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Optical whispering-gallery-mode resonators (WGMRs) with
millimeter- and micro-scales possess high quality-factors (Qs),
have small footprints, and are easy to fabricate. This makes them
potentially excellent candidates for compact optical frequency
references [1, 2], narrow-linewidth lasers [3, 4] and frequency
comb sources [5]. However, when compared with conventional
Fabry-Perot optical cavities [6-8], WGMRs confine the majority
of the electromagnetic field energy inside a dielectric material.
This introduces a high sensitivity of the mode frequencies to
technical and fundamental temperature fluctuations because of
a direct sensitivity to thermal expansion and thermooptic ef-
fects. A number of dual-mode, self-referenced techniques have
been developed to overcome these shortcomings by sensing
the temperature fluctuations and subsequently stabilizing the
temperature [2, 9-12]. Although the detailed implementations
vary, the underlying principle is always the same: one exploits
the polarization or wavelength dependence of the thermooptic
coefficients to measure the resonator temperature through the
frequency difference of two modes. This yields an in-situ mea-
sure of the resonator temperature which can thus be controlled.

Temperature sensitivity is one of the most important fig-
ures of merit for characterizing the thermometer performance.
With the same noise floor the detection limit is inversely pro-
portional to the sensitivity, therefore a large sensitivity allows
for better resolution of thermometry. While extremely high
sensitivities have been demonstrated in a variety of optical ther-
mometers [13-17], the previously reported sensitivities of CaF,
and MgF, WGMR-based dual-mode thermometers only reached
~ 80 — 500 MHz/K [9-11]. In this work, we use a millimeter-
size lithium niobate (LN) WGMR as the birefringent resonator
in a dual-polarization thermometry technique. The large differ-
ence in the thermooptic coefficients of orthogonal polarizations
yields an unprecedented temperature sensitivity of 3.0 GHz/K.
In order to precisely measure the frequency difference between
two resonant modes so to achieve a low noise floor, we adopt an
intracavity modulation technique that allows us to implement a
Pound-Drever-Hall (PDH) laser locking technique [18] without
the need for any auxiliary frequency modulation technique. Us-
ing the fluctuation-dissipation theorem (FDT) we calculate the
fundamental thermal noise of the resonator, showing that the
performance of this thermometer could be improved by up to
another factor of 10 with better frequency locking.

Fig. 1 shows the scheme of the dual-resonance thermometer.
The LN WGMR has a diameter of 9.5mm with a thickness of
1mm and is fabricated from a z-cut crystalline substrate using
the surface polishing technique [19]. The light from two 1560 nm
lasers (Laser 1 and Laser 2) are transferred by polarization-
maintaining fiber and then coupled into two modes with or-
thogonal polarizations via a rutile prism. The polarization of
the two laser signals is adjusted so that Laser 1 is coupled into a
TM mode, while Laser 2 is coupled into a TE mode. Both laser
signals pass through acousto-optic modulators (AOMs) that al-
low for rapid frequency corrections so that the laser frequencies
can be tightly locked to their respective modes. Due to the bire-
fringence of the LN resonator and the prism, there is a ~ 50°
difference in the in-plane incident angles for optimal in and out
coupling of the two laser beams. This fortunate arrangement
means that it is not necessary to use polarizing components on
either the input or output coupling to the resonator - the spatial
separation alone is sufficient to let the two beams be separately
registered on two independent photodetectors. The resonator
exhibits a nearly identical loaded Q of ~ 1.3 x 10® for both po-
larizations, which corresponds to a bandwidth of 1.5 MHz. In
the following experiment we have adjusted the coupling to keep
the resonator as close as possible to the critical coupling con-
dition. This shows a coupling efficiency of around ~ 40% due
to imperfect spatial mode matching at the prism. To avoid any
distortion of mode spectrum through thermal nonlinearity we
couple only ~ 200 nW of laser power into the resonator. With
such relatively small couple-in power, the Kerr noise and the
temperature noise produced by the laser RIN, which is below
-90 dBc/Hz at 1 Hz and below -130 dB/Hz at frequency range
above 100 Hz, is much lower than the laser locking noise [1, 11].

