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M Check for updates

State-of-the-art atomic clocks are based on the precise detection of the energy
difference between two atomic levels, which is measured in terms of the quantum

phase accumulated over agiven time interval'*. The stability of optical-lattice clocks
(OLCs)islimited both by the interrupted interrogation of the atomic system by the
local-oscillator laser (Dick noise’) and by the standard quantum limit (SQL) that
arises from the quantum noise associated with discrete measurement outcomes.
Although schemes for removing the Dick noise have been recently proposed and
implemented**8, performance beyond the SQL by engineering quantum correlations
(entanglement) between atoms®2® has been demonstrated only in proof-of-principle
experiments with microwave clocks of limited stability. The generation of
entanglement on an optical-clock transition and operation of an OLC beyond

the SQL representimportant goals in quantum metrology, but have not yet been
demonstrated experimentally'®. Here we report the creation of amany-atom
entangled state onan OLC transition, and use it to demonstrate aRamsey sequence
with an Allan deviation below the SQL after subtraction of the local-oscillator noise.

+0.6

We achieve ametrological gain of 4. 47 ; decibels over the SQL by using an ensemble
consisting of a few hundred ytterbium-171atoms, corresponding to a reduction of the
averaging time by afactor of 2.8 £ 0.3. Our results are currently limited by the phase
noise of the local oscillator and Dick noise, but demonstrate the possible performance
improvement in state-of-the-art OLCs"* through the use of entanglement. This will
enable further advances in timekeeping precision and accuracy, with many scientific
and technological applications, including precision tests of the fundamental laws of

21-23

physics

24-26

,geodesy

and gravitational-wave detection?.

Progressinatomic, optical and quantum physics over the past decades
has boosted the performances of OLCs to an astonishing fractional
accuracy near 1078 (refs.’ ). Recently, technical noise in some OLCs has
beenreduced tonear or below the level of the intrinsic quantum noise®*.
Aclockoperated with Nuncorrelated atoms for anaveraging time rat
the SQL canreachaquantumnoise-limited fractional stability given by

2
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where 1y is the interrogation time (Ramsey time) of the atoms by the
clock local oscillator laser, T the clock cycle time, w, the angular fre-
quency of the clock transition, and the Wineland parameter is E‘zN =1
(ref.?®) forideal conditions with perfect quantum coherent state prep-
aration and detection. If the clock is operated at a duty cycle less than

1(T.> 1), so that the local oscillator is not locked to the atomic evolu-
tion during part of the cycle, then the Dick noise 63, which arises
from aliased high-frequency noise of the local oscillator, should be
added to equation (1) *. The Dick noise can be suppressed by using
two ensembles to eliminate the dead time*® or by performing simul-
taneous interrogation of two ensembles’s,

TheSQL, asdescribed by equation (1) with Eﬁv =1,isnotafundamen-
tallimit, but canbe overcome by means of quantum correlations (entan-
glement) between the participating atoms. The simplest entangled
state offering metrological gain is the squeezed spin state (SSS)*, where
the quantum noise is redistributed between two orthogonal spin quad-
ratures, one withreduced quantumnoise (squeezed axis) and the other
withincreased noise (anti-squeezed axis); see Fig. 1d. In this picture,
each atomis associated with a spin of 1/2, and the N-atom ensemble
witha collective spin of S, = N/2. By orienting the squeezed quadrature
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Fig.1|Setup andsqueezed-clocksequence.a,”'Ybatomsare trapped inside
anoptical cavity in atwo-dimensional magic-wavelength optical lattice along
thexandzdirections (red). Light for optical pumping and spin squeezing
(green)isapplied alongthe cavity axis zwhile the clock laser (yellow)
propagates along x. b, Energy levels and transitions. Purple, green and yellow
pulsesindicate the ground-state RF transition [V) > |1), the squeezing
transition |'Sy, m,=1/2) > |*P;, m;=3/2) at w,. and the optical-clock transition
|7} > |e), respectively. The system evolves either in the ground-state manifold
{IV), ™M} (purple Bloch sphere) or in the clock-state manifold {|g), le)} (yellow
Blochsphere). The cavity frequency w. is tuned in resonance with the

