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Mechanical loss of dielectric mirror coatings sets funda-
mental limits for both gravitational wave detectors and
cavity-stabilized optical local oscillators for atomic clocks.
Two approaches are used to determine the mechanical loss:
ringdown measurements of the coating quality factor and
direct measurement of the coating thermal noise. Here we
report a systematic study of the mirror thermal noise at 4,
16, 124, and 300 K by operating reference cavities at these
temperatures. The directly measured thermal noise is used to
extract the mechanical loss for SiO,/Ta,O5 coatings, which
are compared with previously reported values. © 2021
Optical Society of America

https://doi.org/10.1364/0L.413758

Low mechanical loss optical coatings play a critical role in opti-
cal reference cavities [1-4], gravitational wave detectors [5], and
cavity optomechanics [6]. Mechanical dissipation in the coating
results in length fluctuations referred to as Brownian coating
thermal noise (CTN), which can limit the precision of inter-
ferometric measurements. Thus, there has been considerable
experimental effort to characterize the level of CTN present in
current optical coatings.

The power spectral density (PSD) of thermal noise induced
displacement fluctuations is proportional to temperature.
Several gravitational wave detectors, thus plan to operate at
cryogenic temperatures, including KAGRA at 20 K [7], LIGO
Voyager at 124 K [8,9], and the Einstein Telescope at 10 K [10].
It is also clear that cryogenic optical cavities provide the best
laser stability for optical atomic clocks [2,11]. Improving the
performance of these interferometers relies upon characterizing
and improving CTN at cryogenic temperatures.

There are two distinct methods for determining the
Brownian CTN of an optical coating. The first is referred to
as the “mechanical ringdown approach.” This involves meas-
uring the mechanical quality factor, Poisson ratio, and Young’s
modulus for each coating material. These mechanical proper-
ties for the coating and substrate are then used to calculate the
CTN for a given mirror. This method of calculating the CTN
may not account for all multilayer phenomena in the coating.
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The second method, referred to as a “direct measurement,”
determines the CTN of the coating by measuring the frequency
stability of optical cavities. This approach has the challenge of
extracting a coating loss angle from a single measurement over
a broad frequency range, requiring input on other coating and
substrate properties. Due to the challenges in each approach, it
is vital both are undertaken as independent and complementary
research efforts. In this Letter, we present direct CTN measure-
ments of Si0; /Ta; O5 using the most stable cavities in operation
today from cryogenic to room temperatures.

Highly reflective optical coatings are made by alternating
layers of high and low refractive index material. The most com-
mon choices are SiO, and Ta, Os for the low and high refractive
index, respectively. Mechanical ringdown measurements have
been used to characterize both the coating materials and multi-
layer coatings at cryogenic temperatures. Individual thin films
of SiO; and Ta,Os have shown a peak in the mechanical loss
angle at cryogenic temperatures [12,13]. A multilayer coating
of SiO, /Ti:'Ta;Os was measured to have a loss peak, reaching
approximately 1.0 x 107 at 7'=20 K [14]. Ringdown mea-
surements of an undoped SiO, /Ta; Os coating showed a largely
temperature independent mechanical loss angle of 4 x 10~4
at cryogenic temperatures [15]. The possibility of increased
mechanical loss at cryogenic temperatures has motivated
research in developing new optical coatings [12,16,17]. We are
presenting our direct CTN measurements versus temperature to
complement the growing body of CTN research.

We perform direct measurement of CTN of two independent
multilayer coatings composed of SiO,/Ta;Os. By employing
these coatings in ultrastable rigid crystalline silicon (c-Si) Fabry—
Perot cavities, we characterize the CTN around 4 K, 16 K, and
124 K. These particular temperatures are informative for future
gravitational wave detectors. We also show an upper bound for
a third SiO;/Ta;Os coating at room temperature, measured
using an ultra-low expansion (ULE) cavity.