The conventional approach to lock the frequency of a laser to
a mode of a resonator is to use the PDH technique in which the
incident laser light is phase modulated. Synchronous detection
of the reflected light field provides a dispersive-like signal that
can be used to steer the laser frequency to the resonance. In
this experiment we have taken the inverse approach and modu-
lated the resonant cavity while leaving the incident laser signal
untouched. This leads to a simpler arrangement in which no
external modulator is required and also leads to very good per-
formance. We apply a 4 MHz z-directed electric field across the
resonator using electrodes on the top and bottom faces. This
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Fig. 1. A schematic of the experimental setup. (a) Two 1560 nm
lasers are frequency-locked to two modes of orthogonal polar-
izations respectively. A 4 MHz signal from a function genera-
tor is applied to the resonator to create frequency-modulated
modes, which are used to generate PDH error signals (see text
for details). These signals are then used to lock the laser
frequencies to the modes. A dead-time-free counter is used to
measure the difference frequency between the two lasers.(b)
Electrooptic modulation setup. A piece of thin aluminum
sheet was clamped to be in good contact with the top surface
of the resonator. A peak-to-peak voltage of ~ 0.5V is ap-plied
to the resonator along z-axis with frequency of 4 MHz to carry
out the frequency modulation for PDH laser locking.(c) A
mode spectrum shows an undercoupled bandwidth of 0.8
MHz.

generates frequency modulation of the resonant modes with a
modulation index of around 0.7. Similar to the conventional
PDH technique, the incident light interacts with the frequency-
modulated mode to generate an amplitude-modulation (AM)
signal whose magnitude depends on the difference frequency
between the laser and the average mode frequency. The signals
out of each of the photodetectors is separately demodulated at
the 4 MHz modulation frequency to generate an error signal to
lock each of the two lasers. Fast frequency fluctuations are cor-
rected by modulating the driving frequency of the AOMs at the
outputs of the lasers, while slower fluctuations are corrected by
using the error signals to directly modulate the laser frequency
itself. This scheme could be further simplified by using just
one laser source and single AOM [11]. The difference frequency
between the two resonant modes is obtained by combining the
light from the two lasers using fiber-coupled splitters and then
sending these signals to a fast photodetector. The difference
frequency is recorded by a dead-time-free counter.

The temperature dependence of the frequency of a resonant
mode in a birefringent resonator can be expressed as:

dfreerm) Boe)
T — fTE(T™) (“ + To(e)) »

where frgy) is the resonance frequency of a mode of TE (TM)
polarization, nq) is the ordinary (extraordinary) refractive in-
dex, By(e) is the thermooptic coefficient which corresponds to the

TE (TM) light whose polarization is parallel (perpendicular) to
the optical axis of the resonator, and « is the thermal expansion
coefficient. For LN at room temperature & = 1.35 x 107K~ !is
used for the linear thermal expansion coefficient along the direc-
tion perpendicular to the optical axis [20] due to the fact that it is
the resonator edge displacement along the radial direction that
contributes to the resonance frequency shift through thermal ex-
pansion. In this case it follows that the temperature dependence
of the frequency difference between two orthogonally polarized

modes is:
dfgiee Be PBo
dT ~ _flaser 7Te - ?0 2

We calculate the refractive indices of LN at wavelength of
1.56 ym according to Sellmeier equations and derive n, = 2.21
and ne = 2.14 [21]. The thermooptic coefficients of LN have
been given as B, = 0K ! and Be = 3.34 x 107°K~! at
1523 nm [22]. With these parameters, we predict a tempera-

ture sensitivity of the TM mode as dﬁl\" = 5.6 GHz/K, while

the difference frequency between the two orthogonal modes as
s — 3.0 GHz/K.
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Fig. 2. Relation between A f4;s and A fi 55er While the resonator
temperature drifts. A linear relation of Afgy; = 0.53 X Afjager iS
revealed with fitting of the experimental data.

These expectations can be tested by measuring Afy and
Afqis as the temperature of the thermometer is varied. The fre-
quency variations of Laser 1 (A f,¢e) are measured by comparing
to an auxiliary 1560 nm laser that is frequency locked to an ultra-
stable cavity with relative frequency instability of < 1 x 1074 at
1s integration time. We simultaneously record over a few min-
utes A flaeer and A fyig as the resonator temperature varies due to
ambient temperature drift. We plot the resulting A fy; against
A flaser on Fig. 2 along with a linear fit of the data. We find a
relation of Afgigr = 0.53 X A flaeer, showing excellent agreement
with our prediction (A fgigr = 0.54 X Aflaser)-

This experiment confirms a thermometer sensitivity of

% = 3.0GHz/K, which is, to our knowledge, the highest
sensitivity of dual-mode thermometer ever reported and more
than an order of magnitude larger than that of MgF,-based
thermometers. We note that there has been some recent work
on dual-resonant thermometry in LN microdisks [23]. In that
case a temperature sensitivity of 0.834 GHz/K is reported due
to a significant portion of the electromagnetic energy being
in the evanescent field outside the dielectric. In contrast, the
millimeter-size WGMRs reported here confines almost all light
energy within the host material, resulting in the full exploitation
of the large thermooptic coefficient difference.
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Fig. 3. (a) Frequency fluctuations of f4;¢ measured with fre-
quency counting of the beat frequency. (b) Allan deviation
comparison of the measured frequency fluctuations of f4;¢ and
the projected temperature fluctuations. Independently mea-
sured laser locking instability of the system is plotted in blue.
Dashed grey trace shows the fundamental thermorefractive
noise of the thermometer.

