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State-of-the-art optical oscillators employing cryogenic reference cavities are limited in performance by the Brownian
thermal noise associated with the mechanical dissipation of the mirror coatings. Recently, crystalline Al; _, Ga,As/GaAs
coatings have emerged as a promising candidate for improved coating thermal noise. We present measurements of the
frequency noise of two fully crystalline cryogenic reference cavities with Alg g, Gag,0sAs/GaAs optical coatings. We
report on birefringent noise associated with anticorrelated frequency fluctuations between the polarization modes of
the crystalline coatings and identify variables that affect its magnitude. Comparing the birefringent noise between the
two cryogenic reference cavities reveals a phenomenological set of scalings with intracavity power and mode area. We
implement an interrogation scheme that cancels this noise by simultaneous probing of both polarization modes. The
residual noise remaining after this cancellation is larger than both cavities’ thermal noise limits but still lower than the
instabilities previously measured on equivalent resonators with dielectric coatings. Though the source of these noise
mechanisms is unclear, we demonstrate that crystalline coatings can provide stability and sensitivity competitive with
resonators employing dielectric coatings.  ©2023 Optica Publishing Group under the terms of the Optica Open Access Publishing
Agreement
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1. INTRODUCTION

Ultra-stable lasers locked to cryogenic reference cavities represent
an indispensable tool for rapid characterization of optical atomic
clocks [1,2], development of optical time scales [3,4], and tabletop
investigations of fundamental physics [5-7]. The performance
of state-of-the-art optical oscillators is fundamentally limited by
length fluctuations associated with thermally driven mechani-

and any other mechanisms that can generate sources of length
noise. Interferometric measurements of coating noise are therefore
imperative to the operation of gravitational wave detectors [22].
Furthermore, the associated length noise and loss angles have yet
to be characterized in a cryogenic resonator system at the audio
band and below. Cryogenic silicon cavities have been established as
well-characterized and powerful platforms for studying the length
noise associated with SiO;/Ta;Os dielectric optical coatings
[12,26]. In this study, we present the characterization of crystalline
Aly 9:Gag g3As/GaAs coatings transferred onto silicon substrates
and operated on a 6 cm monocrystalline silicon cavity spacer at
temperatures of 4 and 16 K, referred to as Si6. Using these coatings
and assuming that the measured room temperature loss angle
persists at our operating temperatures [25], we expect a fractional

cal dissipation within the mirror coatings [8—10]. Thus, low
mechanical loss coatings with high reflectivity operating at low
temperatures are desirable for improving the performance of these
optical reference cavities [1 1-14] and interferometric gravitational
wave detectors [15-18].

Studies of crystalline mirror coatings have revealed several mate-

rials that exhibit lower mechanical loss than their traditionally used
amorphous dielectric counterparts [19,20]. Room temperature
loss angles of crystalline Alyo,GagogAs/GaAs (¢ =2.5 x 107>
[21]) are measured to be over 10 times smaller than those of amor-
phous SiO;,/Ta,0s layers (4 K loss angle of 5.6 x 1074 [22]).
However, the majority of studies have extracted the coating loss
angle via ringdown measurements of mechanical cantilevers
[23,24], far from the frequency band of operation. Direct mea-
surements of coating noise [25] have been less frequently studied
but can provide broadband characterization of thermal noise
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frequency instability of 1.3 x 107! ata cavity temperature of 4 K.
A comparison is made to a previous system Si4 (Fig. 1), an identical
cavity with dielectric SiO, /Ta, Os coatings detailed in [13,14].
Investigations of the Si6 system reveal frequency noise associ-
ated with the large birefringent mode splitting of the crystalline
mirror coatings. We identify an optical intensity scaling of this
birefringent noise and compare it to measurements made on a
similar 21 cm silicon resonator with crystalline coatings operated at
124 K (Si5). We suppress this noise by employing a novel simulta-
neous dual-tone probing of the two polarization eigenmodes of the
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Fig. 1. Coating thermal noise contributions (% Spownian) for a variety
of cryogenic silicon cavities referenced and compared in this work, with
labels detailing spacer length, operating temperature, and optical coating
material. The coating label “dielectric” specifically refers to SiO,/Ta,Os,
and “crystalline” refers to AlpgrGaggsAs/GaAs. For thermal noise cal-
culations of Si5 and Si6, we assume the room temperature value for the
Alg.92Gag o3As/GaAs loss angle [25] is maintained at cryogenic tempera-
tures. Conversely, Si3 and Si4 achieved thermal noise limited performance
at the indicated levels [1,14,22].

