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Increasing coherent interrogation times is central to advancing the precision of optical clocks. Syn-
chronous differential optical clock comparisons have now demonstrated atomic coherence times that far
exceed the coherence time of the clock laser. While atom coherence times are then primarily limited
by errors induced by lattice Raman scattering, excited clock state radiative decay, and broadening from
two-body collisions, many of these errors take the atoms out of the clock transition subspace, and can
therefore be converted into “erasure” errors if the appropriate readout scheme is employed. Here we
experimentally demonstrate a hyperfine-resolved readout technique for 87Sr optical lattice clocks that mit-
igates decoherence from Raman scattering induced by the lattice as well as radiative decay. By employing
hyperfine-resolved readout in synchronous differential comparisons between 87Sr ensembles with both
Ramsey and spin-echo spectroscopy sequences, we achieve enhanced atomic coherence times exceeding
100 and 150 s, respectively, enabling longer coherent measurements without a reduction in performance.
We anticipate that this hyperfine-resolved readout technique will benefit applications of state-of-the-art
optical lattice clock comparisons in which the coherence times are constrained by Raman scattering or
radiative decay.

DOI: 10.1103/2rqf-r9gw

I. INTRODUCTION

State-of-the-art optical lattice clock comparisons have
reached measurement precision at the 10−20 level [1,2] and
absolute clock accuracy at or below the 10−18 level [3–7].
This enables a range of novel emerging applications, such
as relativistic geodesy, searches for ultralight dark mat-
ter, and gravitational wave detection [8–16]. Central to
these applications are low clock comparison instabilities
and interrogation times that fully exploit the long lifetimes
of the clock states.

While the performance of an optical lattice clock as an
absolute time keeper or frequency reference is limited by
the coherence of the optical local oscillator [16,17], syn-
chronous differential comparisons between clocks sharing
the same laser light can achieve coherence times exceed-
ing the atom-laser coherence and can extend the coherent
clock interrogation time by orders of magnitude. Recent
demonstrations with neutral Sr atoms include differential
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comparisons between spatially separated atom ensembles
in a one-dimensional (1D) optical lattice [2], and subre-
gions of an extended atom ensemble in a cavity-enhanced
1D optical lattice clock [1]. However, the demonstrated
atomic coherence times have not yet reached the expected
excited clock state lifetime in 87Sr, which is believed to
be on the order of 120–160 s [18–21], with one measure-
ment even reporting a lifetime of 330(140) s [18–22], with
Raman scattering induced by trapping light as the primary
limiting factor [2,18,21,22].

Standard measurement protocols employed in optical
lattice clocks do not distinguish between coherent atoms
and those affected by errors such as Raman scattering.
Here we show that the decoherence caused by Raman
scattering and radiative decay in optical lattice clocks can
be partially mitigated by identifying and removing atoms
that have scattered photons or radiatively decayed, sig-
nificantly extending the achievable coherent interrogation
times. This concept is inspired by erasure conversion in
quantum error detection [23–26], and a related strategy
was recently theoretically proposed to mitigate errors and
enhance the performance of optical clocks and quantum
sensors [27].

In this work, erasure conversion is realized for 87Sr
atoms in a multi-ensemble optical lattice clock by directly
probing the coherent clock population using a hyperfine-
state-resolved readout method, discriminating between the
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atoms that remain in the clock subspace and those that have
scattered into other hyperfine states. This method intro-
duces minimal experimental overhead, requiring only three
additional π -pulses on the narrow-linewidth clock transi-
tion. As these pulses are applied after clock interrogation
and only change the method of state readout, we do not
expect this technique will introduce additional differential
systematic frequency shifts.

Using hyperfine-resolved erasure conversion we roughly
double the achievable atomic coherence times in our sys-
tem, observing atomic coherence times exceeding 100 s
with synchronous Ramsey spectroscopy and over 150 s
with a synchronous spin-echo sequence. We introduce
a theoretical framework and perform numerical simula-
tions incorporating known decoherence sources, includ-
ing Raman scattering, lattice-induced ac Stark shifts, and
density shifts, to explain the origin of this coherence
enhancement. While we do not yet realize a meaning-
ful enhancement in the measured stability of the clock
comparison compared to standard readout, we find that era-
sure conversion flattens out the scaling of clock instability
with interrogation time, offering advantages in applications
requiring flexible interrogation times, such as gravitational
wave detection [14]. Additionally, extending coherence
times with erasure conversion could also enable new
applications, such as spectroscopy of splittings below the
frequency resolution limit set by the natural linewidth
[28,29].

II. A MULTI-ENSEMBLE OPTICAL LATTICE
CLOCK

The experimental setup used here is similar to the appa-
ratus described in our previous work [11]. As shown in Fig.
1(a), the experiment begins with the preparation of two
ensembles of 87Sr atoms in a single 1D optical lattice at the
magic wavelength near 813.4 nm. We laser cool up to 106

atoms to a temperature of 1 µK using a standard two-stage
magneto-optical trapping (MOT) technique. Two resolved
atom ensembles are prepared by shifting the location of
the MOT field zero roughly midway through the single-
frequency stage of the narrow linewidth MOT [30], so that
the atoms are cooled into the lattice in two different regions
spatially separated from each other by roughly 1 mm.

