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Abstract: We present the development and in-depth characterization of an optical reference
based on a 1.5 um laser stabilized to a cryogenic silicon optical resonator operated at 1.7 K.
The closed-cycle cryostat is equipped with a cryogenic passive vibration isolation. At7=1s
integration time the frequency instability is 2 x 107!, predominantly due to residual vibrations.
At 7 =100 s the frequency instability is 6.2 x 10713, The lowest instability of 3.5 x 1076 occurs
at 7 =6000 s, and is limited by the stability of the hydrogen maser used in the comparison. The
mean fractional frequency drift rate over 190 days was —3.7 x 1072%/s. In conjunction with a
frequency comb and a GNSS receiver this optical reference would be suitable to provide optical
frequencies with accuracies at the low 107'% level. We show that residual vibrations affect the
resonator and the optical fiber delivering the laser light to it, and that laboratory temperature
variations contribute to frequency instability at short and medium integration times. Mitigation of
these issues might in the future allow for demonstration of the thermal-noise-limited performance
of the resonator.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

The precision of a range of laser-based experiments is determined by the frequency stability and
spectral purity of the employed laser wave. Optical resonators represent to date the most common
tool for the stabilization of laser frequency. Moreover, resonators also serve as the sensing unit of
certain instruments. Thus, resonators are routinely used in different fields, e.g., laser spectroscopy
[1], gravitational-wave detectors [2—4], optical atomic clocks [1,5], dark-matter detection [6-9],
very-long-baseline interferometry [10], astronomy [11,12], relativistic geodesy [13—15] and tests
of fundamental physics [16—19].

To achieve extreme frequency stability of the laser wave requires isolating the reference
resonator from all kinds of environmental perturbations that influence its length significantly, such
as vibrations, tilt, temperature and pressure variations, thermo-elastic deformations of mirrors
due to the fluctuating laser power, and material creep. This is usually done using passive and/or
active isolation/stabilization techniques together with a careful choice of resonator material, for
which a low sensitivity to the variations of the parameter in question is sought. In addition to
this, the shape of the resonator and the support structure are optimized in order to reduce the
vibration sensitivity of the resonator.

Ultra-low-expansion glass (ULE) and, less commonly, Nexcera ceramics [20-23] are the
materials of choice for construction of room-temperature resonators. However, because they
are operated at room temperature, they exhibit a relatively high thermal noise limit [24] and
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furthermore a continuous change of length due to aging (creep). To reduce these limitations,
cryogenic operation of resonators made of suitable materials provides a solution [18,25-33].

In this work, we present an apparatus that aims to be a reliable optical frequency reference
for frequency metrology experiments. One aimed-for feature is an excellent long-term stability,
which would be very helpful in facilitating experimentation where ultra-narrow atomic or
molecular resonances are interrogated repeatedly over a long time. With that feature, the optical
reference would be a viable alternative to an ultrastable radiofrequency reference, such as an
active hydrogen maser, plus a femtosecond frequency comb that generates optical frequencies
from the radiofrequency.

Our realization of the optical reference is a cryogenic single-crystal silicon resonator operated
inside a closed-cycle cryostat at 1.7 K. The resonator is the reference to which a fiber laser’s
frequency is stabilized. The cryostat is based on a pulse-tube cooler combined with a Joule-
Thomson stage able to reach 1.5 K. A unique feature of our cryostat is that the plate supporting
the experimental payload inside the cryostat is shielded from vibrations using a passive vibration
isolation. It was developed by some of the present authors and is described in Ref. [34].

In previous work, we demonstrated the performance of a vertically oriented 5 cm resonator
operated in the same cryostat, however without any vibration isolation [33]. This resonator had a
relatively low finesse and correspondingly large linewidth, which made it difficult to achieve low
frequency instability. Further progress in this direction required a resonator with longer spacer
and high-finesse mirrors. Thus, we built a vertically-oriented, biconically-shaped resonator with
a length of 190 mm. The overall design of this resonator resembles that of a 212 mm silicon
resonator developed and operated by PTB [30]. However, with exception of a diameter and
thickness of the middle ring, all dimensions are different. In the following we present results of
the characterization of the resonator obtained with the help of a stable interrogation laser, two
frequency combs, and two hydrogen masers.

2. Resonator design

The vertically oriented resonator has a biconical, axially symmetric geometry and is supported at
three points. This design follows the concept presented in Refs. [27-31,33]. The overall size
of the resonator is restricted by the length and diameter of the available silicon ingot material
oriented along the [111] crystallographic direction. We fixed the spacer length to 190 mm, the
largest outer diameter of the resonator to 78 mm, the outer diameter of the supporting ring to
96 mm, the thickness of the supporting ring to 10 mm. The diameter of the central bore was
fixed to 10 mm. The diameter of the spacer at the ends of the biconical surfaces was set to 26
mm. The radial distance of the support points from the symmetry axis of the resonator was
set to 42.9 mm. One of the supports is oriented along the radial line that coincides with the
[100] crystallographic direction of the silicon crystal. Three venting holes of 3 mm diameter are
located in the upper half of the resonator. They are positioned exactly above the three supports
(spaced by 120 degrees) and at a distance of 82 mm below the top surface. We employed silicon
mirror substrates with a standard one-inch diameter and a thickness of 6.3 mm. After optical
contacting to the spacer, they form a single body with the spacer. We apply the silicon stiffness
matrix from Ref. [35] in our simulation.

