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Abstract.

We present several developments aimed at improving the stability of optical lattice clocks.
First, we present our developments of an optical lattice clock using neutral mercury. We mention
recent advances made with the fermionic isotope '*?Hg. We also mention our work aimed at
using bosonic isotopes, which offer the possibility to circumvent the relatively short lifetime of
the upper clock state in '°°Hg. Second, we present our work on a non-destructive detection in
a Sr optical lattice clock. We describe developments that brought the detection scheme from
the classical non-destructive regime to the quantum non-destructive regime. Our detection
scheme is practical and has the capability to the used beyond proving the principle. Finally,
we present our work on laser stabilization using spectral hole burning in a Eu®":Y2SiO5 crystal
at cryogenic temperatures. We describe our development of low noise interrogation based on
digital IQ modulation and detection that can probe multiple spectral features simultaneously,
as well as several investigations towards fluctuating environmental factors. These advances,
individually or combined for example with spectral purity transfer with combs and composite
clock approaches, shall bring significant progress in clock stability and accuracy.

1. Progress in the development of a Hg lattice clock

Neutral mercury Hg offers the possibility to develop an optical lattice clock with a low sensitivity
to thermal radiation and to stray electric fields. Hg is about ~ 30 times less sensitive than Sr and
~ 15 times less sensitive than Yb. Highly accurate measurements of frequency ratios between
Hg and other optical transitions can bring interesting contributions to fundamental physics tests
and metrology. Our group, and the group at University of Tokyo and RIKEN, studied optical
lattice clock based in the fermionic isotope "?Hg. These developments gave two accurate and
independent measurements of the frequency ratio *Hg/%"Sr with uncertainties of 1.8 x 10716
[1] and 8.4 x 10~'7 [2] in agreement with the 1o error bar. Both measurements were limited by
the systematic uncertainties of the "Hg systems. Our group also made direct measurement of
the absolute frequency, i.e. of the 9Hg/!33Cs(hfs) ratio, and of the 19Hg/3"Rb(hfs). In 2017,
these measurements led CIPM to recommend the 'Sy-3Pg in '9’Hg as a secondary representation
of the SI second [3]. In the 2021 update of the list of recommended frequencies and secondary
representations of the second [4][5], still based on the two aforementioned measurements, the
99Hg clock transition has a recommended fractional uncertainty of 2.4 x 10716, not far from
the best recommended uncertainty (1.9 x 10716 for 87Sr, 171yb, 1"1Yb+(E3) and 27 A1) which
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is determined by the uncertainty of the realisation of the SI second by cesium fountains.

Main limitations of our work with Hg were the following. A first limit was the uncertainty
to which we were able to control the optical frequency of our optical lattice light with a
commercial lambdameter. A second limit was a relatively modest lattice trap depth (estimated
to ~ 56 recoil energy Fr) owning to the challenging UV wavelength (362.5 nm [6]) and the
comparatively low polarizability (a price to pay for the low blackbody radiation sensitivity).
Another limit was the short term stability that we could achieve (> 1.2 x 1071% at 1s). This
limit was itself linked to several factors: a limited number of atoms that could be captured in a
given time and a rather short lifetime of the atomic sample in the lattice trap, which together
impose a duty cycle of the probing sequence no better than ~ 10% and increase the impact of the
Dick effect. The reliability of our Hg clock system was also significantly limiting our capability
to perform and repeat long measurement sessions, the main factor being the 254 nm light source
for cooling and detecting atoms. Another limit was coming from residual background gases
in our vacuum system which contribute to limit the lifetime of the atomic sample trapped in
the lattice and cause a background collision shift. The impact of the latter was found quite
significant in recent studies on "*Yb and 87Sr [7][8].