ofthe collective spin along the phase axis during clock operation, one
canreduce the quantum noise and increase the clock stability. The
potential metrological gain over the SQL, expressed in variance, is then
givenby 6;\,2, where the Wineland parameter fév = £2/C2(ref.; Cisthe
contrast) incorporates both the the variance reduction & of the spin
noise compared to an unentangled coherent spin state (CSS) and the
magnitude of the mean spin vector, |(S)| = CS,,.

Over the past decade, SSSs have been demonstrated in several
systems’®, including atomic Bose-Einstein condensates">"5*°, cold
atomic ensembles®**720 and trapped ions®. In neutral atoms, up
to 20 dB of spin squeezing beyond the SQL has been demonstrated
using optical techniques”*®. However, given that it is more difficult to
maintain phase coherence at high frequencies, all spin squeezing so
far has involved transitions with frequencies w, 5-10 orders of mag-
nitude smaller than optical frequencies, and that exhibit proportion-
ally reduced time-keeping precision (see equation (1)). Building on
spin-squeezing generation between nuclear sublevels of the electronic
ground state of ”'Yb that we have recently demonstrated®, here we
report the generation of an SSS on an optical transition and demon-
stratean OLCinwhich the atomic system can provide sensitivity beyond
the SQL.

Our clock operates with an ensemble of N=350 + 40 "'Yb atoms
(all uncertainties are 1o statistical errors) that are confined in a two-
dimensional magic-wavelength optical-lattice trap inside a high-finesse
(F=12,000 optical cavity?®(seeFig.1a) and areRaman-sideband-cooled
to mean vibrational quantum number {n,) < 0.2. In order to robustly

squeezing transition, w.=w,. ¢, Spin squeezing. Strong coupling of the atoms
tothe cavity resultsin vacuum Rabi splitting of the cavity resonance (red
peaks).Alaserisapplied detuned from the Rabi peak at frequency o, (green
peak) toproduce an SSSvia cavity feedback?.d, Squeezed-clock sequence. An
SSSispreparedinthe ground-state manifold {|V), ™)} and rotated by anangle a,
transferred to the clock manifold {|g), |e)}, evolved inaRamsey sequence for
time 1z, and mapped back onto {|¥), ")}, where a state measurement is
performed. The evolution of the quantum state is depicted on the Bloch
spheres for the RF (purple) and optical (yellow) transitions.

create an SSS on the ultra-narrow optical-clock transition, we
first generate spin squeezing between the two nuclear sublevels
[1) =1'Sy, m,=+1/2) and |V') =|'S,, m,= -1/2) of the electronic ground
state 'S, using the interaction between the atoms and the optical
cavity"?. Subsequently, we transfer the population of | 1) into the
le) = >P,, m,=1/2) excited clock state with a 1t pulse of the clock laser,
thereby mappingthe SSS onto the optical-clock manifold {|g) |e)}, where
|g> =1V) and m,indicates the nuclear spin sublevel (see Fig. 1b).