We perform in-lattice sideband cooling (axially) and
Doppler cooling (radially) on the 1S0 → 3P1(F = 11/2)

transition. We then spin polarize all the atoms into the
stretched state |1S0, 9/2〉, which we label as |g, 9/2〉,
by illuminating atoms with circularly polarized 689 nm
laser resonant on the 1S0 → 3P1(F = 9/2) transition.
Next, we transfer the atoms from |g, 9/2〉 to |3P0, 3/2〉,
which we label as |e, 3/2〉, using three consecutive π -
pulses on resonance with the |g, 9/2〉 → |e, 7/2〉, the
|e, 7/2〉 → |g, 5/2〉, and the |g, 5/2〉 → |e, 3/2〉 transi-
tions, respectively. Each pulse’s intensity and frequency

(a) (b)

(c)

FIG. 1. Lattice photon-induced Raman scattering and its effect
on hyperfine state populations. (a) Two ensembles of 87Sr atoms,
initially prepared in the clock subspace, are simultaneously
probed by the 698 nm clock laser under a magnetic bias field.
(b) The relevant energy level diagram for a 87Sr optical lattice
clock. Atoms are initialized in the clock subspace, consisting
of |1S0, mF = 5/2〉 (blue) and |3P0, mF = 3/2〉 (yellow). Raman
scattering from the lattice light redistributes the population from
|3P0, mF = 3/2〉 to the 3PJ manifolds, while radiative decay
directly returns excited-state atoms to 1S0. Radiative decay from
3P1 further redistributes the population among the 1S0 mF states.
Detection is performed via fluorescence imaging on the 1S0–1P1
transition. (c) The excitation fractions of ensembles 1 and 2 from
synchronous Ramsey measurement are plotted parametrically,
resulting in ellipses determined by the relative detuning between
the clock transitions of the atoms in the two ensembles. Over
time, Raman scattering and radiative decay transfer atoms out of
the clock subspace, leading to the shrinking size of the ellipses,
which corresponds to decoherence.

are independently calibrated to maximize the transfer effi-
ciency. During the above sequence, the lattice is held at
a depth of ∼ 100 Erec (lattice photon recoil energy). For
clock interrogation, the lattice is then adiabatically ramped
down to operational depths, between ∼ 15 and 75 Erec.

III. IMPACT OF RAMAN SCATTERING AND
RADIATIVE DECAY ON ATOMIC COHERENCE

During the synchronous Ramsey comparisons, atoms in
both ensembles are prepared in a superposition of |g, 5/2〉
and |e, 3/2〉, as shown in Fig. 1(b), the least magnetically
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sensitive clock transition for 87Sr, which we define as the
clock subspace. Because a clock interrogation sequence
ends with a projective measurement of the remaining pop-
ulations in |g, 5/2〉 and |e, 3/2〉, atoms lost during inter-
rogation do not contribute signal or noise to the final
measurement outcome. However, Raman scattering from
the lattice trapping light redistributes population from 3P0
into 3P1 and 3P2, with calculated branching ratios of 0.39
and 0.22, respectively. Meanwhile, 0.39 of the population
undergoes Rayleigh scattering, remaining in 3P0 without
flipping the nuclear spin state, due to the large detuning
relative to the hyperfine splitting in the excited state and
the use of linearly polarized lattice light (see Appendix
C for details). In particular, Raman scattering from 3P0 to
3P1, followed by subsequent radiative decay, redistributes
population into the 1S0 manifold with �mF = 0, ±1, ±2
according to selection rules, as depicted in Figs. 1(b) and
1(c). We find that most atoms scattered into 3P2 subse-
quently escape the trap due to high two-body collision
rates, effectively being erased. However, a small residual
3P2 population would contribute to the final signal after
repumping. Rayleigh scattering within 3P0 and 1S0 does
not induce decoherence due to the use of a magic wave-
length lattice [31], ensuring equal polarizabilities for the
g and e states. On the other hand, radiative decay from
the excited state redistributes the population among the mF
states in the 1S0 manifold, with changes of �mF = 0, ±1.

Standard readout via the 1S0–1P1 transition accounts
for the remaining ground and excited-state populations
but excludes atoms lost during interrogation. However,
it cannot resolve contributions from different mF pop-
ulations, leading to coherence degradation in projec-
tive measurements, as shown in Fig. 1(c). In contrast,
hyperfine-resolved readout selectively probes the clock
subspace, distinguishing coherent atoms and thereby pre-
serving and extending coherence.

IV. MEASUREMENT OF HYPERFINE STATE
POPULATION DISTRIBUTION INDUCED BY

RAMAN SCATTERING

In order to determine the erasure conversion efficiency
of hyperfine-resolved readout, we experimentally measure
the nuclear spin population distribution for spin-polarized
atoms prepared in the excited clock state and subject to
Raman scattering and radiative decay at a trap depth of
100 Erec. The experimental sequence is shown at the top of
Fig. 2(b). We first initialize atoms in |e, 3/2〉 and then apply
a clean-up pulse on the 1S0 → 1P1 transition to remove
residual population in g caused by pulse imperfections.
Atoms are held in the lattice at a trap depth of approxi-
mately 100 Erec for 10 s. As the radiative decay and Raman
scattering rates have different dependencies on trap depth,
the erasure fraction varies accordingly. We select this depth
to ensure a sufficient number of scatterings and decays

(b)

(a)

FIG. 2. Hyperfine state population ratio measurement of era-
sures. The top panel of (a) illustrates the sequence used to
measure the excited-state population distribution. The system
is first initialized in |e, 3/2〉, followed by a clean-up pulse to
remove the ground-state population. After holding the atoms in
the lattice for 10 s, another clean-up pulse eliminates remain-
ing ground-state atoms. A specific clock transition |g, mF〉 ↔
|e, m′

F〉 is then driven for varying pulse durations to map out the
|g, mF〉 state population. The bottom panel displays the result-
ing excited-state population distribution, with an inset that zooms
into the probability below 0.02 in order to show the population
in mF -states other than |e, 3/2〉 more clearly. Similarly, the top
panel of (b) depicts the sequence used to measure the ground-
state population. The bottom panel presents the corresponding
population distribution. Dark purple bars indicate measured nor-
malized mF -state populations in g (lower panel) and e (upper
panel), while light purple bars indicate the theoretically predicted
populations. Insets: representative Rabi oscillation plots of the
|g, −5/2〉 ↔ |e, −7/2〉 transition (left panel) and the |g, 5/2〉 ↔
|e, 7/2〉 transition (right panel), respectively.

returning to the 1S0 state while maintaining a reasonable
overall measurement cycle time.