Next, we mention several developments to improve over these limits. First, we developed
a system to drastically improve the control of the lattice trap frequency. Our approach was
to lock the lattice light frequency to a comb in order to have virtually no limit to the level of
control. We aimed to do this with the same metrological comb already used to link the Hg
clock light at 1062.5 nm (282.1 THz, one fourth of the !Sg-3Pq transition frequency). To do
this, we relied on a 1450 nm extended cavity diode laser (ECDL) which the frequency doubled
to obtain a beat note against the 725 nm light (TiSa laser) frequency doubled to generate the
optical lattice trap light at 362.5 nm. 1450 nm is a wavelength where our fiber based comb have,
without any modification, enough power to obtain a beat note signal. To use these beat notes
and lock frequency of the 1450 nm laser comb and the TiSa laser to the doubled 1450 nm laser,
we developed a locking scheme tolerant to extremely low signal-to-noise ratios while remaining
sufficiently accurate, avoiding any further requirement to the comb in terms of power in the
relevant spectral region. We estimated that our system can control the absolute frequency of
our lattice light to an uncertainty of ~ 1 kHz, which should not be a limit to the accuracy of our
Hg clock down to 1078 or even better [9]. Second, we improved our laser sources for cooling and
detecting the atoms with the 'Sy-P; transition at 254 nm to allow for practical 2 dimensional
magneto-optical trap (2D-MOT), a possibility arising from the high vapour pressure of mercury,
which had not been exploited before. Our system comprises two independent generation of
254 nm light, each with a home-built ECDL at 1015 nm seeding a commercial Yb fiber amplifier
and single pass doubling to 508 nm followed by a home-built cavity-enhanced frequency doubling
to 254 nm [10]. One of the light source is stabilized to Doppler-free absorption spectrum from a
room temperature 1 mm long Hg vapor cell. The second light source is frequency stabilized to
the first one via an optical beat note at 1015 nm, providing independent frequency tuning of the
two sources. One source is set to generate about 26 mW of UV power for the MOT. The other
one generates up to 50 mW for the 2D-MOT. These power values are far from the maximum
achievable. They are the result of a comprise to improve the lifetime of components of the
doubling stages (BBO doubling crystals, mirror coatings). While the infrared and visible part of
this system prove highly reliable, the 254 nm doubling stages remain the dominant impediment
to unattended and daylong continuous operation of our clock. The 2D-MOT increased the cold
atom loading rate by factor of 4.5 which gave us leverage to improve clock stability, investigate
cold collision shift, operate at a lower trap depth or reduce the vapor pressure in the Hg source
region. For instance, we were able to operate a sequence with a cycle time of 482 ms and a duty
cycle of 33% giving a short term stability of ~ 6.3 x 10716 at 1 s [10] with an ultra-stable laser
based on a 10 cm long cavity [11][12]. We have indications that, with we same amount of UV
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power, the efficiency of the 2D-MOT could be further increased by optimizing the beam shape.
It is reasonable to expect that multiplication by 10 or more of the loading rate would be within
reach with such modification and a feasible increase of the power.

These developments and additional improvements to increase the reliability made it possible
for our ""Hg clock to participate to several measurement campaigns in the last years. For
instance, the "Hg clock was involved in fiber link comparison campaign in May-June 2017
between SYRTE, PTB and NPL. This campaign gave stability measurements between Hg, Sr
and Yb T (E3) that was exploited to search for transient variation of the fine-structure constant
and for dark matter [13]. We measured the "Hg/3"Sr optical frequency ratio several times
during internal and fiber link campaigns in 2017, 2018, 2019, 2020 and 2023, making use of the
REFIMEVE fiber network infrastructure [14]. In the last campaign, we could collect about 27
hours of data against the remote Sr clock at PTB. A typical measurement session with optimized
parameters reaches a statistical uncertainty of 2x 10717 in 2 hours. The successive measurements
of the 199Hg/87Sr over the years were in good agreement with each others but tend to confirm
a discrepancy with the measurement made at RIKEN [2]. A preliminary analysis of the 2023
measurements gives, instead, an agreement with [2]. We are currently trying to confirm these
findings and to find the origin of the change. Note that in all these measurements, uncertainties
in our Hg clock dominate and our main assumption is that discrepancies and changes come from
Hg. The last campaigns shall also provide valuable frequency ratio measurements against one
or several Yb*(E3), Yb*(E2) and Yb clocks, subject to clarifying the Hg/Sr measurements.