cavity [27]. The improved cavity stability on both systems is then
limited by a residual noise of unknown origin, significantly above
the expected thermal noise limit calculated [25] using the room
temperature loss angle of Aly 9, Gag 9sAs/GaAs.

2. METHODS

Though the spacer and substrate parameters of Si4 and Si6 are
identical, crystalline coatings introduce some key differences
and complexities. The mirror coatings are composed of an 11.6-
um-thick multilayer stack of alternating high-index GaAs and
low-index Alpo,GagsAs, and they are oriented with parallel
coating polarizations [28]. The GaAs (100) axis is normal to the
coating and parallel to the crystalline (111) axis of the crystalline
silicon. The coating is highly birefringent, and we measure a
770 kHz birefringent splitting of the polarization modes. This is
well resolved outside of the 8.6 kHz cavity linewidth. For com-
parison, a polarization mode splitting of the dielectric coatings
in Si4 was not observed. The birefringent modes exhibit nearly
identical total mirror transmission (7) and loss (L). For the fast
axis of the coating, we find a cryogenic transmission of 11.8 ppm
and loss of 10 ppm combined for both mirrors, supportinga finesse
0£290,000. For the slow axis, we measure a slightly reduced finesse
of 285,000. With equivalent incident power, the resulting dis-
crimination slopes for the two modes are identical for the purpose
oflaser locking. Two near-planar mirrors of 1 m radius of curvature
support an HGgp mode waist of 286 pm. The cavity is housed in
a closed-cycle commercial cryostation that enables us to cool the
cavity down to a minimum temperature of 4.7 K.

We interrogate the cavity with an alternative measurement
scheme that enables reduction of the frequency noise associ-
ated with the birefringent mode splitting. The optical layout is
illustrated in Fig. 2(a). An error signal is derived from the cav-
ity reflection by probing in the traditional Pound—Drever—Hall
(PDH) technique, with modulation sidebands at 5 MHz generated
via a fiber coupled electro-optic modulator (EOM). A portion
of this signal is picked off before the cavity for active cancellation
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Fig.2. (a) Optical layout for probing the Si6 system with active RAM

suppression at a modulation frequency (5 MHz) where the cavity error
signal is encoded in a traditional PDH locking setup. Dual-tone probing
is achieved by driving AOM2 with two static RF tones separated by the
birefringent mode splitting of Si6 (green and purple sets of tones). A
half-wave plate before the cavity is aligned to couple an equal mixture
of s- and p-polarized light to the two polarization modes of the cavity,
labeled £, and £,. The collinear beams are then launched upward with a
45° mirror to couple into the cavity. The reflected cavity error signal has
equal contributions from noise of the two polarization modes, and any
anticorrelated noise is automatically rejected. (b) Frequency landscape of
the tones applied to the Si6 cavity. The two static tones applied to AOM2
separate the carrier and the two sidebands each into two tones separated
by the birefringent mode splitting of the cavity. The purple tones shown
address one polarization mode (é 1) while the green tones simultaneously
address the orthogonal mode (E ).