The spinsqueezing betweenthe ground-state sublevelsis achieved by
optically pumping the atoms into state | 1), creating a CSS between | 1)
and |[¥) with a radiofrequency (RF) /2 pulse, and then applying a laser
pulse near the |) = |°P,, m, = 3/2) transition through the cavity*
(Fig.1c), where mindicates the Zeeman sublevel of the *P, state. Theatom-
lightinteraction, amplified by the cavity, approximates the one-axis twist-
ing Hamiltonian? with longitudinal magneticfield, H,= 8 S, + x S2where
Bis the light-shift parameter and y the shearing parameter. A spin-echo
protocol is then used to cancel the linear term (S,), so that the system
evolves under an effective one-axis twisting Hamiltonian H=y §2
(refs.?°%) for a time 7, (see Methods and Fig. 1d). Finally, the reduced
spin-projection noise canbe oriented along any desired axisinthe {|V), | )}
ground-state manifold by rotating the SSS around its average spin direc-
tion (S) withanother RF pulse. At this stage, we observe aspin-noise sup-
pressionof§ 2— 6 dB—limited by the state detection (see Methods), with
anintrinsic spin noise reduction of 9 dB—and a contrast of C=0.97. The
SSSisnearly uncertainty-limited, withadetected areal.9 timeslarger than
the limit set by Heisenberg’s uncertainty principle.
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Fig.2|Squeezed state tomography. a, Rabispectroscopy ofthen,~> n,
vibrational componentofthe|1) > |e) transition to the clock state. The pulse
durationis 0.22ms. The solid lineis a guide for the eye. b, Rabi oscillations on
theclock transition. The dataare fitted withadamped oscillator model (solid
line). ¢, Tomographic measurements of the SSS before (purple diamonds) and
after (orange circles) mapping onto the clock transition and back, which show
very similar degrees of squeezing. The theoretical expectation for astate with
£2=-5.9 dBisshownasagreysolidline. Two measured data points foraCSS
arealsoshown (bluesquares). The shaded areaindicates the region below the
SQL.Errorbarsrepresent 1ostatistical confidenceinterval.

Having prepared an SSS in the {|*), |V)} ground-state mani-
fold, we then map it onto the optical-clock transition 'S, - °P, by
phase-coherently transferring the population of | 1) to the state |e)
with an optical it pulse of the local oscillator. We observe a clean Rabi
spectrumonthe|g) - |e) transition (Fig. 2a) and coherent Rabi oscilla-
tionsintime (Fig. 2b). The tpulse has atransfer efficiency of 0.95, which
ismostly limited by the finite atomic temperature. This efficiency sets
alimitonthe observable noise reduction of 13 dB below the projection
noise limit, and thus we do not expect any substantial degradation of
the spin squeezing to arise from mapping the SSS onto the |g) > |e)
clock transition.

We first demonstrate that the entanglement survives the transfer
|g) > le) > |g) by characterizing the spin squeezing that remains after
this process in the {|1), |[V)} manifold via state tomography (Fig. 2c).
We observe that the squeezed noise dips considerably below the stand-
ard quantum limittoalevel of §2= - 5.9'3¢ dB, where the given uncer-
tainties are 1ostatistical errors, and is essentially the same before and
after the mapping onto the clock levels.

Figure 3 shows the measured normalized spin noise & and Wineland
parameter f\ZN asafunction of Ramsey time on the optical-clock tran-
sition both for a CSS and for an SSS with its squeezed direction ori-
entedalongsS,inthe {|g), |e)} spin space. In this configuration, which
does notimprove clock performance but can be used to characterize
the entanglement®, the local-oscillator phase noise does not affect
the squeezed quadrature §,, and we observe that the S, spin noise
remains reduced for times aslong as1s. While the observed Ramsey
contrast decays due to local-oscillator phase noise with a time
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Fig.3|Spinnoise and Wineland parameter of the clock transitionasa
function oftime. The measured normalized S, spin noise € (solid circles) and
model (dashed lines) for the CSS (purple) and the SSSwith the squeezed axis
aligned along S, (darkred) increases slowly with time. Theincreaseis caused by
thefinite 800-mslifetime of the state |e) due to scattering of the trapping light.
The Wineland parameter 3 (open squares) depends in addition on the
contrastloss due toshortening of the atomic collective spin [{S)| (inset; blue
data points for CSS, red data points for SSS, with exponential fits). The solid
linesrepresent the Wineland parameter predicted using the fit to the measured
contrast. 7,yindicates the coherence time of the local oscillator. Error bars
representlostatistical confidenceinterval.

constant of 7,, = 6 ms, the intrinsic coherence of the atomic state
(meanatomic spin vector length [(S)|) can be determined even when
the local-oscillator phase noise is dominant (see Methods), and the
corresponding resultis displayed for both the CSS and the SSSin the
inset to Fig. 3. The ensemble spin coherence on the optical-clock
transition decays exponentially with atime constant of 7,,,=0.8 £ 0.2 s
both for the CSS and the SSS. As Fig. 3 shows, after an interrogation
time of about 0.2 s, the SSSis no longer sufficiently entangled to over-
comethe SQL, butit canstill offer metrological gain over the CSS for
upto0.5s.