The 'Sp-3Py clock transition in the fermionic isotope "Hg is weakly allowed for electric-
dipole transition due to the hyperfine mixing. This same coupling defines the spontaneous
emission rate from 3Pg to 'Sy and the lifetime of the 3Pg state. In *?Hg, the estimated lifetime
is rather short (~ 1.5 s) compared to, for instance, the 3Pg lifetime in 87Sr and "'Yb. It will be
an obstacle to exploit the new generation of ultra-stable lasers like for example the one reported
in [15] or [16] or the one that shall result from the work presented section 3. Using bosonic
isotopes of Hg provides a means to circumvent this limit. Bosonic isotopes have no nuclear spin
and their 'Sy-3Py is completely forbidden. The transition can be made weakly allowed by a
relatively strong magnetic field as proposed in [17] and experimented in 88Sr [18][19][20] and
174y [21]. With this quenching method, the strength of the coupling can be adjusted at will
and the probing time can be as long as desired to match to the coherence time of the probe laser.
We made key developments to use bosonic isotopes of Hg. We developed the means to apply
a pulsed and well-controlled quenching magnetic field, using coils of our MOT, an inverting
switch and a controlled current source. We have checked that we can apply magnetic field pulse
up to 15.5 mT without loosing or perturbing the atomic sample trapped in the lattice. We
implemented a widely tunable and flexible probe laser system at 265.6 nm that preserves the
low frequency noise properties of our current (flicker noise at 4 x 10716) and future ultra-stable
light. Based on an offset phase-locked narrow line fiber laser, this system has the capability
to address the 'Sg-Py clock transition of any of the natural isotopes of Hg. We optimized the
beam routing and shaping of the 265.6 nm light regenerated by resonant frequency doubling in
order to maximize the coupling to atoms held the lattice trap. This optimization and several
other tests were made with the help of the '"?Hg fermionic isotope. From the maximum Rabi
frequency observed with "Hg (~ 2 kHz) and the other parameters, we infer that we should
reach a Rabi frequency of 50 Hz. This is quite small and the search for the transition should
be challenging but feasible for the *®Hg bosonic isotope for which the transition frequency is
known with a 1o uncertainty of 10.3 MHz.

Fully exploiting the potential of bosonic isotopes and of new ultra-stable lasers will require
to have long probe times, largely longer than the limit imposed by the lattice lifetime observed
in our current setup. This is a further motivation for us to reduce the pressure of background
gases, which we already mentioned as a limit to our work with '?Hg. To improve the background
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pressure, especially the one of Hg, we developed a home-built cryogenic pump that can be fit to
our setup without major modification. The pump consists of two copper plates clamped onto
a copper tube through which liquid nitrogen circulates. We estimate that this pump shall have
an effective pumping speed at the level of the lattice trap of several 1.s' for Hg. We conducted
tests that showed at a significant positive impact on the vacuum level. We expect that using
this device will give us a preliminary means to investigate effects of background gas collisions
(frequency shifts and lattice lifetime limitation). And drastic and perennial improvement of
vacuum level will then require a major redesign of our setup.

2. Non-destructive detection for Sr lattice clocks

Utilizing spin squeezing to overcome the standard quantum limit in order to enhance the clock
frequency stability has first been demonstrated in microwave atomic clocks [22]. However,
spin squeezing on optical clock transitions is more challenging due to the lack of differential
measurement techniques directly accessing the population difference, as well as the lower number
of atoms probes in optical clocks, and was accomplished only recently. A first demonstration
involved coherently transferring spin-squeezing from a microwave to an optical transition on
ytterbium [23]. A very recent work presents a metrological gain of 1.9 dB on a strontium optical
lattice clock, relying on the cavity-assisted quantum non-demolition (QND) measurements that
works on the near-resonant regime [24].