We spin-selectively probe each of the |g, mF〉 popu-
lation using hyperfine-state-dependent clock transitions
(|g, mF〉 ↔ |e, m′

F〉). We calibrate the transition frequency
for each hyperfine clock transition and perform Rabi oscil-
lations by selectively driving one clock transition at a time.
We average the result for each transition over at least 10
measurements and fit to a sinusoid. We infer the popu-
lation of the mF state from the fitted amplitude of the
Rabi oscillation. Examples of the measured and fitted Rabi
oscillations for the |g, 5/2〉 ↔ |e, 7/2〉 and |g, −5/2〉 ↔
|e, −7/2〉 transitions are shown in the inset of Fig. 2(b). A
substantial population is observed in |g, 5/2〉, while little
population is detected in |g, −5/2〉.
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Summing the fitted amplitudes for all 10 1S0 hyper-
fine state populations, we obtain a total population of
0.449(19). Adding this to the average remaining 3P0 and
3P2 population of 0.541(1) results in a total amplitude of
0.990(20), consistent with unity. For clarity, in Fig. 2(b)
we present the normalized population distribution of 1S0,
obtained after subtracting the remaining 3P0 and 3P2 pop-
ulations. We compare this to the theoretically calculated
population distribution and find a reasonable agreement
between theory and experiment. The calculated Raman
and Rayleigh scattering rates are tabulated in Appendix
C. We attribute the small but statistically significant devia-
tions between the experiment and the theoretical prediction
mainly to scattering contributions from higher excited
states and from the omission of hyperfine splitting in the
excited states in our calculations.

We measure the population distribution of 3P0 using a
sequence nearly identical to that in Fig. 2(b), with the addi-
tion of a clean-up pulse to remove 1S0 populations before
driving the clock pulse, as shown at the top of Fig. 2(a).
The sum of the ten fitted Rabi oscillation amplitudes is
0.919(19). We suspect that the deviation from unity arises
from residual population in the 3P2 state due to scattering.
Our measured probability distribution of the e hyperfine
states (after normalization) indicates that the majority of
the population undergoes �mF = 0 transitions. However,
a small fraction appears in other excited mF states. We
suspect this arises from the Raman scattering between dif-
ferent excited mF states caused by the impurity in the
lattice laser’s polarization.

A comparison between the experimentally measured
and theoretically calculated populations in g (after normal-
ization) is shown in Fig. 2(b). We observe that roughly
18% of atoms that are subject to Raman scattering are
found in the |g, 5/2〉 state. This sets a lower bound on
the detectable erasures through hyperfine-resolved readout.
However, this limitation could in principle be mitigated
by using more widely separated hyperfine clock states,
such as a superposition between |g, 9/2〉 and |e, 3/2〉. This
approach would come at the cost of increased magnetic
field sensitivity and would require additional clock or
microwave pulses for coherent population transfer.

V. HYPERFINE-STATE-RESOLVED READOUT
METHOD

In Fig. 3, we present a protocol for erasure conversion
via hyperfine-resolved readout, which utilizes a sequence
of clock π -pulses to coherently transfer and selectively
measure population in specific targeted nuclear spin states.
The protocol begins by shelving the |g, 5/2〉 popula-
tion using a clock π -pulse resonant with the |g, 5/2〉 →
|e, 7/2〉 transition. An imaging pulse then measures the
remaining residual ground-state population, Ng,res, while

also removing them. We then apply a second clock π -
pulse on the same transition, followed by another imaging
pulse to measure the shelved |g, 5/2〉 population, Ng,5/2.
Next, a third clock π -pulse, resonant with the |e, 3/2〉 →
|g, 5/2〉 transition, transfers the |e, 3/2〉 population back
to g, where it is measured with a third imaging pulse.
A global repump pulse on the 3P0,2 → 3S1 transitions,
followed by a fourth imaging pulse, measures the resid-
ual excited-state population, Ne,res. Finally, a background
imaging pulse without atoms records the stray light back-
ground, Nbg . The entire sequence is completed in under
50 ms.

The excitation fraction in the clock subspace probed by
hyperfine-resolved readout is calculated using

Phf = Ne,3/2 − Nbg

Ne,3/2 + Ng,5/2 − 2Nbg
, (1)

while the reconstructed excitation fraction for standard
readout, using the same data but including the measured
residual atoms, is expressed as

Precon = Ne,3/2 + Ne,res − 2Nbg

Ne,3/2 + Ng,5/2 + Ng,res + Ne,res − 4Nbg
. (2)

VI. ENHANCED ATOMIC COHERENCE

We find that the atomic coherence is significantly
improved by using hyperfine-resolved readout in syn-
chronous differential comparisons employing both Ramsey
and spin-echo spectroscopy. In order to perform the com-
parisons, two spatially separated ensembles of 87Sr atoms
are co-trapped in a single 1D optical lattice and probed
simultaneously by a shared clock laser along the axial
direction [Fig. 1(a)]. The excitation fractions of the two
ensembles are parametrically plotted and fitted to a result-
ing ellipse, from which the frequency difference between
the two ensembles can be determined, as well as the Ram-
sey contrast of each atomic ensemble. This synchronous
measurement bypasses the limitation on interrogation time
imposed by the clock laser’s phase noise [2].

1. Synchronous Ramsey spectroscopy

We first investigate atomic coherence using syn-
chronous Ramsey spectroscopy [2], where the resulting
ellipses are fitted using a maximum likelihood estimator
(MLE; see Appendix A for details).

