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Observing Spin-Squeezed States under Spin-Exchange Collisions for a Second
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Using the platform of a trapped-atom clock on a chip, we observe the time evolution of spin-squeezed
hyperfine clock states in ultracold rubidium atoms on previously inaccessible time scales up to 1 s. The
spin degree of freedom remains squeezed after 0.6 s, which is consistent with the limit imposed by par-
ticle loss and is compatible with typical Ramsey times in state-of-the-art microwave clocks. The results
also reveal a surprising spin-exchange interaction effect that amplifies the cavity-based spin measurement
via a correlation between spin and external degrees of freedom. These results open up perspectives for
squeezing-enhanced atomic clocks in a metrologically relevant regime and highlight the importance of
spin interactions in real-life applications of spin squeezing.
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I. INTRODUCTION

Spin squeezing in atomic ensembles [1-4] is a fascinat-
ing manifestation of many-particle entanglement as well as
one of the most promising quantum technologies. By using
entanglement to reduce the quantum projection noise in a
collection of atomic spins, spin squeezing removes a limit
that is already present in state-of-the-art atomic fountain
clocks [5], inertial sensors [6,7], optical lattice clocks [8],
and magnetometers [9]. Groundbreaking experiments have
demonstrated methods for creating spin-squeezed states
[10-18] and proof-of-principle clocks and magnetometers
have been realized, with special emphasis on alkali atoms
such as rubidium because they are used in the vast majority
of atomic metrology devices [18-21], and recently also on
optical transitions [22,23]. Squeezing up to 20 dB [18] has
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been achieved, while even a more modest reduction would
be sufficient to make quantum projection noise negligible
in existing atomic clocks and sensors. However, previous
squeezing experiments with alkali atoms have been lim-
ited to time scales of a few milliseconds (e.g., 5 ms in
Ref. [19], 2 ms in Ref. [16], 1 ms in Ref. [18], and 8
ms in Ref. [24]), while interrogation times in real clocks
and sensors are typically 10—100 times longer [25-27].
How squeezed states evolve on these time scales is a ques-
tion that experiments have not yet been able to address
due to technical limits, masking the more fundamental
effects that can be expected to arise from atomic interac-
tions. In particular, collision-induced spin interactions are
known to play an important role both in microwave [28,29]
and optical [26] atomic clocks. For Rb at densities typi-
cal of spin-squeezing experiments, the spin exchange rate
wex/2m = 2hlay |n/m (where a4 is the scattering length
between clock states, & is the reduced Planck constant,
n is the atomic density, and m is the atomic mass) is on
the order of a few hertz, so that its effects can indeed be
expected on the unexplored but relevant time scales above
100 ms. The role of these interactions for spin squeez-
ing poses considerable challenges for theoretical models
and is only starting to be explored [30-32], especially in
realistic systems where inhomogeneities are present both
for internal and external degrees of freedom. Studying the
time evolution of such interacting many-body system fur-
ther enriched by the entangled spin-squeezed states is of
fundamental and practical interest for quantum metrology,
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both for optical lattice clocks at the frontier of precision
and for alkali-atom sensors, which are the workhorse for
atomic metrology in a broader sense.

Here, we investigate measurement-based spin squeezing
in an optical cavity [12] in the platform of a trapped-
atom clock on a chip [29,33], where the coherence lifetime
exceeds 20 s. Starting with a spin-squeezed state with up to
8.6 dB of metrological squeezing, we measure its evolution
over 1 s in conditions typical of a metrology-grade experi-
ment and observe the effect of spin-exchange interactions,
which manifests itself in a correlation between spin and
external degrees of freedom due to the cavity interac-
tion. Their interplay gives rise to a new and surprising
feedback mechanism that can amplify the cavity measure-
ment. Similar manifestations of spin interactions are likely
to be observed in other experiments as their coherence
times increase toward metrologically useful values. Tak-
ing the interaction effect into account, we can nevertheless
infer that the metrological squeezing is preserved for 0.6
s, consistent with the fundamental limit imposed by par-
ticle loss in our system. These results are an important
step on the way to squeezing-enhanced clocks and sensors
with metrologically relevant stability and they highlight
the importance of spin interactions in the regime of long
interaction time that these instruments require.