We study the mechanical loss of the HR coatings by measur-
ing the noise of three independent Fabry—Perot cavities [2,4,18].
All three cavities use ion-beam-sputtered optical coatings made
by Advanced Thin Films. The coatings for the cryogenic cavities
have 21 layers of SiO, and 20 layers of Ta,Os, while the room
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Table 1. Optical Cavity and Coating Properties Table 2. Material Properties

L (cm) T (K) d (m) Spacer/Sub. ROC,/ROC, Material Y (GPa) o )

6 4,16.2 9.2 c-Si/c-Si 1m/1m c-Si({(111)) 187.5 [20] 0.23[20] 1077 [21]

21 123.3 9.2 c-Si/c-Si oo/l m Si0,—Ta, 05 91(7) [22] 0.19[22] [This work]

40 288 3.8 ULE/FS 0o/l m Fused silica 72 (23] 0.17[23] 1 x 107 [24]
ULE 68 [25] 0.17 [25] 1.6 x 1072 [26]

temperature system has 18 SiO; and 19 Ta;Os layers, respec-
tively. The coatings were deposited at room temperature and
then annealed at a temperature of approximately 480° C. The
physical details of the cavities are shown in Table 1, where L is
the cavity length, 7 is the cavity temperature, 4 is the coating
thickness, and ROC ; is the radius of curvature of each mirror,
respectively. We calculate individual contributions to thermal
noise for each system according to the analysis in [19]. Here,
noise is quantified in terms of fractional frequency PSD, which
is defined as S, (f) = SLV(ZQ, where S, (f) is the single-sided
PSD of frequency fluctuations and v is the optical frequency.

The contributions from Brownian motion of the cavity con-
stituents and substrate thermo-elastic noise are shown in Fig. 1.
We use the material properties in Table 2 and the equations
in [19]. Substrate thermo-elastic noise scales with the squared
power of temperature 72 and the substrate coefficient of ther-
mal expansion (CTE) oeszub, and is thus less than 1073¢ Hz ™!
at 1 Hz for our cryogenic systems [19]. Coating thermo-optic
noise is 4 x 10736 Hz ™! at 1 Hz for the room temperature sys-
tem and is below 1073¢ Hz™! at 1 Hz for the cryogenic systems.
The relative magnitude of the spacer and substrate contribution
for the cryogenic silicon cavities highlights their advantage for
studying the CTN, provided one operates at a temperature
where the silicon CTE is Tiently small.

We first characterize the 124 K system, which has the lowest
thermal noise floor as seen in Fig. 1. This system is used as the
local oscillator for the JILA Srl optical lattice clock [27]. The
laser frequency measurement comes from recording the cor-
rection signal applied to keep the laser on resonance with the
clock transition. We use three independent data runs, each last-
ing at least 20,000 seconds. The PSD is calculated for Fourier
frequencies from 3 x 107% to 1072 Hz and is shown in Fig. 2
as the green data. These measurements are restricted to low
frequencies, limited by the finite duty cycle of the clock. We also
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Fig.1. Based on representative numbers from existing literature, we
illustrate the major contributions to the thermal noise for three optical
cavities at various temperatures and with lengths ranging from 6 to
40 cm. Fractional noise associated with coating and substrate scales
inversely with the cavity length. Substrate thermo-elastic and spacer
Brownian noise are below 1073° Hz™! for our cryogenic systems.

plot an estimate of the PSD for this system at higher frequency
based on a cross-spectral density (CSD) measurement from
[11].

The PSD of the 124 K system measured with the optical clock
constitutes a direct measurement of its thermal noise level as the
noise contribution from the clock itself is negligible [11]. We
extract the CTN of the remaining systems by measuring their
heterodyne beat against the 124 K system using a lambda-type
zero dead time frequency counter, and subtracting its thermal
noise contribution in quadrature. Since the thermal noise floors
are uncorrelated, we subtract the direct measurement in quadra-
ture from each heterodyne beat to obtain the 4 K (blue), 16 K
(red), and 288 K (orange) noise PSD. The uncertainty of the
fitted 124 K PSD is propagated for the subtraction.

Several authors have reported a frequency-dependent loss
angle for SiO;,/Ta;Os coatings [28,29]. We fit the measured
spectra to the functional form of S,(f) =a/ f? in order to
allow for any potential frequency dependence. A deviation from
b =1 for the CTN indicates a frequency-dependent loss angle.
The fits to the measured spectra are shown as dashed lines in
Fig. 2. We find weak dependencies on frequency as summarized
in Fig. 4.

To extract a mechanical loss angle from the measured noise
spectrum, we perform a characterization of all other noise
sources in the reference cavity systems. The 124 K system has
been thoroughly characterized as described in [30]. Since that
work, we have made several improvements to the setup, includ-
ing active stabilization of the transmitted optical power, active
temperature control of the outermost vacuum chamber, and
improved optical quality of the optics.