An example of a comparison between the ellipses result-
ing from standard readout and hyperfine-resolved readout
is shown in the inset of Fig. 4(i), taken at a trap depth of
75 Erec with a Ramsey free evolution time of 12 s. Notably,
we observe a significant enhancement in ellipse contrast
when using hyperfine-resolved readout (cyan), achieving
a factor of about 1.5 improvement compared to standard
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FIG. 3. Illustration of pulse sequence used for hyperfine state resolved readout, starting with a quantum superposition between
|g, 5/2〉 and |e, 3/2〉. The |g, 5/2〉 population is shelved in the clock state by a first π -pulse on resonant with the |g, 5/2〉 → |e, 7/2〉
transition; The remaining populations in g is measured (Ng,res) using a global imaging pulse (∼25 µs) on the 1S0 → 1P1 transition
and at the same time erased from the remaining operations; a second clock π -pulse resonant with the |e, 7/2〉 → |g, 5/2〉 transition
is used to coherently unshelve the population back to the ground state; The |g, 5/2〉 population (Ng,5/2) is measured using a second
imaging pulse; The |e, 3/2〉 population is transferred to g via a third clock pulse on the |e, 3/2〉 → |g, 5/2〉 transition; the |e, 3/2〉
population (Ne,3/2) is measured using a third imaging pulse; the remaining populations in 3P0 and 3P2 are transferred back to g using
standard global repump pulses on the 3P0 → 3S1 and 3P2 → 3S1 transitions; a final imaging pulse is applied to measure the residual
excited-state population (Ne,res).

readout. Additionally, the reconstructed ellipse generated
from hyperfine-resolved readout (orange) using Eq. (2)
agrees well with the standard readout ellipse (blue).

In Fig. 4(a), we show the contrast as a function of coher-
ence time for standard, hyperfine-resolved, and recon-
structed readout methods. The fitted 1/e coherence time for
hyperfine-resolved readout is 19(3) s, which is a factor of
1.4(1) longer than the coherence time obtained with stan-
dard readout [13(1) s]. The numerically simulated contrast
versus time using both hyperfine-resolved and standard
readout shows reasonable agreement with the data.

We perform synchronous Ramsey spectroscopy at three
lattice trap depths: 15, 45, and 75 Erec. The fitted 1/e
coherence times are plotted as a function of trap depth in
Fig. 4(c). At 15 Erec, we measure coherence times up to
120 s with hyperfine-resolved readout. Additionally, recon-
structed standard readout results from hyperfine-resolved
readout measurements (cyan filled circles) closely match
independently measured standard coherence (blue filled
circles).

We numerically simulate the expected coherence times
for each trap depth, incorporating the decoherence sources
described in Appendix E. To model Ramsey spectroscopy,

we also account for inhomogeneous dephasing effects such
as the magnetic field gradient along the ensemble, mea-
sured to be 1.5 mG/cm. Additionally, other inhomogeneous
broadening sources, such as residual Stark shifts, whose
exact contributions remain uncertain, are modeled through
a phenomenological Gaussian dephasing term with an
empirically determined rate.

2. Modified synchronous spin-echo spectroscopy

To further reduce decoherence from inhomogeneous
broadening, we perform synchronous spin-echo spec-
troscopy under similar experimental conditions. While the
standard spin-echo sequence effectively cancels much of
the low-frequency differential frequency shifts such as
those arising from magnetic field and lattice inhomo-
geneities, it typically also results in a differential phase
shift φ between the two ensembles that is very close to
0 rad. At this phase, however, least squares fitting [32] is
heavily biased due to its numerical constraint enforcing
an ellipse-specific solution. In contrast, MLE intrinsically
reduces bias by incorporating a probabilistic noise model,
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FIG. 4. Comparison of coherence times using standard readout (blue), hyperfine-resolved readout (cyan), and reconstructed standard
readout (orange) methods. Representative plots of coherence decay are shown in (a) for the Ramsey sequence at 75 Erec (the highest
trap depth measured in this work) and in (b) for the spin-echo sequence at 15 Erec (the lowest depth), with the corresponding comparison
ellipses shown in panels (i) and (ii), respectively. Maximum likelihood estimation is used to extract the atomic coherence. The solid
curves are calculated through numerical simulation based on the known experimental parameters. (c) shows coherence time vs trap
depth for the Ramsey sequence, while (d) presents the coherence time for the spin-echo sequence. Numerically simulated coherence
times are indicated by star-shaped markers with matching color coding. (e) compares the enhancement ratio of the measured coherence
time using erasure conversion for the Ramsey sequence (solid circles) and spin-echo sequence (hollow circles) as a function of depth.
The measured and simulated coherence decay for the other trap depths are presented in Appendix G.

which is particularly beneficial when the ellipse is primar-
ily limited by quantum projection noise (QPN). A detailed
description of MLE can be found in Appendix A. Although
MLE has vanishing bias over a large range of phase, it
remains slightly biased when φ is close to 0 rad because the
fit cannot reliably distinguish between positive and nega-
tive values of φ, particularly in the presence of QPN. To
ensure unbiased MLE, we introduce a transient magnetic
field gradient along the lattice axis during the second free
precession period of the spin-echo sequence (see Appendix
B for details). This allows us to fine-tune the differential
phase shift by adjusting the magnitude or duration of the
applied gradient. To minimize potential impacts (such as
decoherence) from the added transient gradient, we choose
the lowest possible gradient (≈2.0 mG/cm for 1.4 s), which
results in a phase shift of 0.04 rad—sufficient for MLE to
be unbiased.

We perform the modified synchronous spin-echo spec-
troscopy at five different lattice trap depths: 15, 30, 45,
60, and 75 Erec. The 1/e coherence times are fitted and
plotted as a function of trap depth in Fig. 4(d). At a trap

depth of 15 Erec, we achieve atomic coherence times of up
to 150 s after erasure conversion, about twice as long as
when using standard readout under the same experimen-
tal conditions. Again, the reconstructed standard readout
from hyperfine-resolved measurements and Eq. (2) (cyan
empty circles) shows good agreement with independently
measured coherence using standard readout (blue empty
circles). Our numerical simulations of expected spin-echo
coherence as a function of trap depth show reasonable
agreement with the data.

Notably, as shown in Fig. 4(e), the enhancement of
coherence time in spin-echo spectroscopy with hyperfine-
resolved readout surpasses that of Ramsey spectroscopy
across all trap depths. In Ramsey spectroscopy, wave-
function collapse induced by the non-Hermitian no-jump
operator imposes a finite coherence time [33], even as
the erasure fraction approaches 1. In contrast, the popu-
lation swap due to the π -pulse in the spin-echo sequence
effectively erases the origin of the scattering, leading to
a significant improvement in coherence time through era-
sure conversion. A more detailed discussion is provided in
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Appendix D, and additional plots of all measured coher-
ence decays are included in Appendix G.