Here, we propose and realize a different QND measurement scheme in a strontium optical
lattice clock, where the clock atoms are trapped and coupled with a far-detuned probe laser in a
single spatial cavity mode [25], aiming at integrating the apparatus into the operational clocks.
In our scheme, spin-squeezing is produced via cavity-enhanced collective coupling between an
ensemble of strontium atoms and a probe laser off-resonant with the 1Sy — ' P; transition at
461 nm, as depicted in the energy level of Fig. 1. For this, the number of atoms in the electronic
ground state N is acquired by a PDH-like heterodyne scheme, in which phase-modulation
sidebands are simultaneously injected in two longitudinal modes of the cavity, ensuring both
immunity to technical noises (laser frequency noise and mechanical vibrations of the cavity),
and homogeneous longitudinal atom-cavity coupling g [25]. Our latest implementation [26]
makes use of two electro-optic phase modulators in order to reach a large atom-light detuning
of A =+ 5.5 GHz, and to decouple the dynamics of the detection scheme from the error signal
used to lock the probe beam on the cavity. These two features are critical in order to reach the
low photon scattering limit characterizing quantum non-demolition measurements.

Practically, the number of atoms is deduced from a measurement of the frequency shift of the
cavity modes, given by dw. = Ng?/A. For the typical number of probed atoms, this frequency
shift is larger than the cavity line-width, making the atomic signal move out of the linear regime
(see Fig. 1). To handle this, we feedback the atomic signal to one of the modulation frequencies
Y and record the frequency correction which is equivalent to dw, [27]. With this scheme, we have
verified the scaling between dw. and N| as measured with an EMCCD camera, and measured
the noise limitations in our system, including the quantum projection noises, and the detection
noise (electronic noise and photon shot noise).

Besides the detection of the atomic states with QND measurements with a high signal-to-
noise ratio, the preservation of the atomic coherence is also mandatory for entering the regime of
metrological improvement. For this, the probe power is tuned to ensure a scattered photon rate
by one atom as small as 1072 «/us. However, the atomic coherence still suffers from dephasing
with a rate of ng?/A (n is the probe photon number) which comes from the interaction with the
probe light. To cancel this effect, we use a photon-echo protocol where a 7 clock pulse is inserted
between two QND measurements with equal detection time to rephase the atomic states which
are initially prepared by a 7/2 clock pulse. By measuring the variation of contrast of Ramsey
fringes formed by two time-separated 7 /2 clock pulses due to the non-demolition measurements,
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Figure 1: Quantum nondemolition measurements scheme with far-detuning probe laser. Two
electro-optic modulators (EOMs) are used to phase-modulate the 461 nm probe laser and flexibly
adjust the power of probe sidebands. The modulation frequency frequencies of the two EOMs
are 1 = 2.5 GHz and Q' = 1.5 GHz, respectively. An acoustic-optical modulator (AOM) is to
match the frequency difference between the cavity resonance and probe laser. Two insets are
the atomic signal and the relevant energy levels of strontium.

we observe that the photon-echo method mitigates the decoherence in our apparatus. There is
still residual decoherence leading to an additional loss of the contrast by about 1.1 times at our
optimal experimental conditions, and which could be further reduced with a more appropriate
echo pulse [28].

With an initial preparation of the coherent spin states for around 2 x 10 atoms, we conducted
two consecutive composited QND measurements to investigate the generation of the spin-
squeezing, and the measurement protocol is as presented in Fig 2a. In each measurement, the
transition probability which indicates the atomic states is given by P = NT(Z) / (Nf) + NT(Z)),
where ¢ is the measurement order. Because the quantum projection noise which dominates
each of the two measurements, is correlated, it can be rejected by a factor of 1/xqnp =
(APsqu/(A(Py, — aPy))?, where APgsqr is the standard deviation of the transition probability
in the case of standard quantum limit, and a = Cov(P; — P,)/(AP;)? represents the conditional
correlation coefficient. Generally, a smaller xqonp requires a better signal-to-noise ratio which
means stronger probe strength. However, we need to trade off the atomic decoherence. The
Wineland parameter &, = xqnp - Ci/ CJ% can be used to represent the metrological improvement,
where C; (Cy) is the Ramsey fringe contrast before (after) the QND measurements. We
investigated the &, at different probe strengths, and the results are shown in Fig. 2b. At a
scattered photon number of around 0.2, &, < 1 is obtained, which infers the generation of the spin
squeezing. With the further suppression of the atomic decoherence by optimizing the photon-
echo protocol, reduction of the additional free-space scattered photons stemming from unwanted
coupled sidebands, and enhancement of the signal-to-noise ratio by increasing the coupling
efficiency of the probe, it is promising to obtain a considerable metrological improvement based
on our scheme for the operational lattice clocks.