The above choices left the offset of the middle ring from the horizontal midplane to be
optimized. We varied this parameter and for each choice performed finite-element-method
(FEM) determination of the effect of gravity. We used the Ansys modeling software package
[36]. Specifically, in the calculation we applied an acceleration equal to the free-fall acceleration
g to the whole body of the resonator and calculated the resulting change of distance, AL, between
the centers of the two mirrors. We searched for a position of the support ring that minimized
AL. The optimization result is depicted in Fig. 1(a). It shows the deformation of the resonator
under the influence of a vertical acceleration g applied to all volume elements. The resonator
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is here supported at three points under the middle ring. The simulation finds that both mirror
centers are vertically shifted down by the same value of 22 nm, leaving the distance between
them and thus the optical path length for the resonating wave unchanged, AL = 0. Note that
22 nm is approximately 1 x 10~/ relative to the mirror spacing, and one aims for a common
mode rejection of this displacement on the order of 1 partin 104, i.e. AL/L ~ 1x 107!, The
goal vibration (acceleration) sensitivity is therefore 1 x 10711 /g.
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Fig. 1. a) FEM simulation of the effect of gravity on the resonator having optimized shape.
Color indicates the displacement in meter along the vertical direction (z-axis) due to the
application of 1 g vertical acceleration. To increase the visibility of the displacement of the
mirrors, parts of the support ring around the underlying supports were removed from the
representation. b) Resonator design with the offset of the middle ring optimized relative
to the horizontal midplane of the resonator using FEM simulations. The optimal offset is
equivalently displayed here as the difference in the distance from the middle ring to the end
faces of the resonator (dimensions highlighted in red). Distances are in mm.

The optimized shape of the resonator is presented in Fig. 1(b). It is symmetrical, with an offset
of the ring from the horizontal symmetry plane by 0.1 mm in the direction of the top surface.

We also simulated the influence of possible errors in the manufacturing of the spacer, errors in
the alignment of the mirror substrates relative to the optical axis, and errors in the orientation of
the resonator relative to the supports points. These errors have a negative effect on the vibration
sensitivity of the resonator. For the above support setting, the acceleration sensitivity induced
by a typical error of 0.1 mm in the manufacturing of the support ring offset is 5.7 x 10712/g.
The sensitivity to a misalignment of the support radial position is 2.1 x 1071 /(g - mm), the
sensitivity to a single mirror radial misalignment relative to the symmetry axis of the resonator is
4 x 107" /(g - mm), and the sensitivity to axial rotation of the resonator relative to the support
points is 5 x 10712 /(g - deg). For typical expected errors of 0.1 - I mm and 5 deg, the resulting
theoretical sensitivities would remain small.

3. Apparatus
3.1. Resonator and resonator support

The resonator is manufactured from a 4-inch-diameter cylindrical silicon crystal, grown along the
[111] crystallographic direction using the float zone method [37]. Its resitivity is § kOhm/cm. The
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two end faces of the resonator were polished to optical quality. Two high-reflectivity dielectric
silicon mirrors for 1.5 um wavelength were optically contacted to them. Because of availability,
these silicon substrates are manufactured from a different block of material oriented along the
[100] crystallographic direction and having a resistivity of 4 kOhm/cm. This aspect was not
considered in the above simulations.

The resonator and the corresponding optical setup are installed inside a pulse-tube cryostat
equipped with a Joule-Thomson stage (Leiden Cryogenics) and a home-built passive vibration
isolation [34]. A picture of the setup is presented in Fig. 2. The resonator is supported at
three points by pressure screws having stainless steel balls at their ends. The upper part of the
balls is removed to produce a circular surface of 3 mm diameter. The temperature of resonator
is measured with a sensor (Cernox) attached to the top surface of the support ring using a
cryogenic grease. To low-pass filter the fluctuations of cryostat temperature, the support structure
is manufactured from a stainless steel (SS304). The latter dampens the thermal flow, given its
reduced thermal conductivity compared to silicon, copper and aluminum.