In a fully operating atomic clock, the atomic phase is used to sta-
bilize the local-oscillator phase through feedback. Hence, clock per-
formance can be improved by the use of SSSs with the squeezed axis
oriented along the phase direction, which allow one to measure the
phase difference between atoms and the local oscillator with higher
stability than a CSS, and apply correspondingly better feedback?.
The optimum Ramsey time that achieves maximum gain over the CSS
is determined from the local-oscillator coherence time 7,, and the
Wineland parameter®,

In Fig. 4 we demonstrate the implementation of an OLC Ramsey
sequence with an entangled-state input, and show that the atomic
system provides stability beyond the SQL. We implement the full
clock sequence depicted in Fig. 1d with Ramsey times of 75, = 0.17 ms
(Ramsey sequence S1, Fig. 4a) and 75, =1.16 ms (Ramsey sequence
S2,Fig. 4b). Figure 4a shows that the squeezed clock, although it
does not operate beyond its SQL owing to local-oscillator phase
noise, has an Allan deviation 3 dB lower than the one operated with
aCSS. Thelocal-oscillator phase noise Ag, o in our system arises pre-
dominantly from sequence-to-sequence frequency variations
Aw/(2m) = 78 + 3 Hz of the local oscillator, that is, A¢,, = TR:A®
(see Methods), and is measured with the sequence S2 with longer
Ramsey time. We can then remove Ag,, from the Allan deviation of
the S1datato obtain theintrinsic stability of the atomic-clock system
operated with the SSS at Ramsey time 75, (red circles in Fig. 4c).
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Fig. 4 |Stabilityimprovement with the squeezed clock. a-c, The blue shaded
arearepresents theregionbelow the SQL, and the yellow shaded areain
a,brepresents the additional contribution fromlocal-oscillator phase noise.
a, Inferred single-clock cycle stability (self-comparison Allan deviation divided
by/2)*foraCSS (sequence C1, blue) and an SSS (S1, red) with Ramsey time
75,=0.17 ms. The squeezed clock operates within the yellow region set by the
SQL and local-oscillator phase noise because the quantum projection noise is
reduced below the SQL. b, Allan deviation for anSSS (sequence S2, green) with
alonger Ramsey time of 75, =1.16 ms, where the total noise is dominated by the

We further show for comparison a clock operated with a CSS under
the same conditions and with the local-oscillator noise also removed
(bluecircles). The entangled atomic system exhibits a stability that
is 4.4:3% dB below the SQL and 5.7 dB below the CSS, given that the
latter is also subject to imperfect state detection and contrast loss.
The observed stability improvement due to entanglement isin excel-
lent agreement with that expected from the measured Wineland
parameter.