VII. RESULTING DIFFERENTIAL STABILITIES
AND THE ASSOCIATED METROLOGICAL GAIN

From the same measurements shown in Fig. 4, we
extract differential clock comparison stabilities using
the Jackknife resampling technique (Appendix A).
Representative Allan deviations (for 1 s averaging time)
are presented in Figs. 5(a) and 5(b) for standard and
hyperfine-resolved readout, for both synchronous Ramsey
and synchronous spin-echo sequences. Despite achiev-
ing substantial enhancements in atomic coherence times,
up to a factor of 1.5–2, the extracted stabilities with
hyperfine-resolved readout do not show statistically signif-
icant improvement over standard readout. This limitation
arises because while erasure conversion eliminates the
excess noise arising from Raman scattering and radia-
tive decay, the number of atoms that remain coherent
and ultimately contribute to the measurement still falls
exponentially with interrogation time, leading to a cap
on the achievable fundamental improvement of

√
2 (or 2

in the limit of low duty cycle) in optimal clock stabil-
ity [27]. Additionally, the finite erasure fraction and the
infidelities (95–98% per pulse) in the additional clock π -
pulses used for hyperfine-resolved readout further reduce
the observed stability gains. We verify and isolate the
impact of the imperfect π -pulses, which arise due to
technical limitations and could in principle be mitigated
(see Appendix F) by comparing the stability achieved
with hyperfine-resolved readout to that obtained using the
reconstructed readout. Because the reconstructed readout
method involves the same number of π -pulses as the
hyperfine-resolved readout, and therefore also suffers from
the same infidelities, this comparison reveals an enhance-
ment in the lowest measured differential instability with
hyperfine-resolved readout by factors of 1.22(6), 1.08(3),
1.62(6), 1.21(4), and 1.05(3) for lattice depths of 15, 30,
45, 60, and 75 Erec, respectively, for the spin-echo mea-
surements. We attribute the additional fluctuations in clock
stability across readout methods and interrogation times,
which significantly exceed the uncertainty in the mea-
sured Allan deviation, to variance in the number of initially
loaded atoms (detailed in Appendix G), along with con-
tributions from uncompensated clock laser drift, which
impacts the fidelity of the π -pulses used in the hyperfine-
resolved and reconstructed readouts, as well as the relative
accumulated phase between the two ensembles, which
affects the stability of the differential clock measurement
as detailed in Refs. [2,34,35] and Appendix E.

While the benefits of erasure conversion are limited
for conventional clock operation or traditional differential
comparisons, where the interrogation time can be opti-
mized to minimize the overall instability, it significantly
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and spin echo (empty circles), as well as using standard read-
out (blue), hyperfine-resolved readout (cyan), and reconstructed
standard readout (orange), all taken at 15 Erec depth. The error bar
of each data point is on the order of 1 × 10−18, and is thus not vis-
ible in the plot. The dashed curve in (a) represents the idealized
Allan deviation, based only on the simulated coherence and the
remaining number of atoms as a function of time, and does not
include the relative phase difference between the two ensembles.
In (b), the solid lines show the modeled Allan deviations for stan-
dard (blue) and hyperfine-resolved (cyan) readout, accounting for
the accumulated phase between the two ensembles. Please see
Appendix E for details. (c) presents the theoretically predicted
Allan deviation with 100% erasure fraction, assuming the only
errors are radiative decay and Raman scattering, and 1000 initial
number of atoms, for standard readout (black), Ramsey sequence
(purple), and spin-echo sequence (blue).

reduces the dependence of instability on the interroga-
tion time. Figure 5(c) shows the theoretically calculated
clock stability versus interrogation time for standard read-
out in the Ramsey sequence (black) and hyperfine-resolved
readout in the Ramsey (purple) and spin-echo (blue)
sequences, assuming the contributing error sources includ-
ing Raman scattering and spontaneous decay at trap depth
of 15 Erec and 100% erasure fraction. The simulation does
not include the atom loss from lattice heating. See details
about simulation in Appendix E. The enhanced coher-
ence time in the spin-echo sequence results in a flattening
out of clock stability compared to standard readout. In
applications requiring flexible interrogation times, such as
gravitational wave detection [14] or dark matter searches
[13], this relative insensitivity of stability to interrogation
time could provide a significant advantage. Furthermore,
the demonstrated extension of coherence time highlights
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potential applications beyond optical clocks, including the
resolution of the line splittings beyond the limit set by the
natural linewidth [28,29].

To further enhance the achievable erasure fraction, one
could utilize hyperfine states with larger separations, such
as a superposition of |g, 9/2〉 and |e, 3/2〉 states which
has the lowest magnetic field sensitivity (388 Hz/G) rel-
ative to all other transitions with �mF ≥ 3. This config-
uration would effectively eliminate erasure contamination
from Raman scattering and radiative decay. However, it
would come at the cost of increased magnetic field sen-
sitivity compared to the |g, ±5/2〉 ↔ |e, ±3/2〉 transition
employed here. Implementing this approach would there-
fore require careful mitigation of stray magnetic field
gradients and additional clock π -pulses for coherent pop-
ulation transfer, imposing stricter requirements on clock
pulse fidelities.

Finally, we note that our erasure conversion scheme
relies on the large number of nuclear spin states of 87Sr,
and is not applicable to optical lattice clocks employing
nuclear-spin-less isotopes or isotopes with spin-1/2, such
as 171Yb. However, in these systems, as well as in 87Sr,
alternative erasure conversion techniques could still be
employed, such as the addition of a repumping laser out
of 3P1 during clock interrogation to suppress decays to
1S0 and instead transfer scattered atoms into 3P2. Natu-
rally such an approach would come with its own trade-offs,
such as large ac Stark shifts of the clock transition, and we
leave investigation of this and other alternative approaches
to future work.