Fig. 2. The silicon cavity supported by a stainless-steel support structure. A few numbered
components are 1) flat mirror of resonator; 2) resonator temperature sensor; 3) stainless-steel
support ring attached to a tripod; 4) concave mirror of resonator.
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3.2.  Cryogenic optical setup

The coupling of the laser light into the resonator is implemented using a compact optical setup
installed on the bottom surface of the experimentation plate, see Fig. 3. The light of the laser is
guided to the setup via a single-mode polarization-maintaining fiber. A standard fiber collimator
is attached to the end of the fiber. A partially reflective mirror is installed next to the collimator.
The back-reflected light is used for the characterization of fiber-noise-induced spectral broadening
of the laser light (see Sec. 4.1). After transmission through the partially reflective mirror, the
laser wave is coupled into the resonator with the help of two adjustable mirrors and a 90 degree
fixed mirror. The total optical path length between fiber collimator and the resonator is minimized
in order to reduce the effect of unavoidable misalignments upon cooling down to cryogenic
temperature. To allow for readjustment of the laser beam into the resonator after the cooldown
we equipped the two adjustable mirror mounts with commercial stepper motors, that are adapted
in-house for cryogenic operation. At the top surface of the experimentation plate and below the
resonator a polarizing beam splitter and a quarter-wave plate are installed (not shown). After
partial reflection at the bottom mirror of the resonator the light is detected by a high-bandwidth
photodetector (not shown). The position of this detector can be optimized with the help of a x-z
cryogenic motorized translation stage. The light transmitted through the resonator and exiting on
the top is split by a beam splitter. One part is detected by a photodiode. The other part is used for
mode identification with a room-temperature InGaAs camera during the installation phase, while
the cryostat is open. Due to the shrinkage of the elements of the passive vibration isolation by
about 1.5 cm during the cooldown, once base temperature is reached the laser light cannot exit
the cryostat any more. This prevents mode identification after the cooldown.
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Fig. 3. Left: overall view of the resonator inside the opened cryostat. The following units
are indicated: 1) passive vibration isolation; 2) transmission photodiode; 3) silicon resonator
with support; 4) geophones. Right: The bottom of the experimentation plate with the optical
setup. Yellow arrows indicate the path of the free-space laser beam. The blue-colored arrow
indicates where the optical fiber will be attached.
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3.3. Optical frequency stabilization system

The purpose of the cryogenic system is to substantially improve the medium (7>20 s) and
long-time (7>1000 s) stability of a laser already having a good short-term frequency stability.
The concept of the laser and resonator interrogation technique is identical to our previous work
presented in [33]. The fiber laser is pre-stabilized to a 10 cm long ULE room-temperature
reference resonator. Its frequency is subsequently stabilized to the cryogenic resonator. The
schematic of the optical setup is presented in Fig. 4.
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Fig. 4. Overall experimental setup. Red and blue lines indicate free-space and fiber-coupled
paths, respectively. Black lines represent the electronic paths and the gray line is the 10 MHz
reference signal from the hydrogen maser. fies, frequency of the cryogenic silicon resonator;
JULE, frequency of the room-temperature ULE resonator; faiomic, frequency of the GNSS
satellite signal; fiaser1 and fimaser2, frequencies of two hydrogen masers; dyyq5er1, frequency
drift of the hydrogen maser 1; frep, repetition rate of the frequency comb one or two; fcgo,
carrier envelope offset of the frequency comb one or two; faom., frequency of the AOM; PC,
personal computer; AOM, acousto-optical modulator; DDS, direct digital synthesizer; PD,
photodiode; BS, beam splitter; CAM, InGaAs infrared camera for mode detection.

A part of a pre-stabilized laser light (optical frequency fug) having a linewidth of approximately
1 Hz is transferred up to the cryostat in the cryogenic lab via a 40 m long optical fiber. Active
fiber noise cancellation is not implemented. This results in a time-dependent broadening of the
linewidth to approximately 30 Hz due to the fiber noise along this path. An additional 10 m long
fiber with a vacuum fiber feedthrough guides the laser light all the way to the cryogenic optical
setup of the silicon resonator. The length of the fiber inside the cryostat downstream the vacuum
feedthrough is 3 m and along this path substantial further frequency noise is introduced, caused
by the vibrations of the cooler (see next section).

We steer the frequency of the laser to a chosen mode of the cryogenic silicon resonator by means
of an acousto-optic frequency shifter (AOM, frequency faom). We continuously determine the
mode’s center frequency using a fringe interrogation technique. For this, we alternately measure
the light levels Ay, AR transmitted through the resonator when the laser frequency is detuned
by 6faom =~ —Av/2 and +Av/2 from resonance, where Av is the full width at half maximum of
the fringe (cavity resonance line). The detuning is produced by acting on the AOM frequency.
After both signals have been recorded by a data acquisition system, a frequency correction is
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calculated, Afaom = (Av/2)(AL — AR)/(AL + Ag). This correction, effectively rounded to integer
values in Hz by the finite resolution of the DDS, is applied to the AOM frequency faom and the
whole measurement cycle is repeated. As a result, the laser wave frequency-shifted by the AOM
has a time-averaged frequency equal to the resonator frequency.

Ap, and AR are measured by a DAQ card with a sampling rate of 40 kS/s and 16 bit resolution.
The integration time of each measurement Ay, AR is initially set to 250 ms. In the later course of
the experimentation this time was reduced to 150 ms. The AOM is driven by a home-built direct
digital synthesizer (DDS) with a 1 Hz frequency resolution. The DDS is referenced to the maser
and controlled by a personal computer (PC), where the stabilization is digitally implemented.