In conclusion, we have generated spin squeezing for many atoms
between atomic levels the energies of which differ on the scale of opti-
cal photons, and used it to demonstrate an optical-clock sequence
in which entanglement provides stability in the atomic system
beyond the SQL. Our system is currently limited by local-oscillator
phase noise and Dick noise, and reduction of both will be required
to fully operate an OLC beyond the SQL. With improvements in
local-oscillator stability’* and duty cycles approaching 100%, the
Dick noise will be at the same level or smaller than the SQL®. Then,
a state-of-the-art OLC with 2,000 atoms, Ramsey time of 7, =25,
cycle time of T.=2.3 s and a contrast of C=0.91 that is limited by
the excited-state lifetime, at a metrological gain of 12 dB, which can
be obtained by improving the state detection, would reach a frac-
tional stability of 6,,=1.4 x 10787 (where the averaging time tis the
expressed in seconds). With furtherimprovementsinlocal-oscillator
performance by using novel stabilization schemes®, we expect no
major roadblocks to Ramsey times of tens of seconds using SSSs, and
correspondingly improved clock stability in atoms with sufficiently
long excited-state lifetime. Moreover, several future fundamental
tests based on optical-clock transitions, such as the detection of
low-frequency gravitational waves® or the search for certain types
of dark matter?®, require finite bandwidth of the sensor®?¢, These
applications require short Ramsey time and can fully profit from the
sensitivity improvement offered by SSSs. With respect to the Dick
noise, some tests of fundamental physics that require the comparison
of the transition frequencies between two (or more) atomic ensem-
bles—such as red-shift measurements, gravitational-wave detection,
and physics beyond the standard model?***¥—can be performed by
interrogating the atomic ensembles simultaneously, thus removing
the Dick noise”®. Finally, although possible systematic limitations to
the absolute accuracy of the clock due to the presence of the cavity
need to be carefully investigated, we anticipate that those adverse
effects can be controlled at the level of 107 or better.

Averaging time (s)

Averaging time (s)

local-oscillator noise. Inset, Ramsey fringes versus local-oscillator phase @, of
the second Ramsey 1 pulse for S2. ¢, Data for Cland S1after subtraction of the
local-oscillator phase noise, where the latter has been calculated from the data
forS2 (see Methods). The dashed lines indicate the expected performance
estimated from the separately measured Wineland parameter £%; see Fig. 3.
The other parameters for these measurementare: atom number N=300 +30;
single-cycle time 7.=4s; Ramsey contrast C., = 0.91(1) for CSS, C5; = 0.85(1) and
Cs,=0.70(1) for SSS. Error bars represent 1o statistical confidence interval.
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Methods

Loading of atoms into two-dimensional magical-wavelength
optical lattice

The experimental sequence starts with loading *Yb atoms into a
two-colour mirror magneto-optical trap (MOT) on the singlet 'S, > 'P;
andtriplet'S,~°P, transitions, followed by asecond-stage greenMOT on
thetriplettransition. By changing the magneticfield, the atomic cloudis
thentransportedintotheintersectionregionof the cavity TEM,, mode
and a one-dimensional optical lattice along the x direction (see Fig. 1).
Thetrapis formed by ‘magic-wavelength’ light with A, =759 nm, and the
trap depthis U, = k; X 10 pK (k;, Boltzmann constant). The green MOT
lightis then turned off, and the magic-wavelength trap inside the cavity,
detuned from the xlattice by 160 MHz to avoid interference, is ramped
up in40 msto atrap depth of U, = k; 120 pK. At the end of the loading
process, the transverse lattice power is ramped down to zero and back to
full power in 50 ms to remove all the atoms that are outside the overlap
region of the two lattices. In this way, an ensemble of typically N=350
atomsis prepared atadistance of 370 pm from the end mirror of the cav-
ity. At thislocation, the single-atom peak cooperativity is 7, = 3.1 (ref.*).

Ramansideband cooling

After loading the atoms into the two-dimensional optical lattice, the
atomic temperatureis typically 10 pK, as measured by sideband spec-
troscopy of the clock transition'S, - P, (ref. *°). Subsequently, Raman
sideband coolingis performed on the transition 'S, - *P, inan applied
magnetic field of B,=13.6 Galong the zdirection.In100 ms, the atomic
temperatureis lowered to 1.8 pK, corresponding to an average motional
occupation number of {(n,) = 0.2 at a trap vibration frequency of
,/(2m) =67 kHz along the x direction. The cavity trap is then adiabati-
callyramped downto U=k x40 pK to further reduce the temperature
and lower the rate at which atomsin the *P, state scatter trap light. We
observe that during the Raman sideband cooling, where the optical
pumping is provided by intracavity light, the atoms reorganize along
the lattice so that all atoms have nearly the maximum coupling 1, to
the cavity mode and the squeezing light.