of residual amplitude modulation (RAM) with a control signal
applied as a bias voltage to the EOM [29]. We stabilize the optical
power in cavity transmission with feedback to an acousto-optic
modulator (AOM1). Conventional PDH schemes address a single
polarization mode of the resonator. This does not allow for any
cancellation of birefringent noise, though it has not appeared
to be a significant source of instability in cavities with dielectric
coatings. Unique to this setup is the addition of AOM2, which
synthesizes two frequency tones 770 kHz apart that can be used
to address both polarization modes of the cavity. Both tones are
imprinted with a corresponding set of phase modulation sidebands
as illustrated in Fig. 2(b). A half-wave plate before the cavity is
set to couple an equal intensity of light into both polarization
modes while maintaining equal discrimination slopes for their
error signals. The detected signal on the PDH photodetector
(PD) is the sum error signal of both polarization modes, and any
anticorrelated noise between the two is significantly suppressed.
We routinely ensure that optical powers and discrimination slopes
are matched to within 3% between the two modes, and we project
that this enables >20 dB rejection of any anticorrelated signal in
the range 0f 0.01 — 1 Hz. The exact rejection ratio is not measured
for lower bandwidth, though we note that we do not observe any
power dependence of the instability that would be indicative of
unsuppressed birefringent noise. We note that RAM stabilization
actuates on the sum error signals for both polarizations as well.
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Frequency noise measurements of the out-of-loop RAM signal
do not differ between RAM stabilization to one mode or to both
modes. Intensity stabilization suppresses any fluctuations in trans-
mitted power for both optical modes. Measurements in both the
Si5 and Si6 systems indicate that the sign of the photothermal
frequency shift is opposite between both polarization modes.
Stabilizing the transmitted intensity to the sum of the optical
power in both modes (which is kept equal) results in a significantly
lower photothermal-induced contribution. Si5 implements a
different scheme for birefringent noise cancellation, detailed
in [30].

A compilation of characterized noise sources is detailed in
Fig. 3(a). Technical noise contributions are evaluated by propa-
gating the ambient environmental noise through a measured
transfer function. Significant upgrades were implemented to
enable observation of the Si6 thermal noise. Noise contribu-
tions from electronic sources were reduced. The cavity mount
was redesigned as a stainless steel tripod (see Supplement 1 for
more detail), and we identified a sinusoidal dependence of the
horizontal acceleration sensitivities ., «, that oscillates with the
azimuthal angle formed between the cavity (10 1) axis and the
tripod support. Sinusoidal dependence of the horizontal acceler-
ation sensitivity varies out of phase with the vertical sensitivity k.,
and the operating angle is chosen to minimize the total vibration
noise coupling to the cavity length. Ultimately we realize a 10-fold
improvement over Si4 of horizontal acceleration sensitivity to val-
uesof k, =1 x 107! g_I and Ky =2 X 10~ g_l, with vertical
sensitivity k, = 3 x 107! g7 ! near DC.

The thermal environment of the cryostation, while conceptu-
ally similar to [13], is also overhauled to supportlong-term stability
of projected Si6 thermal noise. All thermal shields are recon-
structed out of high purity oxygen-free copper and gold-plated
to reduce radiative coupling. The thermal isolation stages are
engineered as a series of cascaded low pass filters. Adding holmium
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Fig. 3. (a) Technical noise contributions for Si6. The projected ther-

mal noise is displayed (dashed black line). (b) Si6 frequency instability
measured with single polarization probing (red trace, P, =18 mW) and
residual noise, with birefringent noise suppressed via dual polarization
probing (blue trace). The red trace measures (Sprownian + Sbiref + Sresidual)»
while the dual polarization lock only measures (Sprownian + Sresidual)- A
sum of technical noises is displayed as the gray trace.
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copper after the stage 2 coldfinger and integrating thermally resis-
tive carbon fiber reinforced plastics into the support structure have
increased the thermal isolation between cryogenic stages. The
thermal time constant for heat to propagate between active and
passive 4 K thermal shields is increased ninefold to 12,000 s. The
redesigned cavity support structure results in a reduced passive
shield-cavity time constant of 600 s, down from 1200 s, despite
superior vibration performance.