To determine the impact of the finite resolution of the DDS on the lock, a simple numerical
simulation of the lock was made. To account for the relative fluctuation of the interrogation
laser to the transmission mode of the resonator, a random fluctuation of the frequency of the
interrogation laser in the [-15, 15] Hz range was introduced in each measurement cycle. A linear
frequency drift of the interrogation laser equal to 0.1 Hz/s was also included into the simulation.
The finite resolution of the DDS was taken into account by rounding the correction frequency of
the AOM faom (in units Hz) to the nearest integer after each iteration. The simulation reveals
that the uncertainty in the offset between interrogation laser and resonator scales down like
0.294/0.15/7 Hz, where 7 is the integration time in s. The uncertainty can be neglected for
7 >1s. The 16 bit resolution of the DAQ card is another source of uncertainty. It introduces a
quantization noise equal to 0.15 mV during each measurement cycle, which corresponds to 0.3
Hz frequency uncertainty and scales down to 0.12 Hz and less for 7 >1 s and therefore can be
neglected.

The laser frequency fyLg is measured relative to the frequency fiaser1 Of an active hydogen
maser (H-maser) with a frequency comb. To increase the precision of the laser frequency
measurements we phase-lock the comb’s repetition rate to the prestabilized laser frequency. Thus,
the absolute optical frequency of the resonator, f.s, can be calculated as the sum of fi g and
faom, both available in numerical form.

The maser frequency fiaser1 is continuously measured relative to a GNSS time signal that
represents an atomic reference fyomic. By analyzing this data, we can determine the maser’s
frequency drift rate dpaser;- Correcting for it, we thus are able to determine the resonator
frequency (and mean laser wave frequency) relative to the atomic reference frequency delivered
by GNSS.

In the course of this work two frequency combs FC1 and FC2 (both Menlo Systems) were
used. We initially used an active hydrogen maser 1 (Vremya-ch), that was later replaced with
another, recently produced T4Science maser [38] having better stability (H-Maser 2 in Fig. 4).
The maser was operated inside the heat control box (HCB) during the presented measurements.

4. Characterization of the system
4.1. Noise in the cryogenic optical fiber

Vibrations of the cryostat induce mechanical stress in the fiber that is installed inside the cryostat
to transport the laser light to the resonator. This noise is measured using the optical setup
described in Ref. [39]. A beat between the incoming laser light and the light back-reflected
at the mirror installed at the cryogenic end of the fiber is generated outside the cryostat. The
spectrum of the beat is displayed in panel a of Fig. 5. A comparison with the spectrum taken when
the pulse-tube cooler is briefly turned off indicates substantial broadening by cooler-induced
vibrations. The broadening of the laser carrier component after a single pass through the fiber
is approximately 16 Hz with side peaks at frequencies approximately equal to 7 Hz and 14 Hz.
These are 5x and 10x multiples of 1.4 Hz, the pulsing rate of the high-pressure helium gas inside
the pulse tube of the cryostat (see panel b in Fig. 5). Additional sidebands occur at multiples of
141 Hz, the frequency of the stepper motor that drives the rotary valve of the pulse-tube cooler.
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This spectral broadening has a significant impact on the short-term frequency stability of the

laser, on time scales of less than 1 s integration.
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Fig. 5. a) Laser line broadening after double passage through the cryogenic fiber. The
self-beat is shown. b) Zoom into the central peak with the Lorentzian fit of the broadened
self-beat. The scale of both vertical axis is identical to those in a.

It was not possible to implement a fiber noise cancellation system during the measurement
campaign, because during regular operation it was not possible to reflect sufficient optical power
back into the fiber from the cryogenic mirror. The reason was the small coupling efficiency of
the light back-reflected from the partially reflective mirror into the cryogenic end of the fiber.
This could not be compensated by injecting more power into the fiber because this would have
led to too much power impinging on the cavity.

4.2. Optimization of resonator coupling

During the cooldown a degradation of the incoupling was observed. Thus, at 4 K a readjustment
of the cryogenic laser path was required. As described in Sec. 3.2, in steady-state operation, the
wave transmitted through the resonator did not reach the camera any more, preventing direct
identification of the cavity mode type. In order to proceed, we first scanned over all modes within
one spectral free range of the resonator, 789 MHz. We covered this range by frequency shifting
the prestabilized laser light using different AOMs and combinations of AOMs. After all modes
were found, we then identified the mode with the smallest linewidth. It occured at a convenient
AOM frequency faom = 40 MHz. The coupling into this mode was then optimized by adjusting
the motorized mirror mounts. We obtained an incoupling of 7% and a mode matching efficiency
of 70%. The linewidth of this mode was 4 kHz, corresponding to a finesse of 200 000. In Fig. 6 a
scan of this mode is presented. The influence of the cryostat vibrations on the transmission signal
is clearly present in the data. The periodic disturbances are due to periodic variations of the input
wave’s coupling into the resonator caused by modulation of resonator length due to vibrations. In
other words, vibration-induced cavity detuning leads to incoupling variations. This effect allows
for determination of resonator sensitivity to vibrations, presented in the next section.