II. EXPERIMENTAL SETUP

Our experiment is similar to the trapped-atom clock on
a chip (TACC) described in Refs. [29,33] but addition-
ally contains a fiber Fabry-Perot cavity [34]. An ensem-
ble of N ~ 2 x 10* 8’Rb atoms is magnetically trapped
inside this cavity using an atom chip [Fig. 1(a)]. The
trap is cigar shaped, with frequencies {w.,»,,®.}/2m ~
{7.5,122, 113} Hz, with the cavity axis along x. At typical
temperatures of 7 ~ 200 nK transversely, the cloud is in
the collisionless regime such that each atom preserves its
motional energy over many oscillations in the trap (see the
time scales in Appendix A 1).

The hyperfine states ||)=|F =1,mr =—1) and
%) = |F =2,mp = 1) are chosen as clock states [29,
35]. Used as a clock with standard Ramsey interroga-
tion and coherent spin states (CSSs), the experiment cur-
rently reaches a fractional frequency stability of 6.5 x
1071 s71/2 and has a phase-coherence time on the order
of 20 s, longer than the trap lifetime due to background
loss.

We consider the collective spin vector § = YV §; with
§ = {6;”,&;”,6;”} /2, where the c}x(,"y),z are Pauli matrices
for the ith atom. The measurement of the z component
is given by the population difference S. = (Ny — N|)/2,
where Ny (N,) is the atom number in [1) (|{)). For
a CSS, the fluctuation in S, is given by the standard
quantum limit (SQL): A2S.|css = N /4, where A? denotes
the standard variance. Spin squeezing is generated by a
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FIG. 1. The concept of the experiment. (a) The experimental

setup. 3’Rb atoms are magnetically trapped by the atom chip (the
trap potential is illustrated by the dashed orange curve). Trans-
mitted photons are collected by a single-photon counter (SPC).
Absorption images are taken along y. Cavity-locking light at
1560 nm is not shown. (b) The energy-level structure and the
cavity-probing scheme. (c) Typical data of the correlation of
a cavity measurement with absorption imaging (left) and two
consecutive cavity measurements, M, and M, (right). The cor-
relation with absorption imaging is limited by imaging noise,
A(Ny — N}) ~ 100, comparable to the SQL. (d) An experimen-
tal sequence with two composite cavity measurements, M; and
M,, for squeezing verification. The green boxes represent pulses
on the clock transition and the red boxes cavity-probe trans-
mission, from which dwy are deduced. The delay #; between
measurements varies from a few milliseconds to 1 s. 7 denotes a
composite 7 pulse.

quantum nondemolition (QND) measurement of the col-
lective spin observable S. via the frequency shift w that
it induces to an off-resonant optical cavity [12]. The cav-
ity has a mode waist (1/e radius) wy = 13.6 wm, length
L = 1215(20) pwm, and line width (full width at half max-
imum) « /27w = 45.8(6) MHz. It is tuned midway between
the 780-nm D, transitions |{) — 5P3,; and [1) — 5P3),,
such that to a good approximation §w = €2,.S5., where 2, =
va Q;/N 1is the ensemble-averaged shift per spin flip and
Q; is the coupling strength of the ith atom. The value
Q. =27 x 16.2(3) kHz has an uncertainty limited by the
temperature and is determined experimentally by measur-
ing the cavity shift after preparing a CSS with different (S;)
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(Appendix A 3). In the following experiments, we mea-
sure §w with a probe laser blue detuned from the cavity
resonance by approximately « /2 [Fig. 1(b)] and detect the
transmitted photons using a single-photon counter, with an
overall detection efficiency n = 0.63(2). Additionally, N,
and N, are also measured by absorption imaging after the
time of flight (TOF). We verify that both measurements
agree to within the noise of the absorption imaging, which
is close to the SQL [Fig. 1(c)].

In our experiment, the inhomogeneity of the coupling
Q; is predominantly in the transverse directions due to
the cavity intensity profile, whereas it is almost averaged
out by atomic motion along the cavity axis. In order to
reduce inhomogeneity-induced dephasing [12,15], we fix
the probe-pulse duration to the vertical trap period, 7, =
8.85ms = 27 /w. ~ 27 /w,. Thus Q; only depends on the
transverse motional energy of an atom and remains con-
stant until a lateral collision occurs (Appendix B). The
remaining inhomogeneity between atoms with different
motional energies is further suppressed by employing a
spin-echo sequence as in previous experiments [12,15].
A complete cavity measurement is then composed of two
cavity-probe pulses separated by a 7 pulse on the clock
transition [Fig. 1(d)]. The measured S; is deduced from the
cavity shifts dwy of the two probe pulses as S, = M/ Q,,
where M = (§w; — dw_) /2.