From Fig. 3(a), it is clear that RAM dominates all other mea-
sured noise sources. We employ active RAM cancellation but are
limited by out-of-loop parasitic effects occurring after the stabi-
lization point [RAM PD in Fig. 2(a)]. Aligning to the HGg cavity
mode introduced an etalon with the input vacuum optic, and the
etalon effect was strongly reduced by altering the angle of incidence
to couple the HGy; transverse mode. The reduced mode coupling
efficiency increases the shot noise contribution, evident in the
RAM signal.

Instabilities of Si6 are measured via direct beat over a noise-
cancelled optical fiber [31] with Si3, a 21-cm-long silicon cavity
with dielectric coatings operated at 124 K [1,12]. Knowledge of the
reference laser’s noise spectrum is crucial, and the instability of the
latter system is verified to be thermal noise limited with fractional
frequency noise power spectral density $, =1.7 x 107°°/ £ and
fractional instability mod o, = 3.5 x 10~ from 1-1000 s [1].
All frequency noise measurements of Si6 are made via the optical
heterodyne beatnote of Si3. We address a longitudinal mode of
Si6, which is close to the cavity frequency of Si3. The heterodyne
beat is formed at 500 MHz and mixed down to 10 kHz where we
record a time series of the combined instability of Si3 and Si6 on a
zero dead-time lambda-type counter (K+K FXE80) [32]. The Si3
instability contribution is then subtracted off in quadrature.

The other  cryogenic  silicon  cavity  employing
Al 9Gag g3As/GaAs coatings (Si5) is 21 cm long and operated
at 124 K [30,33]. Insight into the principle quantities driving the
birefringent noise can be gained by comparing Si6 measurements
to Si5. Coatings on this cavity share the same physical properties
(layer stack, thickness) as those on Si6, though the optical qual-
ities are slightly superior. Si5 realizes a finesse of over 350,000
corresponding to optical transmission and loss of 7= 11 ppm,
L = 6.4 ppm between both mirrors. The measured birefringent
mode splitting of 205 kHz is roughly proportionally smaller due
to the 3.5 times increased spacer length relative to Si6. Details of
operation and technical noise characterization can be found in

[30].

3. RESULTS

We adopt the formalism of [30] to describe the Brownian thermal
noise, birefringent noise, and residual noise contributions to the
measured instability of Si6:

ST = SBrownian + Sbiref + Sresidual~ (1)

A crucial observation is that birefringent noise between the two
polarization modes is anticorrelated. In particular, we describe the
length fluctuations d(#) of each birefringent mode as

d];‘l = dBrownian(t) + dbiref(t) + dresidual(t), (2)

dfz = dBrownian (r) — dbiref(t) + dresidual(t)~ (3)


https://doi.org/10.6084/m9.figshare.22220959
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On the Si6 system, the single polarization lock revealed that
birefringent noise was significantly higher than all technical con-
tributions [Fig. 3(b)] as well as the projected coating thermal
noise. Additionally, this birefringent frequency noise is observed
to scale with the optical power coupled into the cavity, where
a larger optical power corresponds to a larger cavity instability.
The spectrum of this power-dependent noise appears to exhibit a
frequency-dependent slope, which consistently exceeds a slope of
1/ f in our measurement bandwidth. Below an intracavity power
of 18 mW (100 nW measured in transmission), we do not measure
any further reduction of birefringent frequency noise. We depict
this with a dashed gray 1/ f guide in Fig. 3(a) corresponding to Si6
birefringent noise S, =2 x 10732/ f.