3. Laser stabilization using spectral hole burning

Given the extraordinary progress in optical lattice clocks, the need of an ultra-stable optical
oscillator has become urgent. Whereas the room-temperature high-finesse Fabry-Perot cavity
stabilized lasers reach their fundamental thermal noise limited fractional frequency instabilities
at the low 107'6 around 1 s integration time [30], an improvement by at least one order of
magnitude is necessary in order to demonstrate the quantum projection noise limit in optical
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Figure 2: Observation of spin squeezing. (a) measurement protocol for observing the quantum
correlations and spin squeezing. The red bar indicates the 698 nm clock laser pulse and the blue
bar indicates the 461 nm QND probe pulse. The clock Rabi time is 0.3 ms. (b) at different
probe strengths that are calculated from the measured photon scattering rate [29], measurement
results for the quantum projection noises reduction coefficient (xqnp, green-square points), the
contrast of the Ramsey fringe (Cy, red-cross points), and the Wineland parameter (&,, blue-
circle points).

lattice clocks with the conventional cyclic operation with dead time in typical situations [31].
Several strategies to lower the thermal noise floor of the Fabry-Perot cavities have been pursued
: increasing the size of the optical mode on the mirrors [15], using crystalline material with
better thermal mechanical properties for the cavity components [16, 32|, going to cryogenic
temperatures [33], and a combination of those. However, the outcome is still limited by thermal
noise, albeit under new conditions, with the price of added technological complexities, mostly
related to cryogenics and vibration management.

It is in this light that we investigate the so-called ‘spectral hole burning’ as an alternative
method to derive short-term frequency stabilities. This method is based on the spectroscopy
of rare-earth ions doped in a crystalline matrix, by optically pumping and shelving these ions
into metastable states to create long-lived spectral structures as frequency references. Since the
homogeneous line width is related to the optical coherence time of the excited state, a narrow
line laser and an appropriate choice of the dopant and the host, Europium ions doped at 0.1 at%
into Yttrium orthosilicate (Eu*:Y5SiO5, or Eu:YSO) in our case, allow for the realization of
spectral holes with full width at half maxima as low as 3 kHz at about 4 K inside a much
broader inhomogeneous profile. The hyperfine splitting of the ground state of the Eu3t ions
gives rise to a spectral-hole life time on the order of 10 hours near 4 K. The solid-state nature
of the crystal ensures a large number of ions participating in spectroscopy, which is favorable
for a good signal to noise ratio. Last but not least, the fundamental limits of such a system is
unknown, but preliminary estimations, including that of the thermal noise, appear to be low
compared to classic Fabry-Perot based systems at room or even cryogenic temperatures.