I11. SPIN SQUEEZING BY QND MEASUREMENT

We first investigate the metrological spin squeezing gen-
erated by our cavity-QND measurement. As shown in
Fig. 1(d), we start with all atoms in || ) and apply a 7 /2
pulse on the clock transition to prepare a CSS on the equa-
tor of the Bloch sphere. A composite cavity measurement
M| measures the cavity detuning to determine S;. A second
identical measurement M, after a minimum delay 7; = 6
ms serves to verify the measurement uncertainty and spin
squeezing. Noise is quantified from the variance of 200
repetitions of this sequence. First, we perform this proto-
col with no atoms in the cavity to determine the noise floor
[Fig. 2(a), open black circles]. The result is close to the
photon shot noise (PSN) of the detected photons, given by
A’MP™ ~ k% /(4(n;)), where (n;) is the average number of
detected photons per measurement (/ = 1, 2). For the atom
number N = 1.8(1) x 10* used here, the PSN falls below
the SQL for (n;) = 1000 detected photons, allowing for
spin-noise reduction by the cavity measurement.

A QND measurement produces “conditional squeez-
ing”: M, yields a different result every time, following the
quantum fluctuations of the CSS. The squeezing manifests
itself in the correlation with the second measurement M,
which for a squeezed state agrees with M to better than the
SQL [4]. With two measurements performed on the same
sample with negligible delay, the spin noise of the state
after M, can be quantified as

—_
Y

~

o

I

¢

S, noise reduction (dB)
)

_12; # %

-16 . . N
2000 5000 10 000 20000
Detected photons n;
(b) (c)
— 1 0 . . T A20 -I . T . ‘-
= Y 2] °
— o ®
o 08rf Y 1 ‘:’ &
= D
@© 2 Ofe 1
w 06 -1 1 ] |. 1 1
3 4 0 45 90
10 10 _
ny Rotation 6 (deg)

FIG. 2. The spin-squeezing characterization. (a) Conditional
squeezing results for N = 1.8(1) x 10* atoms and minimum
delay (z; = 6 ms) between measurements M, and M,. The vari-
ance values are normalized to the SQL (N /4) and expressed in
decibels. The cavity measurement without atoms (open circles)
approaches the photon-shot-noise (PSN) limit (the boundary of
the shaded zone). The number squeezing &2 (purple circles)
[Eq. (1)] decreases to below —12 dB. After normalizing by the
independently measured coherence [panel (b)], we obtain the
metrological squeezing (red squares), reaching an optimum of
8.671% dB for 13.0(2) x 10> photons. The error bars indicate
lo confidence and are obtained with a bootstrapping method.
(b) The Ramsey contrast C as a function of the measurement
strength. The curve is a fit to C = exp[—(n1)/y1 — ((n1)/2)*]
(Appendix C1). Its thickness indicates the fit uncertainty. (c)
The spin-noise tomography at (#;) = 8.9(2) x 103, measured by
inserting, between M, and M,, a rotation 6 around (S). The
gray curve represents the theoretical minimum-uncertainty state,
while the pink curve takes into account the phase noise induced
by the PSN of M.

A’S.|y, = Q.7 [Var (M, — ¢My) — A*M™], (1)

where ¢ is chosen such that it minimizes the variance (and
hence accounts for systematic differences between the two
measurements) [10]. To assess the spin noise after M, it
is legitimate to subtract the detection noise of the verifica-
tion measurement M,, which contains the PSN, A2M}™,
plus technical noises such as cavity-lock fluctuations. In
Eq. (1), we conservatively subtract only the PSN, so that
we obtain an upper bound for A2S.. Figure 2(a) (purple
circles) shows it as a function of the number of detected
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photons in M;. It is normalized to the SQL to give the
number squeezing £2 = 4A2S,/N [1]. The metrological
squeezing £2 = NA2S,/[(S)|> = £2/C2, which character-
izes the enhancement in angular resolution on the Bloch
sphere compared to the SQL [2], additionally requires
assessing the coherence, namely, the Ramsey-fringe con-
trast C = 2|(§)|/N. We do this by applying a second 7 /2
pulse with a variable phase after M; and then measuring
S, by imaging [Fig. 2(b)]. The contrast decay for increas-
ing photon number is likely due to the imperfect light-shift
cancellation in the spin echo [Fig. 1(d) and Appendix C 1].
The resulting Wineland squeezing factor is shown as red
squares in Fig. 2(a). We obtain an optimum metrologi-
cal squeezing of 8.6J_“}:§ dB, with about 13000 detected
probe photons. The optimum results from the competition
between photon shot noise, which favors a higher photon
number, and photon-induced decoherence.