We increase the cavity temperature to 16.7 K, where silicon
exhibits a zero crossing of the coefficient of thermal expansion
[34]. Comparison with the single polarization data taken at 4.7 K
exhibits nearly no difference, indicating that there is no strong
thermal dependence of this phenomena between these two tem-
peratures [Fig. 5(a)]. For an equal optical power and spatial mode
of the cavity, we measure the birefringent noise at 4 K and 16 K,
Spiref(4 K) and Spirer(16 K), respectively. We then compute the
ratio Spiref(16 K) / Spiref(4 K). Fitting a value to this dataset reveals
a value Spiref(16 K)/ Spirer(4 K) = 1.03 £ 0.02. If we perform a
linear regression to identify a frequency dependence of this ratio,
we find that Spiref(16 K) / Spiref(4 K) = 0.030(5) £ + 1.02 = 0.04.

We also find that the optical mode area on the mirror plays a
significant role in the magnitude of the birefringent noise. Both
cavities have interrogated the fundamental and higher Hermite—
Gauss spatial modes HGgy and HGy;, and we find that Spier
is reduced by the ratio of these two mode areas. We adopt the
scaling factor g,,, as defined in [35] for the reduction of coat-
ing thermal noise of higher order modes. When interrogating
non-fundamental spatial modes, coating Brownian noise will be
modified as g,,,, Sg?mn o where Sg?atm . denotes the coating thermal
noise of the HGyy mode. For the higher HG¢; mode, the scaling
factor is calculated as g; = 0.75. In Fig. 4, we measure the birefrin-
gent noise of the HGgy and HGy; modes at the same intracavity
power and temperature by interrogating a single polarization in
the Si6 system. Calculating the ratio S} /S% ; will highlight
any dependence on mode area. We find a ratio of 0.71 £ 0.02,
similar to the expectation of g¢1/goo = 0.75 for birefringent noise
dependent on mode area w.

Qualitatively similar noise characteristics for single polariza-
tion interrogation have been observed in Si5 [30]. In contrast to
measurements on Si6 where we infer the birefringent noise by
observing the reduction of frequency with dual tone probing,
birefringent noise in Si5 is measured directly by locking two inde-
pendent lasers to the fast and slow polarization axes and measuring
the frequency noise of their beatnote. Whereas Shiref ~ Sresidual in
Si5, Shiref > Sresidual in Si6, and the inferred measurement of bire-
fringent noise only contains a 25% contribution of residual noise.
Figures 5(a) and 5(b) display fractional frequency noise measure-
ments made in both systems. The fractional frequency birefringent
noise spectral density Spiref is significantly lower on the 21 c¢m
system for a given intracavity power, but we note that the birefrin-
gent length noise spectral density of Sf., . is the proper quantity
to compare as this noise originates from the coatings. The longer
spacer length of Si5 divides down the fractional length noise of
the identical coatings, suggesting a possible strategy for mitigating
birefringent noise. Comparison of S} . between the two cavities
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Fig. 4. Mode area effect on birefringent noise. We separately measure
the birefringent noise of the HGgy and HGy; modes by addressing a
single polarization of the cavity. The time series of the cavity instability
is converted to a power spectral density, giving us the birefringent noise
spectral densities Spp ¢ and Spp.¢ for the two spatial modes. The ratio of
these, Spp ¢/ Sth.p reveals the dependence of birefringent noise on mode
area. If the birefringent noise is independent of the mode area, we expect
aratio of 1. Curve fitting a line to the data, we find a ratio of 0.71 £ 0.02
(Fig. 4), which is similar to the expectation of 0.75 if the noise scales with
mode area g,,,wi. A large peak visible at 0.057 mHz is the result of a
ground loop that appeared in the S}, ; dataset and was omitted in the fit.

provides significantly better agreement, identifying the crystalline
coatings as the source for this excess birefringent noise. On both
cavities, we identify an empirical scaling of the birefringent noise
with intracavity power as 1/+/P,. That is, less power coupled into
the cavity results in reduced length noise. Normalizing S, . by
this quantity [Fig. 5(d)] produces a family of curves that appear to
share some universal noise characteristics. Through a curve fitting
procedure, we find the scaling of birefringent noise with circulating
power is more accurately 0.55 £ 0.03.