VIII. CONCLUSION

We have experimentally demonstrated an erasure con-
version protocol for optical clocks using hyperfine-
resolved readout, effectively mitigating decoherence from
lattice-light-induced Raman scattering and radiative decay.
This approach extends atomic coherence times, achieving
Ramsey spectroscopy coherence beyond 100 s and over
150 s with a spin-echo sequence. Additionally, we devel-
oped a theoretical framework to describe erasure-enhanced
coherence in both spectroscopy sequences, supported by
numerical simulations incorporating Raman scattering, lat-
tice Stark shifts, and density shifts. Our results demonstrate
that hyperfine-resolved erasure detection not only sup-
presses decoherence from Raman scattering but also has
the potential to fully unlock the benefits of ultra-narrow
clock transitions, advancing the performance of optical lat-
tice clocks in applications requiring flexible interrogation
times. Moreover, coherence enhancement via erasure con-
version opens a new avenue for implementing sub-natural
linewidth spectroscopy [28,29].
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APPENDIX A: ELLIPSE FITTING WITH
MAXIMUM LIKELIHOOD ESTIMATOR

In order to calculate the differential phase between the
two atomic ensembles, we use the angle inferred by fit-
ting the data to an ellipse. For the spin-echo sequence,
this angle is very close to zero, and the ellipse in close
to a line. In this regime, traditional least squares estimators
are biased [32]. To overcome this limitation, we use maxi-
mum likelihood estimation [37]. This involves maximizing
the likelihood function which quantifies the probability
of observing the given data as a function of the model’s
parameters with the assumption that quantum projection
noise is the dominant source of noise in the data. By per-
forming tests on simulated data [see Fig. 6(c)], we see
that MLE exhibits no bias over a wide range of phases in
ellipse angle estimation. However, bias is not completely
eliminated at near-zero differential phases. This is miti-
gated experimentally by introducing a phase offset, which
is discussed in Appendix B.

The variance of the contrast is determined using a re-
sampling technique [35] known as jack-knifing:

var C = N
N − 1

∑
(C̄JK − C̄JK


=i)
2, (A1)

where N is the total number of measurements, and C̄JK is
the mean of C̄JK


=i , which is a fit to all data except the ith data
point.

APPENDIX B: MODIFIED SPIN-ECHO
SEQUENCE

While the traditional spin-echo sequence effectively
removes inhomogeneous broadening at higher Fourier
frequencies, it typically results in near-zero differential
phase shifts during differential clock comparisons. Despite
upgrading our ellipse estimator with MLE, this near-zero
phase regime introduces bias. To address this, while still
canceling most of the inhomogeneous broadening, we
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FIG. 6. Illustration of modified spin-echo sequence. (a) Timing sequence for modified spin echo. To operate away from zero phase
shift, a magnetic field (0.5–5 mG/cm) is applied to the second free evolution period for time TB = 1.4 s. (b) Fitted phase using MLE
as a function of B field gradient dB/dz. The solid line is fitted using data points at high gradient (>2 mG/cm) and shows a fitted offset
phase φ of −0.004(0.007) rad without gradient field, consistent with vanishing bias error using MLE. (c) Implementation of the MLE
algorithm to estimate the relative phase of the ellipse. (d) Callout of specific ellipse fittings using MLE under varying magnetic field
gradients.

perform a modified spin-echo sequence, as depicted in
Fig. 6(a).

In this sequence, a fixed-duration, amplitude-tunable
magnetic field gradient is applied during the second half of
the spin-echo period. We fit the ellipses obtained by vary-
ing the magnetic field gradient (from 0.02 to 5.5 mG/cm)
and plot the extracted differential phase shifts as a function
of the applied gradient. Several representative fit results
are shown in Fig. 6(d). Based on these, we choose to oper-
ate at a gradient of approximately 2.0 mG/cm, where the
phase shift remains linear and the overall phase is kept
small, minimizing bias while retaining effective decoher-
ence cancellation.

APPENDIX C: RAMAN SCATTERING
POPULATION DISTRIBUTION CALCULATION

We calculate the scattering rate from |3P0, mF〉 to
|3PJ , m′

F〉 by the 813.4 nm lattice light following the for-
malism in Ref. [22]. We use the reduced matrix elements
(RMEs) and transition frequencies for 3P1 from Ref. [38]
and derive the RME for 3P0 transitions based on the line
strengths and frequencies reported in Ref. [39].

Table I presents the calculated off-resonant scattering
rates for a π -polarized optical lattice, where atoms initially
in the |3P0, mF = 3/2〉 state (labeled as state i) scatter to
|3P1, mF〉 (state j ). The subsequent decay rate to |1S0, mF〉
is determined using Clebsch-Gordan coefficients. All rates
are calculated for a trap depth of 1 Erec.

APPENDIX D: THEORETICAL DISCUSSION ON
COHERENCE ENHANCEMENT

In this section, we briefly discuss the origin of the
enhanced clock coherence. We first consider a simple
three-level model: |cg〉, |ce〉, and |e〉. Here, |cg〉 and |ce〉

TABLE I. Theoretically calculated Raman scattering rates
from |3P0, mF = 3/2〉 to various |3P1, mF〉 states at a lattice
potential of 1 Erec, along with the subsequent decay rates to
different |1S0, mF〉 states.

i → j F ′ m′
F �/(10−4s−1)

3P0 → 3P1 7/2 1/2 0.83
3/2 0
5/2 0.17

9/2 1/2 1.21
3/2 0
5/2 1.06

11/2 1/2 0.46
3/2 0
5/2 1.27

3P0 → 1S0 9/2 −1/2 0.95
1/2 0.68
3/2 2.01
5/2 0.79
7/2 0.53

3P0 → 3P2 2.85
3P0 → 3P0 5.01
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represent the ground and excited states of the clock tran-
sition (clock subspace), while |e〉 belongs to the disjoint
subspace where population leaving the clock subspace is
converted into detectable erasures.