We use heterodyne interferometry to measure and correct the frequency of a probe laser
field with respect to a spectral hole structure [34, 35, 36]. The experimental setup is shown in
Fig. 3(a). By the Kramers-Kronig relation, a narrow transmission spectrum of a spectral hole
induces a linear dephasing of a nearly resonant laser field, with the zero crossing located at the
center frequency of the spectral hole, see Fig. 3(b). We optically beat down the probe signal to
the radio frequency (RF) regime, and measure the phase against that collected on a reference
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Figure 3: (a) A schematic of the experimental setup of the heterodyne interferometry. Drawing
reproduced from [36]. (b) Typical transmisstance and dephasing of a narrow spectral hole. (c)
The custom fit dilution stage from Pasqal-MyCryoFirm.

path, so as to obtain this dephasing that serves as an error signal for the frequency servo loop.
In order to be insensitive to differential noise sources between the two paths, monitor modes
can be generated and placed in a broad spectral hole to measure and subtract their contribution
from the error signal. Multimode generation also constitutes a means to spread the probing
optical power into several narrow spectral holes in order to increase the signal to noise ratio
while keeping overburning (continuous optical pumping from the probe laser field) in check.

The technological challenge in multimode generation and detection is overcomed by using
all digital signal processing, with python-based GNURadio software package coupled with a
universal software-defined radio peripheral (USRP), Ettus X310 in our case, that offers phase
coherent RF multiple inputs and outputs. Multiple frequency modes in time domain can
be generated using inverse fast Fourrier transform of the desired spectrum centered on zero
frequency. The USRP uses digital up conversion to shift the spectrum to a suitable RF signal
to drive an acouto-optic modulator that imprints the multiple frequency modes onto an optical
carrier. To detect the phase shift of each modes, the previously mentioned beatnote is measured
by suitable photodiodes and sent to the USRP input ports, yielding both the amplitude and
the phase information using IQ detection, before being digitally down converted into the base
band. A narrow-band polyphase channelizer is used to isolate each frequency component before
processing the phase information and generating the error and correction signal. The details
of our implementation can be found in [36]. Compared to using only a single probe mode [34],
this fully-digital multi-heterodyne approach allows decreasing technical noise sources by orders
of magnitudes at 1 s time scale or longer and reaching a detection noise (with optical probing
power compatible with hours of continuous operation) of 2 x 10716 at 1 s, with clear prospects
to reach the 10~!7 range or even lower [36]. Our lowest reported laser frequency instability when
locked onto a structure of a narrow spectral hole and a broad one is 1.7 x 1071 at 1 s so far [35].
We expect further improvements when more narrow spectral holes are used for locking.

With the possibility of tracking the absolute frequency of the spectral holes by measuring
the laser frequency, when locked, against the primary frequency standards at the SYRTE
laboratory via an optical frequency comb, we have been studying several effects that could
potentially impact the short-term stability, namely the sensitivity to a fluctuating DC electric
field, mechanical strains (or equivalently accelerations), and the temperature of the crystal.

The measurement of the DC Stark effect is detailed in [37]. Due to the symmetry of the
YSO crystal, a spectral hole essentially splits into two with positive and negative frequency
shift in the presence of a homogeneous electric field. By analysing both branches for residual
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asymmetries, targeting a laser fractional frequency instability at the 10717, we are able to infer
an upper limit for electric field fluctuations to 2.3 V.m~! RMS, which is experimentally within
reach.

As for the sensitivity to mechanical strains, or equivalently to vibrations, we employed a
cryo-compatible 3-axis translation stage in order to place or remove small masses (aluminium
plates) on the crystal, while probing the transmission spectrum in the vicinity of a priorly
photo-imprinted spectral hole [38, 39]. By characterizing the linear frequency shift, we
established the intrinsic acceleration sensitivity to range from 1.5 x 10~ (m.s72)~! down to
1.3 x 1072 (m.s72)~! (depending on the direction of the strain and the crystal substitution
site), giving an upper bound, for a target laser fractional frequency instability of 10717 at 1 s,
to the tolerated vibration noise to be below 107° m.s~2 / \/E, which is manageable even in the
presence of a pulse-tube cryocooler that allows for continuous operation without the need of
regular replacement of cryogen.