The slope of this noise increasingly deviates from 1/ f at lower
frequencies. We note that the behavior of this noise exhibits a simi-
larity to electro-optic effects where the refractive index of a medium
varies with an incident electric field. For Si5, an equivalent optical
power bound cannot be identified. Birefringent noise at circu-
lating powers of 127 mW is at a level comparable to the residual
noise; thus, a significant reduction of intracavity power provides
a marginal reduction in measured instability. At this circulating
power of 127 mW, we identify a fractional frequency noise spectral
density bound for birefringent noise in Si5as §, = 1.9 x 1073/ £
or S, = 8.5 x 10735/ f. We stress that /P, scalings are empirical.
Optical power buildup differs slightly between the two cavities,
and it is unclear whether circulating power or absorbed optical
power is the more important metric. Nevertheless, rescaling by this
quantity does appear to approximately capture the measured power
dependence.

Unlike most fundamental sources of length noise, our measured
birefringent noise does not appear to be a typical thermodynami-
cally driven process. Investigating the noise of a single polarization
mode at 4, 16, and 124 K, we do not identify a strong depend-
ence on the temperature of the crystalline coating, though data
at all temperatures shares a similar scaling with optical power.
Room temperature cavities employing crystalline coatings [25]
may therefore hide detrimental birefringent effects as the coating
thermal noise can exceed birefringent noise for low intracavity
power.

A significant reduction in frequency noise is observed when we
address both cavity polarization modes simultaneously by applying
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Fig.5. (a) Birefringent noise Sp;,r measured with a single polarization lock exhibits a dependence on intracavity power P,. Decreasing the intracavity
power reduces frequency noise down to alimit of P, = 18 mW, where further reductions of power no longer result in an improvement of the cavity instabil-
ity despite technical noise sources remaining well below the noise level. Although the character of the noise deviates strongly from 1/ f in different frequency
regimes, we include a bound of 2 x 10732/ £ (dashed gray line) that identifies the lowest instability attained with the single polarization lock. (b) Power-
dependent birefringent noise is also measured on Si5 at 124 K. (c) We observe an empirical scaling of this noise by 1/+/P. for both systems. Rescaling the
length noise of the birefringence (expressed as Sy, ) by this quantity yields a phenomenologically universal birefringent noise. As an example, we display
Si6 data at 16 K with this rescaling implemented. (d) A comparison of the birefringent noise across the two systems, over a total of three different temper-
atures with four different intracavity powers. We rescale the length noise measurements by the observed dependencies on intracavity power and mode area
and observe a universal behavior of the birefringent noise.
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Fig. 6. (a) Residual noise (Siesidual + SBrownian) after cancellation of the birefringent noise at both 4 K and 16 K shows no temperature dependence.
Residual noise of Si5 is at a similar level. (b) Long-term instability of the residual noise of the two cavities, and birefringent noise of Si6. Both cavities
exhibit significantly reduced long-term instability when compared to their dielectric counterparts Si2 [12] and Si4 [14]. Si6 realizes a fractional frequency
instability of 5.5 x 107", lower than the thermal noise limited instability of Si4. The 3.5 x 10~"7 fractional instability of Si5 matches the thermal limit of
Si2.

two RF tones to AOM2 (see Fig. 6). This has the effect of modify- (i.e., improper matching of intracavity powers and discrimination

ing the time series of the length noise to be slopes for the two modes) further confirm this as the residual noise
does not increase.