4.3. Acceleration sensitivity

The sensitivity of resonator mirror spacing to acceleration is determined using the transmission
photodiode signal when the laser frequency is tuned to the half-maximum of the resonance line
(see Fig. 7(a)). We convert the units of the photodiode signal to Hz by applying the conversion
factor S = 0.48 a.u./kHz, given by the slope of the transmission signal at the half-maximum
value (see Fig. 6). The resulting time trace, depicted in Fig. 7(a), represents the variation of
the resonance frequency of the silicon resonator relative to the frequency of the stabilized laser.
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Fig. 6. One-way frequency scan of the pre-stabilized laser frequency over the resonator
mode. Scan duration is 60 s. The signal is the light power transmitted through the resonator.
The pulse-tube cooler is on. The blue line is a Lorentzian fit. Operating temperature: 1.6 K.

We observe a modulation at 4.2 Hz, the third harmonic of the pulse-tube frequency. The peak
amplitude of the frequency modulation is slightly less than 200 Hz. The root-mean-square
frequency variation dfies of the resonator relative to the laser is 66 Hz. We interpret this as the
vibration-induced broadening that would occur if a laser were tightly locked to the resonance.
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Fig. 7. Determination of the resonator sensitivity to vibrations. a) Time trace of the
resonator transmission signal, with subtracted offset, measured with the laser frequency
tuned to the half-transmission of the resonance line. Note that the light power used in this
measurement differs from that in Fig. 6(b). Integrated power spectrum of the frequency
fluctuations in a), as a function of upper limit of integration.

To obtain the frequency dependent contributions to the broadening of the resonance frequency
we first compute the spectral density of frequency fluctuations from the time trace in Fig. 7(a).
Then we compute the square root of the integral of the spectral density over the frequency range
from 1 Hz up to frequency upper limit. The RMS value is plotted for various upper frequency
limits in panel b of Fig. 7, and gives evidence that the largest contribution comes from the
low-frequency band at and below 5 Hz. This can be explained by the fact that the passive vibration
isolation does not attenuate sufficiently in this band [34].
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In the band above 5 Hz vibrations are effectively reduced by the isolation. Thus, we believe
that the contribution of 16 Hz to the integrated spectral density in this frequency band arises
mainly from fiber-induced noise.

To calculate the acceleration sensitivity we first correct dfys for the 16 Hz linewidth broadening
of the laser carrier component due to passage through the fiber. Thus, we obtain df.s = 50 Hz.
The total acceleration (integrated between 1 and 200 Hz) has the level aory = 7.3 X 1074 g [34].
The acceleration sensitivity may be defined as the ratio of these two quantities, 0f;es/total, and is
equal to 68 kHz/g or 3.6 x 10~'%/g in fractional terms. This sensitivity is substantially higher
than the theoretical sensitivity computed from FEM neglecting shape or positioning errors. The
observed sensitivity could be due to imprecise manual positioning of the resonator relative to the
support screws. This probably results in the position of the resonator being shifted along one
horizontal direction relative to support. An additional increase in the sensitivity is due to the
support screws with 3 mm? area of contact compared to the supports with 1.2 mm? contact area
used in FEM simulations.

In the future the positioning might be optimized in the cold state with the help of motors and
translation stages. This would allow to move as well as to rotate the resonator around its optical
axis, allowing for determination of the optimal position relative to the support points.

4.4. Coefficient of thermal sensitivity

We determined the coefficient of thermal sensitivity of resonator frequency (CTF), ayes(T), in the
temperature range 7 between 1.58 K and 4 K as follows. We heated the experimental payload
with a heater mounted on the experimentation plate during 3.5 hours. Subsequently, to accelerate
heating, the Joule-Thomson stage was switched off and He gas was pumped out of it. After
an additional 1.5 hours 4 K was reached. At that point, we switched off the heater and turned
on the Joule-Thomson cooler again, cooling down to the start temperature within 3 h. As the
payload heated up and cooled down, two temperatures and the resonator frequency variation
were recorded. The latter was recorded using the line interrogation technique outlined above.

The data is presented in Fig. 8(a). The total change of the resonator frequency over the
temperature range is approximately 4 kHz, which is only 2 x 10~!! fractionally. This is
comparable to the result of Ref. [32]. To extract the CTF we first relate the frequency change to
the temperature, see Fig. 8(b). This data is fit with a polynomial function f(T) = aT®+bT>+cT*+d,
that includes an expected 7> dependence of the CTF. The fit is shown as a red line in Fig. 8(b).
The CTF is obtained from the fit result as yes(T) = —fiod df (T)/dT, where fres = 191.975 THz.
The result is @yes(1.58 K<T<4.0K) = (=5.3(T/K)? + 39.4 (T/K)* — 37.5(T/K)?) x 107 14K~
The fit uncertainties of the coefficients are approximately 2% fractionally. ares(7T) is plotted in
Fig. 8(b) as purple continuous curve.