State measurement

The final measurement of S, is performed in the ground-state mani-
fold. It is obtained from the difference S,= (N, —N,)/2 of the popula-
tions N, and N, of the states | 1) =[Sy, m,=+1/2) and [V) =|'Sy, m=-1/2),
respectively. We first measure N, through the vacuum Rabi splitting
of the cavity mode 2g = ./N,nkI” when the empty cavity is resonant
with the transition [1) > |*P;; F = 3/2, m, = +3/2) (refs. **!). Here
n = 3.12(5) is the effective single-atom cooperativity, xk = 21 x
520(10) kHzis the cavity linewidth and /=21 x 184(1) kHz the linewidth
of the atomic transition. The Rabi splitting is measured by scanning
the laser frequency and detecting the cavity transmission as a func-
tion of the frequency. After that measurement, we apply an RF mt pulse
to switch the populations of | *) and |V). The resulting Rabi splitting
of the cavity modeis now proportionalto N,. We then perform asec-
ond measurement, starting with N, to account for atom loss during
detection?, and average the two results according to the formula
S, =P +5P)2= (NP -NP - NP+ NP)/4. The measurement resolu-
tion, expressed in variance normalized to the SQL, is given by
o}=2var(S?-sP)/N , where $9 = (NP - N?)/2 . Our measurement
resolutionis 3= 0.125(ref.?°). Given that all atoms have the same cou-
pling to the cavity, the atom number Ninferred from the Rabi splitting
equals the real number of atoms in the cavity.

Contrast measurement

Our goal here is to discriminate loss of coherence between atoms
(a change of length of the total spin vector [{(S)|, from dephasing
between the atomic spin vector S and the local oscillator. The latter
dephasingis dominated by local-oscillator phase noise and is the signal

that we want to measure (and feed back) when operating the system as
afull atomic clock. Processes that induce loss of coherence between
atoms include magnetic-field gradients, atom-atom collisions and
light scattering by the atoms.

For coherent states and squeezed states with low antisqueezing, the
length of the atomic spinvector [(S)| can be determined evenin the limit
where the local-oscillator phase noise is much larger than 2m. If we per-
form many measurements with homogeneously randomly distributed
Ramsey phases ¢, then the variance of the variable S, = [{S)|cos¢y is
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We canthusinfer thelength [(S)| of the mean spin vector by measuring
the variance of the outcomes of a Ramsey sequence.

Local-oscillator laser

Thelocal-oscillator laser deployed hereis adistributed feedback laser
diode operating at a wavelength of 1,157 nm. It uses a fibre-coupled
electro-optic modulator (EOM) inside the optical feedback path*?,
allowing to control thelaser frequency with high gain and alarge band-
width. The primary laser is pre-stabilized to a highly stable, high-finesse
optical cavity using a standard Pound-Drever-Hall frequency stabi-
lization scheme. The light is used to inject a gain chip to increase the
power, and the output of the secondary laser is frequency-doubled to
reach the optical-clock transition wavelength of 578 nm.

Local-oscillator noise
Thelocal-oscillator noiseis characterized by interrogating the atoms.
We perform a standard Ramsey sequence every 4 s and measure the
variance (Ag)? of the accumulated phase for different Ramsey times ;.
We first find that the noise is uncorrelated between different
sequences. Thisis based onaLjung-Box test performed after removal of
long-time drifts (>30 ). Moreover, we observe that the phase variance
scales quadratically with 7y, indicating that the local-oscillator noise is
dominated by very-low-frequency components f=1/T.. For T.» t we
model the atom-local-oscillator phase variance as

2
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where (Aw)’is the sequence-to-sequence angular frequency variance
of the local oscillator, and EéV/N is the total projection noise induced
by Natoms. With aCSSinput, our system has a Wineland parameter of
EﬁV: 1.35 (see Fig. 3). By fitting the data with the model we obtain
Aw=21x(78+3) Hz. With the cycle time 7.=4 s of our system, we infer
alocal-oscillator-noise-induced clock short-term fractional stability
of 0,,=3x10"2r2, Thisresultisingood agreement with the expected
Dick noise calculated with equation 8 in ref.*® and assuming arealistic
single-sided local-oscillator spectral power density composed by flicker
(1/f) and Brown (1/f?) noise components.