For simplicity, we assume a general loss channel that
transfers population out of the clock excited state, with a
finite probability of decaying either to the clock ground
state or to the erasure subspace. This channel effectively
models a combination of radiative decay, Raman scatter-
ing, and blackbody-induced scattering. The impact of such
a channel during clock interrogation can be described by a
quantum channel with Kraus operators:

K0(t) = |cg〉 〈cg| +
√

e−�t |ce〉 〈ce| + |e〉 〈e| (D1)

K1(t) =
√

(1 − re)(1 − e−�t) |cg〉 〈ce| (D2)

Ke(t) =
√

re(1 − e−�t) |e〉 〈ce| (D3)

where � is the loss rate out of |ce〉, and the fraction of
loss that falls into the erasure subspace is denoted by re.
K0 describes how the state evolves when no loss occurs.
Specifically, the population in |cg〉 and |e〉 remains the
same while the probability of |ce〉 damps. K1 represents the
probability of population scattered from |ce〉 to |cg〉, and Ke
represents the probability scattering to |e〉.

The standard readout method makes no distinction
between the population in the clock subspace and the popu-
lation in the erasure subspace. The evolution of the system
corresponds to the full quantum channel and the coher-
ence decays exponentially with a rate of �/2. However, the
hyperfine-resolved readout gives access to the information
solely in the clock subspace. Conditioning on not witness-
ing erasures, equivalent to only measuring population in
the clock subspace, the system is subject to operations
defined by K0 and K1. The outcome density matrix requires
a proper renormalization as K0 and K1 together do not
describe a complete quantum channel. The density matrix
after evolution with hyperfine-resolved readout is in Eq.
(D4) and the coherence is shown in Eq. (D5)

ρ = K0ρ0K†
0 + K1ρ0K†

1

Tr(K0ρ0K†
0 + K1ρ0K†

1 )
(D4)

ρeg = e− �
2 t/2

1 + (e−�t − 1)re/2
. (D5)

In Fig. 7(a), we show the theoretically calculated coher-
ence time as a function of the erasure fraction. The coher-
ence time (defined as the 1/e time) increases with the
erasure fraction, showing a ×1.6 improvement at full era-
sure conversion. However, in this limit, the coherence time
does not diverge to infinity, as K0 is a non-Hermitian no-
jump operator that induces wave-function collapse upon a
no-detection event [27].

(a)

(b)

FIG. 7. (a) shows the theoretical decoherence rate for Ram-
sey (purple solid line) and spin-echo (blue solid line) sequences
with varying erasure fractions, assuming the only decoherence
contribution is from erasure-convertible channels such as Raman
scattering, loss, and radiative decay. (b) shows the calculated
coherence vs time in the Ramsey sequence (i) with an erasure
fraction of 1 and the spin-echo sequence (ii) with an erasure frac-
tion of 0.99. The black line in (i),(ii) represents the coherence
without erasure conversion.

For the spin-echo sequence, shown in Fig. 7(c), the pop-
ulation in the clock subspace is inverted by a π -pulse,
effectively redistributing the probability of decay back to
the initial ground state. At high erasure fractions, the prob-
ability of correctly inferring the likely origin of the erasure
is suppressed. As shown in Fig. 7, the coherence time
increases monotonically as the erasure fraction approaches
1, ultimately limited by dephasing sources rather than loss
mechanisms.

In the ensemble clock experiment, the inclusion of two-
body collision-induced loss and density shifts introduces
additional complexities in the dependence of coherence
time on the erasure fraction. The density shift is incor-
porated as a phenomenological dephasing term to match
experimental data, though a rigorous treatment would
require solving the many-body dynamics.

APPENDIX E: NUMERICAL SIMULATION OF
THE EXPERIMENT

In this section, we present the numerical model of the
experiment, incorporating additional loss and dephasing
mechanisms such as two-body collision loss of 3P0 and
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dephasing from elastic scattering. We account for an effec-
tive trap depth by considering the finite radial temperature,
following the formulation in Ref. [22]. The system dynam-
ics are modeled using the density matrix formalism. Since
the experiment involves simultaneous clock interrogation,
laser phase noise does not affect atom-atom coherence and
is therefore omitted from the simulation. In this frame-
work, states 1, 2, and 3 correspond to the clock ground
state, the clock excited state, and the remaining ground
states, respectively.

ρ̇11 = −�
g
Lρ11 + (α�r + β�0)ρ11

ρ̇22 = −(�e
L + �0 + �r + �tρ22)ρ22

ρ̇33 = −�
g
Lρ33 + (1 − α)�rρ22 + (1 − β)�0ρ22

ρ̇12 = −1
2
(�

g
L + α�r + β�0 + �tρ22)ρ12

− �e
t (ρ11 + ρ22 + ρ33)ρ12 − i�ρ12

ρ̇21 = −1
2
(�

g
L + α�r + β�0 + �tρ22)ρ21

− �e
t (ρ11 + ρ22 + ρ33)ρ21 + i�ρ21

(E1)

where �
g
L is the one-body loss rate (2.1 × 10−2 s−1) for

ground-state atoms due to background gas collisions.
�e

L is the one-body loss rate (2.7 × 10−2 s−1 E−1
rec + 1.8 ×

10−2 s−1) for the excited state, accounting for both back-
ground gas collisions and Raman scattering to 3P2. �r is
the Raman scattering rate to 3P1 (4.6 × 10−2 s−1E−1

rec ). �0
is the natural lifetime of 3P0 (167 s).

The branching ratios of scattering and decay back to
the clock subspace, α and β, are set to 0.18 and 0.42,
respectively. �t is the two-body loss rate coefficient (11 ×
10−6 s−1 cm−3). � is the laser detuning on the clock tran-
sition. All rates above are extracted from independent
measurements of the 3P0 natural lifetime [21]. Quenching
from blackbody radiation (BBR) provides an additional,
but minor, contribution that would affect the erasure frac-
tion. However, the overall BBR-induced decay rate out
of 3P0 is smaller than the natural radiative lifetime, and
quenching via 3P2 contributes only at second order. Con-
sequently, BBR is not expected to be a significant source
of error and is therefore neglected in the model.

We also incorporate a density-dependent phenomeno-
logical dephasing rate in the simulation. Notably,
including a density-dependent dephasing term of 7.2 ×
10−12 s−1 cm−3) is essential for achieving a good agree-
ment between theory and experiment. We interpret this as
capturing the effects of elastic scattering, similar to previ-
ous studies [40], though a complete description of elastic
collisions would require a full many-body treatment of the
clock ensemble.