The present resonator is very weakly constrained in its expansion, since it is supported on a
midplane ring. Thus, the present measured CTF a;s is very probably equal to the coefficient
of thermal expansion (CTE) of silicon itself, as;, except for a minor correction due to the CTE
of the coatings. This conclusion can be further substantiated by comparing the CTF of the
resonator with the CTF of a horizontally oriented 25 cm long silicon resonator with a different,
copper-and-steel support [32] (see Fig. 8(b), purple dashed curve). The very good agreement
between the two measurements is a strong indication that both CTFs are equal to the CTE of
silicon. To the best of authors’ knowledge there are no other measured data of the silicon CTE in
the studied temperature range. We also conclude that the support structure of the horizontal 25
cm resonator did not substantially constrain the thermal expansion of the resonator.

4.5. Resonator temperature instability

Fluctuations of resonator temperature, caused by small variations of cryostat cooling power over
time, affect the length of the resonator even though the thermal expansion of the spacer material
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Fig. 8. Measurement of the thermal sensitivity coefficient in the temperature range between
1.58 K and 4.0 K. a) a heating-cooling cycle and the induced resonator frequency change.
b) Relationship between resonator frequency change and temperature of resonator, and the
computed CTF. The dashed purple line is a previous measurement on a different resonator
[32].
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Fig. 9. Temperature instability of the experimentation plate and of the resonator with and
without active temperature stabilization using data from the in-loop sensor at the experimental
plate and the sensor attached directly to the middle ring of the resonator. Right ordinate
axis is the calculated contribution to the resonator frequency instability arising from the
temperature instability of the resonator.

is extremely small at the operating temperature. These fluctuations can be a limiting factor for
the frequency stability of the resonator and thus must be characterized, and, if necessary, reduced
by means of active temperature stabilization. Figure 9 shows in blue the temperature stability of
the resonator and of the experimentation plate with no active stabilization of temperature. The
temperature of the experimentation plate is measured with a sensor (Cernox) attached to the top
surface near its center. Thanks to the poor thermal conductivity of the stainless-steel support
structure the fluctuations of resonator temperature are reduced compared to those of the plate, for
integration times 7 between 10 s and 4000 s. Using the coefficient of thermal sensitivity @ es
from the previous section, the resonator frequency instability due to the temperature fluctuations
can be computed. It is indicated on the right ordinate axis of Fig. 9. We find that the frequency
instability is below the thermal noise limit of the resonator, 8.5 X 10718 (dashed line in the figure),
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for integration times up to 400 s. But for longer integration times this is not the case any more:
the frequency instability rises to 8 x 10717 at 7 = 10* s. While this level is not a concern in
the present work, in order to allow reaching a thermal-noise-limited frequency stabilization
in the future, an active stabilization of temperature is required. Therefore, we stabilized the
temperature of the experimentation plate using a PID control acting on a heater attached at a
distance of 15 mm from the sensor and on the top side of the experimentation plate. The result of
the stabilization is also presented in Fig. 9 as red data. Now, the temperature-induced frequency
instability is reduced and does not exceed 2 x 10~!7 for all integration times. For short, but
not for all integration times, the instability is below the thermal noise limit. Hence, a further
reduction of temperature instability by a factor of approximately 3 is desirable in the future. This
should be achievable by optimization of the PID parameters.

5. Frequency stability of resonator

In the following sections we characterize the short-, medium-, and long-term stability of the
resonator. The short-term stability was derived from the transmission photodiode signal. The
medium-term and log-term stabilities were obtained with the frequency stabilization technique
outlined in Sec. 3.3.

5.1. Short-term frequency stability

To determine the short-term (7<1 s) stability of the silicon resonator relative to the stabilized
ULE laser we use the data of the transmission photodiode signal when the laser frequency is tuned
to the half-maximum of the resonance line (see Fig. 7(a)). The modified Allan deviation of the
relative frequency variation is shown in Fig. 10(a). At 1 s integration time the instability is equal
to 3 Hz (2 x 10~'%). Atintegration times 7<1 s the instability is higher and reaches a maximum of
40 Hz (2.1 x 10713) at 90 ms integration time. This instability is a combination of contributions
from the instability of the ULE laser, vibration-induced deformation of the silicon resonator, and
the fiber-induced noises of the room-temperature and cryogenic fiber. The spectrum of the time
trace from Fig. 7 is presented in Fig. 10(b). The vibration originating from the pulse-tube is weak
for frequencies above 5 Hz, except for multiples of its 1.4 Hz base frequency. The broad peak
at 13 Hz is typical for the seismic noise of our building. The strong peaks around 140 Hz are
generated by the rotary valve of the pulse-tube and represent the dominant contribution to system
instability at short-time scales.
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Fig. 10. Short-term frequency instability of the resonator. a) Modified Allan deviation and
b) Spectrum of the time trace shown in Fig. 7.