To fully characterize the squeezed state, we also perform
spin-noise tomography [12,16] by inserting a pulse on the
clock transition between M, and M, to rotate the noise dis-
tribution around (S) [Fig. 2(c) and Appendix C 3]. The data
with (n;) = 8.9(2) x 10° show an excess antisqueezing of
7.4 dB (at 90° rotation) above the minimum-uncertainty
state (gray curve), mostly due to the shot-to-shot phase
noise caused by the PSN in M; (predicted by the pink
curve).

IV. LONG-TIME EVOLUTION

The long phase-coherence time in our experiment allows
us to observe the evolution of the spin-squeezed states
over much longer time scales than in previous experiments.
We do so by performing the verification measurement M,
after longer times #; up to 1 s. Tracing M, as a function
of M, we find that strong linear correlation between the
measurements persists for all measurement times but, sur-
prisingly, its slope depends on ¢; [Fig. 3(a)]. The slope «
of a linear fit to the data increases to values up to approxi-
mately 4 for times #; < 300 ms, then decays back to values
close to 1 [Fig. 3(b)]. Using absorption imaging, we con-
firm that S, itself does not measurably evolve when «o
increases, indicating that the amplification of M, is linked
to the measurement rather than to the spin state itself. We
come back to the mechanism causing this amplification
below. A direct way to quantify the correlation between
M, and M, is to ask how much one can learn about M
from M,, i.e., to compute Var(M; — M, /). The result is
shown in Fig. 3(c), normalized to the SQL at #; = 0, i.e.,
QﬁN (0)/4. Tt remains 4 dB below the SQL even for our
longest measurement time of ; = 1.

V. MODELING THE TIME EVOLUTION: LOSSES
AND SPIN-ORBIT CORRELATION

The time evolution of spin-squeezed states under
realistic conditions is still an open field, even theoretically.
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FIG. 3. Amplification of the cavity measurement. (a) Raw data

(measured cavity detunings) of M, versus M; atz;, = 0, 0.2, 0.5,
and 1 s, respectively. The initial atom number and the average
photon number are N = 2.1(1) x 10* and (n;) = 9.4(2) x 10,
respectively. The dashed lines indicate M, = M. The slope of
a linear fit (solid lines) gives the amplification factor in (b). (b)
The amplification factor « (open circles) as a function of time #;
between M| and M,. The error bars are smaller than the sym-
bol size. The gray curve represents a semiclassical numerical
simulation with no fitting (see the text and Appendix D 2). (c)
The correlation evaluated by Var(M; — M, /a) normalized to the
SQL at t = 0. For all times, M, remains correlated with M; to
below the SQL of the state prepared by M;. The dashed curve is a
lower bound given by our model (see the text and Appendix C 4).

One effect that has been studied is atom loss [36]. In
our experiment, background gas collisions reduce the total
atom number, N (f) = N(0)e™?’, with 1/y = 3.0(1) s. The
effect of such one-body loss has a simple expression
for two-mode squeezed states [36], &2 () — 1 = (£3(0) —
1)e~ "', This result constitutes a fundamental lower bound
for the time-dependent spin squeezing in a real system. To
go further, the dynamics of the full internal and external
quantum state need to be taken into account; in particu-
lar, the measurement-induced light shift and spin-exchange
interactions. First, the cavity measurement leaves behind
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a phase shift ¢ o S; depending on the measured S, [12].
This is the driving force for cavity feedback squeezing [11]
but is usually neglected in measurement-based squeezing
[12,18]. However, for the long interaction times in our
experiment, it conspires with spin-exchange interaction to
give rise to a mechanism explaining the observed ampli-
fication. Indeed, for a given atom i, this phase shift also
depends on its coupling €2;, so that we have ¢; o< Q;S,. As
Q; in turn depends on the transverse motional energy of
the atom, this corresponds to a spin-orbit coupling where
atoms with small oscillation amplitude experience above-
average phase shift. This correlation persists until colli-
sions redistribute motional energy, i.e., for a time on the
order of 3 s in our experiment (see Table I). Second, spin-
exchange interaction rotates individual spins about the axis
of total spin at rate wey, thus converting the phase-shift
deviation 3¢; of an atom from the ensemble mean into pop-
ulation difference ds.; [29,37,38]. (Note, however, that the
squeezed axis remains unchanged—i.e., along z—because
the interaction can be described by a Hamiltonian o S-S,
which is a constant of motion that commutes with S’z [30].)
While this interaction conserves total spin, it does convert
the initial correlation 8¢; o €2; into a correlation és.; o €2;,
which will affect the result of a subsequent cavity mea-
surement. In the case of our measurement scheme, the
spin-rotation direction is such that for ¢ < 7 /wey, atoms
with above-average coupling (£2; > €2,.) acquire és.; > 0
if S; > 0 and vice versa: strongly coupled atoms acquire an
increased population difference, (s.;)|o,>q, = 4S./N with
A > 1. As these atoms make a dominant contribution to
the cavity measurement, a second cavity measurement is
amplified with respect to M.