A1y = Drownian (£) + dhresidual (). ) Similarly, we find no dependence of the residual noise on

AOM?2 is the only active element needed for the birefringent the cavity spatial mode we interrogate. This contrasts to mea-

noise suppression, and it is only driven with two tones that have a surements of birefringent noise, where we observed that length

static frequency difference. We infer that the net improvement in fluctuations in the polarization modes splitting could be reduced
cavity instability is due to first-order cancellation of birefringent by probing a larger area of the crystalline coating. Similar to stud-
noise. The current level of instability is attributed to an unknown ies in [30], we can establish that the residual noise is global in
source of residual noise and no longer exhibits the intracavity the sense that it is highly correlated over the length scale of the
power dependence observed with birefringence noise. This implies two spatial modes. It is possible that the current level of Siesidual
that the power dependence is a feature closely tied to the birefrin- is limited by an uncharacterized source of technical noise. In
gent noise and that the residual noise is not limited by imperfect the frequency band of 0.01-0.3 Hz, we identify an instability
cancellation of birefringence. Additional measurements where consistent with S, =3.37(9) x 10733/ f from a continuous

we introduce a slight imperfect cancellation of birefringence 30,000 s measurement against Si3. This performance is slightly
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better than the thermal noise limited instability measured on Si4
of §, =4.12(5) x 1073%/ f, and the long-term instability for
7 > 1000 significantly exceeds it. However, we note that the
current instability of Si6 does not vary between cavity temperatures
of 4.7 and 16.7 K. This suggests that either coating thermal noise
is not the primary source of instability or that there is a strong
temperature dependence of the AlGaAs/GaAs mechanical loss
angle.

Given that we find no reduction in instability when interro-
gating the larger HGy; spatial mode, we infer that this residual
noise is not the coating thermal noise limit. The source of this
residual noise is unknown to us. We note that it is not an imperfect
cancellation of birefringent noise as intentionally worsening the
birefringent noise rejection does not result in an increase of residual
noise. Using the formalism of [22] for calculating the coating ther-
mal noise limit, we therefore place constraints on the maximum
value of the coating loss angle ¢,

bazx <41 %1074, (5)

o7k < 1.2 x 1074, (6)

These bounds already imply that these crystalline coatings
can yield a sensitivity improvement over conventional dielectric
coatings at4.7 Kand asignificantimprovementat 16 K.

4. CONCLUSION

We have presented frequency noise measurements of crystalline
Alp.92Gag ggAs/GaAs coatings measured on a 6 cm and 21 cm
cryogenic silicon resonator. While the AlGaAs mechanical loss
angle promises potential for improved coating thermal noise at
4, 16, and 124 K, we identify a novel source of instability asso-
ciated with the mirror birefringence. We demonstrate that this
birefringent noise is optical intensity dependent, does not depend
strongly on temperature, and can be canceled to reveal a temper-
ature independent residual noise. Without cancellation, we note
that the fractional frequency contribution of this birefringent noise
can be reduced by employing longer resonators, but applications
requiring large intracavity power may still be sensitive to these
effects. The observed dependence on mode area suggests that
increasing beam size can reduce the magnitude of the polariza-
tion fluctuations. Understanding the origins of this birefringent
noise will be imperative for the development of low mechanical
loss coatings as reduction of coating thermal noise is a significant
obstacle for improving reference cavities and gravitational wave
interferometers.

The origin of the residual noise will be an extremely important
issue that must be resolved. The Si6 system realizes a fractional
instability of 5.5 x 10", which is not significantly lower than the
Si4 thermal noise limited instability of 6.5 x 10~'”. For compari-
son, the Si2, Si3, and Si5 systems demonstrate the best instability
shown to date of 3.5 x 107!7. The 1.3 x 10™" projected thermal
noise instability of Si6 is therefore far lower than what we realize
in our system and also lower than the best instabilities shown to
date (3.5 x 10~"7 demonstrated in Si2, Si3, and Si5). The residual
noise is therefore a significant barrier in pushing the state-of-the-art
performance in reference cavities. An incomplete understanding of
its origin will be a significant roadblock in advancing the frontiers
of optical interferometry.
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