5.2. Medium-term frequency instability

The laser is stabilized to the cryogenic resonator using the fringe interrogation technique described
above. The stabilized frequency is measured against a second maser with lower frequency
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instability (designated as H-Maser 2 in Fig. 4). The result of a 10-h-long measurement is
presented in Fig. 11. We determined a 210 pHz/s frequency drift of the silicon resonator. This
drift is removed before subsequent evaluation of the frequency instability. We also remove the
ULE frequency drift from the recorded frequency shift faom between the ULE laser and the
silicon resonator (see Fig. 11(a), (bottom inset)).

i drift rate: 210 pHz/s / o) .
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Fig. 11. a) A ten-hour-long frequency measurement of the silicon-resonator stabilized
laser frequency (blue, running average over 100 s) and of the ULE-resonator-stabilized laser
frequency (orange). The reference is an active hydrogen maser 2 with superior frequency
stability. Bottom plot displays the difference between ULE resonator frequency and silicon
resonator frequency, i.e. Afaom, wWhere a second-order time variation of the ULE frequency
was removed. b) Modified Allan deviation of various frequencies: short-term frequency
stability of the silicon resonator imported from Fig. 10 (green), the stabilized laser frequency
after removal of the 210 uHz/s absolute frequency drift (blue), of the prestabilized ULE
laser (orange), of the initial (blue violet) and corrected for ULE drift (light yellow) frequency
difference between the ULE and silicon resonator. Red points represent the maser 2 instability
specified by the manufacturer. The upper border of the light blue shaded area is the inferred
instability of the silicon resonator.

The modified Allan deviation of the absolute laser (viz. silicon resonator) frequency is
presented in Fig. 11(b). It follows closely the specified instability of the hydrogen maser, except
for integration times 7 between 200 s and 2000 s, where the laser instability is higher. We believe
this increased level is due to the periodic oscillations of the resonator frequency (see Fig. 11(a))
caused by the variation of the temperature in the cryogenic laboratory and in the laboratory were
the frequency comb is located. No in-depth search for parts of the equipment or optical setup
sensitive to these temperature variations was done. This will be the subject of future work. The
lowest instability of 0.067 Hz (3.5 x 107'¢) was reached after 6000 s integration time. This value
is limited by maser performance, according to its specifications.

The modified Allan deviation of the frequency shift faom between ULE and silicon, corrected
for ULE drift, is also plotted in yellow in the Fig. 11(b). For integration times between 10 s and
100 s this represents an upper bound for the frequency instability of the silicon resonator-stabilized
laser. For integration times exceeding 100 s, a comparison with the H-maser rather than with the
ULE resonator permits a more sensitive determination of the laser frequency noise, because on
those time scales the ULE resonator drift is too strong. The employed line interrogation technique
is slow (approximately 0.5 s cycle time). Therefore it is not effective in improving the frequency
stability of a laser at short integration times. Moreover, on these time scales the acceleration
induced fluctuations are important. The green discs in Fig. 11(b) (duplicated from Fig. 10(a))
show the expected instability of a laser locked to the silicon resonator if a more appropriate
locking technique, such as the Pound-Drever-Hall technique, would be employed.
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5.3. Long-term frequency drift

The long-term drift of the silicon resonator was measured relative to the H-maser (H-Maser 1 in
Fig. 4) in the time interval between day 34 and day 266 after the completion of the cooldown
(Fig. 12(a)). The measurements were done with the help of the prestabilized ULE laser using the
line interrogation technique. Initially, the interrogation of the silicon resonator was performed
once a day, for a duration of ~ 1 h and without active power stabilization. Later, starting on day
110 of the experiment, the laser was continuously stabilized to the resonator. During this period
the power of the interrogating laser light was also stabilized. The temperature of the resonator
was partially stabilized, as can be seen in Fig. 12(a). To account for the influence of temperature
variations, frequency data are corrected using the value of aes(7). The maser frequency drift
rate was determined as 3 x 1072!/s and is removed from the silicon resonator frequency data.
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Fig. 12. a) Measurement of the long-term drift of the silicon resonator together with its
temperature and b) zoom into the part of the measurement with the highest stability of the
resonator.

The drift rate until day 49 was equal to —3.6 mHz/s or —1.9 x 10~'7/s fractionally. After
experiencing a short electricity blackout at the time marked P; in Fig. 12(a), the drift rate fell
strongly. In the days following the blackout the temperature of the resonator increased to 10 K.
We hypothesize that this small thermal cycle might have accelerated the relaxation of the silicon
material.

During the time periods [J;;J>] and [J3;J4] we observed frequency jumps of —56.75 kHz and
0.82 kHz, respectively. The first frequency jump is possibly due to the erroneous read-out of
another mode. The reason for the second jump was not found.

Stable frequency data was obtained starting with day 56. This data is presented in more detail
in Fig. 11(b). Due to adjustment of the measurement procedures and laser light power the data
has a larger spread at the beginning, until day ~ 80.

The mean frequency drift rate during the interval day 56 - 266 is equal to —5.8 yHz/s or
-3.0x 107295,

To reduce the scatter of the data, the transmitted laser power was stabilized to 3 uW and a
continuous interrogation was implemented, starting on day 110. As can be seen in Fig. 13, this
greatly improved the absolute frequency stability. Whereas the laser was always stabilized to
the resonator, the measurements with the frequency comb were done with interruptions. This
resulted in gaps in the data. According to the findings of Ref. [29] and later [33] the drift rate is
highly dependent on the laser power used for interrogation. To study this effect, we reduced the
optical power by a factor of 2 from 3 W to 1.5 uW on day 168. As a result, the sign of the drift
rate was opposite during the following 15 days. Subsequently, the drift rate became negative
again.