In Fig. 3 (a) we present the fluctuations of f4;¢ over 40 sec-
onds with a counting rate of 1 kHz. We have subtracted a linear
drift from this data to make the fluctuations easier to visualise.
In Fig. 3 (b) we display the Allan frequency deviations of these
frequency measurements as well as the corresponding temper-
ature fluctuations using our earlier calibration. We have inde-
pendently measured the residual noise of the laser frequency
locking and display this in terms of the corresponding Allan fre-
quency deviations on Fig. 3 (b). We observe that the fluctuations
of fqiff for averaging times longer than 0.1s are significantly
higher than the laser locking instabilities — these are consistent
with flicker noise that arises from environmental temperature
fluctuations as well as laser power fluctuations.

In addition to the technical laser locking limits one should
consider any fundamental noises that will limit the thermometry
performance. Thermorefractive fluctuations turn out to be the
dominant noise source because of the small effective mode vol-
ume and the large thermooptic coefficient in crystalline WGMRs
[24, 25]. And because the thermooptic coefficient of TE mode
vanishes in our work, only the thermorefractive noise of the TM
mode needs to be considered. In earlier works thermorefrac-
tive noise was investigated analytically with Langevin’s method
[25, 26]. However, this method is mathematically tedious, par-
ticularly when one attempts to undertake more sophisticated
thermal models that include multiple pathways for thermal con-
nection between the resonator and the environment (e.g. taking
into account the post attached to the WGMR). Here we use sim-
ulations based on FDT [27, 28] to calculate the thermorefractive
noise with finite-element method (FEM) based on dynamics of
heat transfer [29-31]. Fig. 4 (a) shows the geometry of the model.
The stainless steel post is included in our model as a channel for

thermal energy dissipation. In principle, it is possible to include
additional thermal channels such as thermal transport though
the surrounding air to yield better estimation of thermal noise
at low frequency. However for the frequency range considered
here we did not need to consider these additional couplings.
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Fig. 4. (a) Geometry of the FEM model for calculating funda-
mental thermal noise based on FDT. (b, c) Heat source profiles
for a fundamental mode and a high order mode respectively.
The size of each figure is 100 ym (height) x50 ym (width). (d)
Thermorefractive noise spectra of the two modes.

The model heat source corresponds to the intensity profile
of the optical mode and this is calculated with quasi-2D-FEM
method [32]. Following this we solve the heat transfer in 2D-
axisymmetric fashion. In each case we calculate the dissipated
power using varying modulation frequencies for the heat source
power. Using this approach we calculate the thermorefractive
noise of a fundamental TM mode (denoted as TM,1,1 in Fig. 4).
In the same figure we also present the noise spectrum of a high-
order TM mode (TM,1,8) for comparison. Such high order mode
possesses a larger mode volume as well as a very different in-
tensity distribution to the fundamental mode. We also found
that we could efficiently couple light into this mode in the ex-
periment, which potentially allows us to test the quality of our
simulation. Fig. 4 (b) and (c) show the heat source profiles of
the two modes respectively in false color. In Fig. 4 (d) are the
noise spectra of the two modes. The fundamental mode exhibits a
slightly higher noise level because of smaller effective mode
volume. We translate the noise spectrum of the fundamental
mode into an Allan frequency deviations and have plotted these
also on Fig. 3 (b) (dashed line). With this simulation we show
that the fundamental noise of the thermometer is a factor of ~ 5
lower than the laser locking instabilities for averaging times of
0.001-1s. This opens the door to a thermometer with a detec-
tivity of a few nK at averaging time of 1s. In order to improve
the locking performance one could use a pre-stabilized laser
with better noise performance than the one used here along
with better residual amplitude noise suppression to improve the
long-term performance[33-35].

In conclusion, we have demonstrated a dual-resonant ther-
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mometer based on a LN WGMR with an unprecedented temper-
ature sensitivity of 3.0 GHz/K owing to the large difference in

thermooptic coefficients of orthogonal polarizations in LN. We

perform PDH laser locking using an intracavity phase modula-
tion technique. Such a technique removes the requirement of an
extra phase modulation component such as an EOM or AOM,
thus facilitating the application and packaging of the thermome-
ter. It should be noted that with engineering of the resonator
geometry and the electrodes the sensitivity of the thermometer
could be enhanced by the pyroelectric effect [16] as has been
recently observed in LN WGMRs [36]. With this enhanced sen-
sitivity and improved laser locking stability it would suggest
that the fundamental-thermal-noise-limited-detectivity may be
reached.
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