Concerning the impact of the temperature of the crystal T', based on the two-phonon Raman
model, one expects the resonance frequency of rare-earth dopants v to follow a scaling law of
v o< T* [40]. This is in fact realized only for one of the two substitution sites in Eu:YSO.
However, in both cases, the sensitivity to temperature fluctuations near 4 K largely limit the
performance achieved in [35]. In the presence of an external isotropic pressure in thermal
equilibrium with the crystal, however, the thermal fluctuation induced pressure change would
counteract the thermal expansion and contraction of the crystal itself, giving the possibility to
cancel to the first order the temperature induced frequency shift of the spectral holes for a well
chosen pressure-temperature couple. Similarly to earlier work in [41], we investigated these
behaviours at temperatures achievable by our pulsed-tube cryocooler. Whereas we were able
to verify the cancellation of the temperature sensitivity in an environment that is coupled to
an isotropic pressure [42], the technical challenges in realizing a hermetic gas cell that is robust
against temperature cycling is tremendous and requires technical expertise and dedicated effort.
Furthermore, this approach is only valid for timescales long-enough where thermal equilibrium
is reached. We currently explore an alternative that consists of further decreasing the crystal
temperature using a dilution refrigerator, see Fig. 3(c). On one hand, assuming the 7% scaling,
the temperature sensitivity, oc 72, would decrease significantly when the temperature is reduced
by an order of magnitude. On the other hand, it is known that the absolute residual temperature
fluctuations (in K) at dilution temperatures is lower than that at pulsed-tube temperatures. It
is therefore reasonable to expect that the temperature noise induced frequency instability will
be well below the target instability of 10717,

4. Conclusions

We presented developments in three different aspects of optical frequency metrology that have
the potential individually, and even more so, when used together, to increase the stability of
optical lattice clock beyond the 1 x 107! level at 1 s. To this end, one would rely on spectral
purity transfer using optical frequency comb to transfer the performance of an ultra-stable
laser based on spectral hole burning (discussed in sec. 3) from its specific frequency 517 THz
(wavelength of 580 nm) to other relevant frequencies, in our case, the clock transition frequencies
of Sr (429 THz) and Hg (4 x 282 THz) and the frequency of fiber networks (194 THz). It is
well-established that such spectral purity transfer can be done at the 10718 level [43]. Such
probe lasers used in combination with 37Sr or a bosonic isotope of Hg (discussed in sec. 1)
in a shallow lattice trap shall permit probing time of 1 second, from which one can expect
clock instabilities < 10~177=1/2, Further improvement can be expected when making use of
non-destructive detection discussed in sec. 2. In [44], we showed theoretically that a simple
and practical scheme made of a Rabi interrogation pulse accompanied with 3 non-destructive
detection pulses can give significant gain (7.9 dB for 2 x 10* detected atoms) when properly
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optimized taking into account real imperfections. Another possible use of the non-destructive
detection is the so-called atomic phase lock scheme proposed in [45] and tested experimentally
with a microwave transition in [46], and with an optical transition in [27]. This scheme makes
it possible to extend the probing time beyond the coherence time of the probe laser. With two
clocks using the same probe laser (or probe lasers with correlated phase noise via spectral purity
transfer), one can also implement a compound clock scheme proposed and tested in [47] where
one high-signal-to-noise clock coarsely tracks the phase of the probe laser while the other one
makes a high-resolution measurement of the same phase. Like the previous one, the scheme can
in principle enable a probing time for the second clock way beyond the coherence time of the
laser. These few examples show the potential of the three developments reported here to reach
exquisite short term stabilities, when combined together. In turn, instabilities < 107177—1/2
greatly facilitate investigations of systematic shifts below the 107'® level. Alternatively or
concurrently, these schemes can be used to reduce some biases, for instance by using them as
a means to preserve an excellent stability while reducing the number of atoms and thereby
collision shifts. Similarly, some of these schemes could be used to preserve an excellent stability
even when using a simplified and less high-performance ultra-stable laser, in the context of
technological trade-offs for transportable or industrial clocks. Developments that we described
shall permit optical frequency standards and optical frequency ratio measurements with higher
accuracy, that will make significant contributions towards fulfilling criteria for the redefinition
of the SI second [48], towards uses of optical frequency standards in fundamental physics, and
towards emerging applications like chronometric geodesy.
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