The TOF imaging yields state-resolved temperatures T
and T, for every shot, providing an experimental test for
this mechanism. If s, ; is correlated with €2; and hence with
the motional energy as outlined above, then the tempera-
tures of the two spin components should be correlated with
M, and the correlation should have opposite signs for the
two states (Appendix D 1). Indeed, when T and T, are
plotted against M| [Fig. 4(a)], a correlation is clearly visi-
ble for times #; where @ > 1 and has the expected sign: the
higher the measured S; in M, the lower is T (taking into
account the base change (;r pulse) in M;) and the higher is
T;. The amount of temperature change also depends on «
in the expected manner, as can be seen by plotting the shot-
to-shot temperature fluctuations (standard deviation AT)
as a function of #; [Fig. 4(b), green diamonds]. For short
times where o ~ 1, fluctuations are very low, limited by
measurement noise. As « increases, they rise up to approx-
imately 18 nK and their time evolution closely follows that
of « for our measurement time.

A semiclassical Monte Carlo simulation where atoms
move on classical trajectories and evolve under mean-
field spin exchange equation (Appendix D 2) reproduces
the time evolution of the amplification factor quite well, as
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FIG. 4. The spin-orbit correlation from temperature measure-
ments. (a) The temperatures along z of states ||) (light green
dots) and |1) (dark green dots) versus M; from the same data
set (the offset between the initial temperatures is due to the
state-dependent imaging procedure). There is a clear correla-
tion between 7.4 and M; (anticorrelation for ||)) for £, = 0.2
s and 0.5 s, where « > 1. (b) The time evolution of the tem-
perature fluctuations (standard deviation) of 7 4. The evolution
closely resembles that of the amplification factor o (open circles,
right axis), further corroborating the amplification mechanism
described in the text.

shown in Fig. 3(b). It also reproduces the trend of the spin-
dependent temperature evolution. The simulation includes
a damping rate that is estimated from the decay rate of
center-of-mass oscillations mostly induced by the cavity-
locking light (Appendix D 2). The quantitative agreement
is satisfactory despite the simplicity of the model and the
fact that the simulations do not take quantum correlations
into account.

The observed temperature correlation and the simulation
results thus provide strong evidence for the amplification
effect resulting from the inhomogeneous measurement-
induced phase shift combined with spin exchange interac-
tion, acting on the squeezed state on the long time scales
explored here for the first time. This is in contrast to the
noninteracting case usually considered, where differences
in atom-cavity coupling merely reduce the effective atom
number [39] and a small dephasing does not affect the
measurement, as it remains confined to an axis that is not
observed. Also, note the difference with respect to “quan-
tum phase magnification” effects [40,41]: while in these
effects, interactions modify the spin state itself, here it is
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the correlations between the spin and motional degrees
of freedom that are modified and lead to the observed
amplification.