Another interesting observation is a positive frequency offset of about 20 Hz after interruptions
of the interrogation at day 120, 126, 158, and 246 (see Fig. 13). Contrary to this, a negative
offset of approximately —20 Hz is observed at day 117 when the laser was not prestabilized to
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Fig. 13. Frequency change of the resonator (left y-axis) and the optical power impinging on
the room-temperature end of the cryogenic fiber (right y-axis), during the most stable part of
the measurement. During the light blue shaded intervals the resonator was interrogated with
interruptions. The silicon resonator frequency data was averaged over 600 s.

the ULE resonator, the laser light was impinging on the bottom mirror of the resonator, and the
light power was increased to maximum by the power stabilization electronics, that did not detect
any transmitted light. The observed frequency offsets occur perhaps because of some relaxation
process in the mirror coatings.

The mean drift rate over the whole 190-day-long time interval after day 76 was —7.13 uHz/s
or —3.7 x 1072%/s (see Fig. 13). The mean drift rate for the stable interval after adjustment of the
laser power was slightly higher, —10.9 uHz/s or —=5.7 x 1072%/s.

6. Conclusion

We developed an apparatus that permits to stabilize a laser to a cryogenic optical resonator with
good performance in terms of frequency stability on medium time scale and excellent long-term
stability.

A 190 mm long silicon optical resonator was developed for this purpose. It is vertically
oriented, and its design was optimized for low vibration sensitivity. The temperature instability
of the resonator was determined not to be a current limiting factor to the frequency stability.
We measured the coefficient of thermal sensitivity of the resonator frequency to be close to
1 x 10712K~!, a value that is expected to be essentially the thermal expansion coefficient of the
silicon crystal itself. The resonator’s sensitivity to vibrations was determined using the vibrations
produced by the cryostat. We found the sensitivity to be approximately 4 x 10719/g in fractional
terms. This relatively high value could potentially be be lowered by a careful alignment of the
resonator to the support points.

An overall display of the frequency instability of the system is provided by the light blue filling
in Fig. 11(b). The stability is 2 x 107! at one second integration time, but since the laser was not
actually stabilized effectively to the resonator on this time scale, this number reflects the stability
of the resonator system only. The medium-term stability of the stabilized laser is approximately
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4.8 x 10715 at 10 s integration time. This is an upper limit, as the instability of the reference of
this measurement, the ULE resonator, is not negligible. The instability remains at this level up to
100 s integration time and then decreases to 3.5 x 107'® at 6000 s integration time. This value is
limited by the performance of the maser that was available for the characterization.

The long-term performance of the system is excellent. It is notable that the apparatus was
functional for almost one year at the temperature below 1.7 K. The long-term drift of the resonator
was followed over 266 days. During a 190-day-long period the frequency change was 117 Hz or
6.1 x 10713 in fractional terms. This corresponds to a drift rate of =7.1 gHz/s or —=3.7 x 10720/s.
This result was achieved with the laser continuously interrogating the silicon resonator. The
drift rate is approximately ten times higher than the drift rate of the active hydrogen maser used
for comparison (3 x 1072!/s). It is also higher than the drift rates of the two most stable silicon
resonators demonstrated so far, one at 1.5 K [18] and one at 124 K [40], having drift rates of
5.9 +3.8 x 1072!/s measured over 163 days and of 9 x 1072!/s measured over 45 days, respectively.

With this long-term performance, the optical reference can provide - without requiring a
H-maser - optical frequencies with attractive absolute frequency uncertainties, as follows. The
optically stabilized frequency comb delivers a high-purity RF signal at 250 MHz. This could be
converted into a nominally 10 MHz signal to be used as reference for the GNSS receiver. Via
common-view GNSS with a metrology institute, the 10 MHz signal frequency can be measured
relative to an atomic frequency (as was done here). The measurement yields a correction that
can be taken into account in data processing, or that can be sent to an acousto-optic frequency
shifter that shifts the optical frequency. We estimate that the absolute uncertainty of the average
optical frequency will then be in the low 107'# range. This estimate follows from a combination
of contributions: (i) the common-view comparison has an intrinsic instability of approximately
1 x 10~ for an integration time of 10° s, in our laboratory; (ii) the instability of the cryogenic
reference is probably at this level (it has not been measured for this integration time value, but see
Fig. 11(b)); (iii) the drift over the same interval is of order 1 X 10714 (blue line in Fig. 13). Thus,
the day-averaged optical frequency can be determined with uncertainty in the low 107 range.

While within this study, the frequency comb was locked to the prestabilized laser, it would
alternatively be possible to lock it to a laser directly locked to the cryogenic cavity, thus simplifying
the setup.

We identified a number of issues that limit the stability at short and medium integration times:
residual vibrations, cryogenic fiber noise due to vibrations of the cryostat and the influence of lab
temperature. Future mitigation of these issues is expected to improve the overall performance of
this system, eventually allowing to reach the thermal-noise-limited performance of the resonator.
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