>

~

— \

= \

'4;’ A

A

:_E, 10-23 \ X o
)] A ¥ o

5 ] =< I »

wn - —— undoped E%:\_ J 1

+—— doped ™ SN

E | —— mirror T

] —— total(bKAGRA)

b —— total(Toyama) \$s§\

n 1024 | . .

101 102 103
Fre/Hz

FIG. 5. Thermal noise of KAGRA. The temperature is 22 K,

which is the operation temperature. The lines with “undoped” and
“doped” represent the total thermal noise (including not only
coating but also substrate) of mirror without and with TiO,
derived from our measurement. The line with “mirror” is the total
mirror thermal noise is derived from KAGRA official parameters
[27] (the coating loss angle was assumed to be similar to the
previous result in Japan). The “total(Toyama)” is KAGRA
sensitivity, which includes coating thermal noise derived from
our measurement result. The line with “tota(bKAGRA)” is the
KAGRA sensitivity derived from KAGRA official parameters.

TABLE III. KAGRA parameter for calculation coating thermal
noise [27].

Properties Values
Baseline length 3 km
Temperature 22 K
Beam radius at the mirror 35 mm
Wavelength of laser 1064 nm
Number of coating layers for Input Test Mirror 23
Number of coating layer for End Test Mirror 41
Young’s modulus of SiO, 73.2 GPa
Young’s modulus of Ta,Os 140 GPa
Young’s modulus of sapphire 400 GPa
Poisson ratio of SiO, 0.164
Poisson ratio of Ta,0Os5 0.23
Poisson ratio of sapphire 0.29
Loss angle of sapphire 1078

total(bKAGRA) in Fig. 5, because we found the coating loss
peak at approximately 20 K (Our previous in Japan result
shows no peak). Since the KAGRA mirror coating did not
involve TiO, doping, we expect that TiO, doping slightly
(not dramatically) reduces this thermal noise. The effective
reduction method (deposition method, annealing, material
with small loss, etc.) will be investigated to improve the
KAGRA sensitivity. This is useful even for future 3rd
generation detectors, such as the Einstein Telescope.

V. SUMMARY

Although cooling is an effective method for reducing
the thermal noise of interferometric gravitational wave
detectors, further dielectric reflective coating mechanical
loss reduction is required for the KAGRA and Einstein
Telescope. The room-temperature detectors (LIGO and
Virgo) adopted a TiO,-doped coating because of its smaller
loss. We measured the mechanical loss with and without
TiO, doping on a sapphire substrate between 6 and 77 K,
and evaluated the thermal noise of the KAGRA coating.

The measured coating loss exhibited a temperature
dependence with a peak at approximately 20 K. The peak
values with and without TiO, doping were 7.0 x 10~ and
7.7 x 1074, respectively. A small reduction in TiO, was
observed. Previous studies by other groups have shown
similar results; nevertheless, they used silicon as a sub-
strate. Previous investigations in Japan reported that coat-
ing loss was almost independent of temperature. We expect
that this difference is owing to the details of coating
deposition.

We evaluated the thermal noise of the KAGRA coating,
and found that KAGRA sensitivity derived from our
measurement is larger than with KAGRA official param-
eters which is similar to previous results in Japan. For the
KAGRA and Einstein Telescope, further coating reduction
investigations (smaller loss material, deposition methods,
and annealing process) are necessary.
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