Based on this understanding, an upper limit of the spin
noise at time ¢ in presence of atom loss (rate y ) and amplifi-
cation [factor @ (#)] can be deduced from the measurements
(see Appendix C4):

A%S,(6) |y, = Q2 [Var (M — aM))

_ (062 _ enyt) A2M}an . AzMgsn] , (2)
where we drop the time dependence of & and M, for sim-
plicity and the only noise we subtract is the PSN, A?M™".
We find that the contribution from the noise of M; (sec-
ond term in the square brackets) is also affected by the
amplification mechanism (%) and the exponential comes
from the decay of the total spin. This upper limit (pur-
ple circles in Fig. 5) approaches the lower limit due to
losses (dashed line in Fig. 5) to within 3 dB except in the
time interval where « is significantly larger than 1. The
larger difference at those times may come from fluctuation
in the amplification dynamics themselves. We also plot
the metrological squeezing factor by combining these data
with the independently measured coherence as a function
of time (Fig. 5, inset). The inferred metrological squeez-
ing remains below 0 dB up to 600 ms. This is about 2
orders of magnitude longer than in previous squeezing
experiments with cold alkali atoms and compatible with
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FIG. 5. Inferred squeezing in the spin degree of freedom. The

purple circles show the inferred upper limit of number squeezing
in the spin degree of freedom [Eq. (2)]. The evolution is consis-
tent with the theoretical lower bound given by atom loss (dashed
curve). The red squares show the resulting metrological squeez-
ing, obtained as usual by dividing the number squeezing by the
measured Ramsey contrast shown in the inset. For comparison,
the solid curve is the theoretical limit normalized to the fit of
the experimental Ramsey contrast. The inset shows the Ramsey-
contrast data (circles) as a function of #; and their exponential fit
(shaded curve), which yields t = 7.7(6) s.

the typical interrogation time for primary-standard atomic
clocks. The next steps in our experiment will be to devise
more symmetric measurement-pulse schemes as discussed
in Sec. VI and to implement the real-time feedback that
allows measurement-based squeezing to be integrated into
the full Ramsey-measurement cycle.

VI. DISCUSSION AND CONCLUSIONS

The observed amplification mechanism due to a spin-
orbit correlation reflects the rich dynamics in the squeezed
clock setting and shows that these dynamics need to be
taken into account in metrological applications of spin
squeezing. Two major factors govern the amplification
effect—the exchange rate wex and the inhomogeneity in
the coupling €2;. The same ingredients are present in other
cavity-based spin-squeezing systems and typically are on
the same order of magnitude. They are also present in
other interacting spin systems, where they also lead to
nontrivial many-body physics [42—44]. Our results thus
show that the inhomogeneous measurement back action
on phase is a crucial factor for metrological sensors with
alkaline atoms. While the amplification effect in its cur-
rent form (« > 1) is remarkable from a conceptual point
of view, the fact that it also amplifies the fluctuations in
the first measurement may limit its usefulness for quan-
tum enhanced phase measurement. However, our model
also reveals how the amplification effect can be controlled.
By engineering the measurement-induced phase shift, it is
possible to change the sign of the time dynamics of «(7)
or even reduce «(?) to zero at a particular time, in which
case the model suggests that the final phase measurement
could be done as in deterministic squeezing, without being
affected by the result of the preparation measurement.
Alternatively, it should be possible to devise more sym-
metric measurement schemes where the mean light shift
is always zero, even when S, # 0. Most importantly, how-
ever, the experimental results shown here demonstrate that
the spin-squeezing lifetimes required for metrology-grade
clocks and sensors can be experimentally achieved in spite
of real-life effects such as inhomogenous coupling and spin
interactions.
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APPENDIX A: EXPERIMENTAL DETAILS

1. Time scales

Table I summarizes the relevant time scales involved in
the experiment.

2. Setup parameters

The layout of the atom chip and details of the
two-photon clock transition are shown in Fig. 6. The
microwave (MW) photon is detuned 454 kHz above the
[{) — |F = 2,mp = 0) transition and is delivered by an
on-chip coplanar waveguide. The radio-frequency (rf) pho-
ton is delivered from another chip wire. After magneto-
optical trapping (MOT), optical molasses, and optical
pumping to || ), atoms are magnetically trapped at the
MOT site and magnetically transported to the cavity using
the “omega wire” (Fig. 6), where the trap is compressed
and forced rf evaporative cooling is applied. Finally, the
trap is decompressed to its final parameters (“interrroga-
tion trap”) and positioned exactly inside the optical cavity
mode. Due to the low density, the final state is not com-
pletely thermalized and has a slight temperature difference
between the longitudinal and transverse axes, as quoted in
the main text. The complete loading and preparation phase
takes 3 s. In the interrogation trap, the magnetic field at the
bottom of the trap points along X and has a value B, =
B, — 35 mG, where B,, =3.229 G is the “magic” field
for which the linear differential Zeeman shift between the
clock states vanishes [35] and the 35-mG offset maximizes
the coherence time [29].