In the simulation, we fit the total number of atoms
remaining in the lattice at the end of the experiment and

use the fitted atom number at t = 0 as the initial condi-
tion. When modeling the Ramsey experiment, we account
for decoherence induced by magnetic field gradients within
the ensemble. This is done by estimating the atomic distri-
bution, assigning detunings based on axial positions, and
averaging the coherence contribution across the ensemble.

Additionally, we incorporate a phenomenological Gaus-
sian decay T∗

2 in the simulation to account for slow noise
sources recoverable by the spin-echo sequence, such as
residual Stark shifts from the lattice.

The coherence C(T) is calculated as the off-diagonal
matrix element |ρ12(T)|2 in the density matrix. The popula-
tion N (T) is the sum of the diagonal matrix elements. In the
case of hyperfine readout, only the population remaining
in the clock subspace is counted, and N (T) = |ρ11(T)|2 +
|ρ22(T)|2. In the standard readout, the population sums
over all diagonal matrix elements, including the remaining
ground state population. Based on the simulated coherence
C(T) and atom number N (T) as functions of interrogation
time, we extract the QPN-limited Allan deviation using

σQPN(T) =
√

2S(φ, C(T))

2πνC(T)T

√
T + Td

N (T)τ
(E2)

where ν is the clock transition frequency, C(T) is the
simulated atomic coherence, T is the coherent interro-
gation time, and Td is the dead time between experi-
mental shots, and N (T) is the number of atoms. For
standard and reconstructed readout, Td = 1.75 s, while for
the hyperfine-resolved readout sequence, Td = 1.95 s.

For differential clock measurements, the quantum pro-
jection noise limit leads to an additional scaling factor in
the stability of the clock comparison that depends on the
accumulated phase difference between the two ensembles
as well as the contrast of the ellipse [2,34,35]. We include
this effect as an additional factor S(φ, C(T)) given by

S =
(∫ 2π

0

dθ

4π

1
csc2(θ)σ̃ 2(x) + csc2(θ + φ)σ̃ 2(y)

)− 1
2

σ̃ 2(x) = C(T)

2
cos(θ) − C(T)2

4
cos2(θ)

σ̃ 2(y) = C(T)

2
cos(θ + φ) − C(T)2

4
cos2(θ + φ)

(E3)

where θ represents the clock laser’s phase and φ is the
relative phase between the two ensembles. Because our
differential clock measurement interrogates atoms beyond
the atom-laser coherence time, the scaling factor is aver-
aged over θ and thus depends on the relative phase φ and
the contrast of the ellipse. For the Ramsey measurements,
this relative phase evolves over time due to the detuning
between the two ensembles, resulting in an oscillating and
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FIG. 8. Coherence, atom number and clock stability as functions of clock interrogation time at all trap depths measured (from 15
to 75 Erec) for (a) Ramsey sequence and (b) spin-echo sequence. The simulated curves are plotted with the same color coding. The
dashed curves in (a) represent the calculated stability using the simulated coherence and the remaining number of atoms, assuming the
relative phase difference between ensembles is 0. The solid curves in (b) represent the calculated stability accounting for the effect of
the relative accumulated phase between the two ensembles.

non-trivial dependence of stability with interrogation time
T. We therefore only consider an idealized Allan deviation
based on the simulated coherence and number of atoms
without accounting for the additional effect of the phase,

i.e., φ = 0, which represents a lower bound on the Ramsey
stability. For the spin-echo measurements, the accumu-
lated phase difference is the result of the applied magnetic
field gradient and is independent of interrogation time (as

040340-12



ENHANCING OPTICAL LATTICE CLOCK COHERENCE TIMES. . . PRX QUANTUM 6, 040340 (2025)

described in Appendix B), so we calculate the expected
stability accounting for the applied phase difference i.e.,
φ = 0.04 rad.

APPENDIX F: DISCUSSION OF TECHNICAL
LIMITATIONS

As discussed in the main text, the two dominant error
sources in the experiment are π -pulse infidelity and off-
resonant scattering by the clock laser.

The π -pulse infidelities primarily arise from the phase
noise of our local oscillator (LO) and atomic temperature
variations. LO phase noise can be mitigated by operating at
a higher Rabi frequency or by reducing laser noise through
a longer cavity spacer with improved thermal shielding.
Atomic temperature variations lead to inconsistent Rabi
frequencies for atoms in different axial lattice bands, as
well as radial inhomogeneity in regions of weaker confine-
ment. Employing a larger lattice beam waist and deeper
cooling is expected to mitigate these effects. By address-
ing these issues, we anticipate achieving a clock π -pulse
fidelity of up to 99.5%.

Additionally, off-resonant scattering of the clock light
from adjacent mF states exacerbates the problem. At a
bias magnetic field of approximately 5.5 G, the separation
between adjacent mF states is around � ≈ 2π × 1000 Hz,
while the Rabi frequency is 
 ≈ 2π × 150 Hz, leading to a
few percent of non-resonant excitation. Since off-resonant
scattering scales as 
2/(
2 + �2), operating at a bias field
of 50 G and increasing 
 by a factor of 4 to improve
the fidelity of the clock pulse could reduce off-resonant
scattering by approximately a factor of 7.

APPENDIX G: COHERENCE AND ALLAN
DEVIATION AT ALL TRAP DEPTHS

In this section, we present the results of coherence and
clock stability as functions of clock interrogation time in
Fig. 8, measured at the trap depths described in the main
text. The simulated coherence decay and calculated sta-
bility curves are also presented. The stability plot for the
Ramsey sequence, shown in Fig. 8(a), includes an ideal-
ized modeled stability (dashed curve) accounting for the
simulated coherence and number of atoms calculated based
on Eq. (E2). In the spin-echo sequence plot, shown in Fig.
8(b), we included a modeled stability (solid curves) that
accounts for the relative accumulated phase between the
two ensembles, as discussed in Appendix E.
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