For a Ramsey time of 7, =1.16 ms, a CSS Wineland parameter of
€2W =1.35and N=300, the projection noise contribution to the frac-
tional stability is g,y =3 x 10772, and therefore negligible compared
tothelocal-oscillator noise contribution. Moreover, for aRamsey time
of 7 =0.17 ms and the same atom number, we have o, = ;.

We define the local-oscillator coherence time 7,, as the Ramsey time
for which thelocal-oscillator noise standard deviation, including Dick
noise, reaches A¢(t,,) = 1/2. This results in 7, = (11/2)/Aw = 6 ms for
our current system.

Local-oscillator noise subtraction

Asdiscussedinthe previous section, the sequence with longer Ramsey
time (g, =1.16 ms) allows us to directly measure the total noise coming
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from the local oscillator. In Fig. 4a the self-referenced Allan deviation
of the local-oscillator noise is fitted to the model A/./T, withA=3.0(1)
x107s¥2, Owing to the very low duty cycle and the noise spectral dis-
tribution of our local oscillator, the contribution of Dick noise to the
measurement is the same for both Ramsey times (that is, 1.16 ms and
0.17 ms). In Fig. 4a we plot the self-referenced Allan deviations of the
short Ramsey time sequences from which we subtract the fitted
local-oscillator noise in quadrature to obtain Fig. 4c.

Potential systematic effects

We do not expect any major systematic effects when using an SSS
instead of a CSS in future systems, which will be able to reach frac-
tional accuracies as low as 10™°. However, we foresee the appear-
ance of some effects due to the presence of the cavity; nonetheless,
these effects can be controlled and removed. One potential issue
would be the electric-field noise generated by charges presentin
the micro-mirror substrate. However, with another cavity design—
for example, a bow-tie cavity—it would be possible to reach similar
or higher atom-cavity cooperativities while keeping the atomic
ensemble several centimeters away from mirrors, comparable to
other dielectrics in present OLCs. The cavity can alsoinduce aLamb
shift of the clock transition during the Ramsey time owing to the
virtual emission and reabsorption of aphoton for atomsin the upper
3P, clock state. This can be controlled during the Ramsey time either
by adjusting the cavity length so that the cavity modes are detuned
symmetrically from the atomic resonance, or by moving the atoms
outside the cavity mode during the Ramsey time, for example, by
means of a moving standing wave of trapping light.

Improving local-oscillator laser stability

Our local-oscillator laser performance is limited by low-frequency
mechanical vibrations, residual amplitude modulation (RAM) noise, as
well as flicker-type noise such as Brownian noise. In order toreachrel-
evantlocal-oscillator linewidths and phase coherence times that allow
forsecond-scaleinterrogation times, various sources of technical noise
must be substantially reduced. RAM noise in the Pound-Drever-Hall
lock to an ultrastable cavity can be reduced by up to 60 dB by active
feedback acting directly on the EOM*. Similarly, the effective fibre
lengthand phase noise canbe stabilized by well studied interferometric

schemes as in ref. **. Furthermore, our local oscillator stabilized to
a state-of-the-art ultralow-expansion cavity in a temperature- and
vibration-stabilized housing should reach a thermal-noise-limited
stability of 5x1077 (ref.**), enabling a clock with Ramsey time up to 5s.

Data availability

All data obtained in the study are available from the corresponding
author upon reasonable request.
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