The technical noise budget of the 6 cm system is shown
in Fig. 3(A). We show fits to the measured noise arising from
temperature, Pound-Drever—Hall (PDH) servo, and the PDH
photodiode (PD). The dominant technical noise source is
residual amplitude modulation (RAM), shown as the red data.
The sum of the technical noise is well below the measured noise.
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Fig.2. Measured noise PSD at various temperatures (solid curves).

The dashed lines are the fits to S, (f) = 2/ f*.
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Fig. 3. (A) Technical noise contributions for the 4 K system, along
with the sum of the technical noise (pink line) and the measured noise
(black line). (B) Intrinsic thermal noise for the cavity, along with the
sum of technical noise and thermal noise (green) and coating Brownian

noise (dashed red).

Figure 3(B) shows the intrinsic thermal noise of the cavity,
including Brownian noise from the spacer (dotted), substrate
(dashed—dotted), and coating (dashed). The measured noise is
shown (black) along with the sum of technical noise and thermal
noise (green). The CTN is the dominant noise source from
5mHzt00.8 Hz.

The room temperature ULE cavity was previously used as the
clock laser for the JILA Srlattice clock [18]. This system has rou-
tinely performed at a fractional frequency stability of 1 x 1071°,
Since we have not developed a thorough noise budget for this
system, we report only an upper limit on the loss angle.

With the technical noise on the cryogenic cavities being
sufficiently low, we can extract a mechanical loss angle at each
respective temperature. We assume that the mechanical loss in
the parallel and perpendicular directions is identical (¢ = ¢ )
[31, 32]. For the /™ mirror, the expression for the fractional
frequency PSD arising from coating Brownian noise is then [33]

Si(f')_szle_o.szub ¢f(f)
7T L oY, Y- o) (1 - o)

X [Y;Z(l + Usub)z(l - zaxub)z + Y2 (1 +Gc)2(1 - 206)]'

sub

(1

Here, “c” labels the coating, and “sub” labels the substrate.
O, (sub) is the Poisson’s ratio, ¥, (sup) is Young’s modulus, 4 is the
coating thickness, w; is the 1/ ¢2 beam radius at the 7™ mirror,
and @, (sub) is the loss angle. Note that we are allowing for the
coating loss angle to have frequency dependence.

With the fits from Fig. 2 and Eq. (1), we derive ¢, ( /) and plot

the results in Fig. 4. The results are
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Fig. 4.  Frequency-dependent mechanical loss angle for the

SiO;/Ta,Os coatings at different operating temperatures. The
shaded bands indicate the 1o uncertainty.
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Fig. 5.  Mechanical loss of the individual coating constituents
(§i0;, Ta;Os), and SiO,/TaOs coatings measured by ringdown
(orange diamonds, blue triangles, green squares, purple triangles).
Other direct measurements are also included (pink square and black
triangle). Our results from direct CTN measurements are shown as the
red circles and the red arrow.
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The shaded band indicates the 1o uncertainty. We find
that the frequency dependence, although rather weak, has the
opposite sign at 4 and 16 K compared with the 124 K result.
The 4 and 16 K results use mirrors from a different coating
run than the 124 K cavity, and so this difference could be
coating-dependent.

For comparison with other results published in the literature,
we plot @, as a function of temperature in Fig. 5. The orange
diamonds [12], green squares [34], and blue triangles [15] are
ringdown measurements that do not explicitly consider ¢
and ¢y. The pink square [2], black triangle [35], and purple
diamond [36] are all from direct thermal noise measurements
that assume ¢; = ¢). Our results are plotted at 1 Hz, and no
frequency dependence has been assumed for the referenced
values, which are largely measured in the kHz frequency range.
We measured CTN at several temperatures near 4 K, and aver-
age these values together. The x axis error bar for that data
point indicates the spread in temperature explored, while the
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y axis error bar is the standard deviation of the extracted ¢,.
We do not see a strong temperature dependence between 4
to16K.

We have presented direct measurements of the thermal noise
for SiO;/Ta;O5 HR coatings. These measurements are com-
plementary to those attained by ringdown spectroscopy. For
the design of future gravitational wave detectors, independent
measurements of CTN are important. For ultrastable reference
cavities, the use GaAs/AlGaAs crystalline coatings at cryo-
genic temperatures is important to explore. Other potentially
low thermal noise optical coatings could also be tested using
cryogenic ultrastable silicon cavities.
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