The state-resolved imaging starts with a MW pulse that
adiabatically transfers atoms from || ) to |F = 2, mp = 0),
where they are no longer trapped and start to fall. The trap
is turned off several milliseconds later to release atoms in
[1), such that the two clouds are well separated and are

TABLE I. A summary of the experimental time scales, in
which 7z ~ 1.6 x 10'! cm~? is the average atomic density, a;| ~
98.09ay, with ap = 0.0529 nm, is the relevant scattering length,
m is the atomic mass, vy is the thermal velocity vy ~ /kgT/m,
and kg is the Boltzmann constant.

Transverse trap freq. Wy, ©; ~ 120 Hz

Longitudinal trap freq. Wy ~7.5Hz

Spin-exchange rate wex /27 = 2h|ay|n/m ~ 1 Hz

Lateral-collision rate Ve = (32ﬁ/3)a$¢fzvr ~ 0.3 Hz

Background loss rate y ~ 0.33 Hz

Phase-decoherence ~ 0.05 Hz
time

Cavity fibers

MW
guide

38 mm

(b) 2 MHz
y T
F=2 SOOEZ
6.8 GHz
F=1 -

FIG. 6. (a) The layout of the atom chip, which has a two-layer
structure and incorporates two fiber Fabry-Perot (FFP) cavities
of different finesse. Only the low-finesse cavity (located left in
the image) is used in the experiments described here. The red
(yellow) wires are on the top (bottom) chip. The central “Omega”
wire is used to transfer atoms from the MOT site to the cavity.
The green shading indicates the cross section of the vacuum cell.
(b) The Zeeman levels of the 8’Rb ground state. The clock states
are marked in green. The clock transition is excited with two-
photon pulses as indicated.

imaged in a single picture. However, the adiabatic transfer
also perturbs the trap so that the temperature estimation is
slightly biased.

The optical cavity is symmetric, with a finesse F =
2.7(1) x 10° for the 780-nm mode. This gives a max-
imum single-atom cooperativity Co = 24F /wkigwa ~
1.9, where kg0 is the wave vector of the probe laser. Taking
into account the inhomogeneity for our trapped cloud with
T ~ 200 nK, the effective cooperativity is Cer =~ 0.42. The
cavity is simultaneously resonant for a stabilization wave-
length at 1560 nm. The stabilization laser is constantly on
during the experiment but its intracavity intensity is suffi-
ciently weak to prevent trapping of the atoms (trap depth
< 20 nK).

3. Calibrations

The imaging system is calibrated using the known VN
scaling of the projection noise of a coherent state, similar to
Ref. [13]. To measure €2,, we prepare CSSs with different
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(S;) by applying a weak MW + rf pulse of variable length.
Cavity transmission spectra are obtained by scanning a
weak probe laser over 20 cavity line widths in 50 ms. We
obtain the prepared (S.) from the imaging data. A linear
fit of the cavity frequency versus the prepared (S.) yields
Q.. Our preparation procedure leads to a small dependence
between the temperature and the prepared atom number.
Therefore, the measured €2, depends slightly on N (1.5%
deviation for 10% change in N).

We calibrate the phase shift induced by the cavity probe
using a Ramsey sequence (with the probe pulse occurring
during the Ramsey time). We obtain the ensemble-average
phase shift per detected photon ¢y = 4.16(2) x 10~* 7
rad. Ideally, for a given atom i, the phase shift is given
by ¢; = ;/(k:)n,;, where n; is the transmitted photon num-
ber and x, = T¢/(2L) < /2 is the transmission rate, in
which 7 = 1000 parts per million is the designed mir-
ror transmission and c is the speed of light. This allows
us to estimate the overall photon detection efficiency n by
comparing ¢4 with the expected phase shift per transmitted

photon ({¢;)/n; = Qe /K1)

4. Composite cavity measurement

We define the composite cavity measurement M; =
(Swpr — dw;—)/2 (I =1,2). In order to account for the
pulses that flip S;, we define dwy accordingly, such that
dwy (Sw_) refers to the second (first) probe for M| but
refers to the first (second) probe for M, [see Fig. 1(d)].
Consequently, S, refers to the state after M.

We obtain the cavity shifts Sw. from the transmitted
photon number, taking into account the Lorentzian line
shape. At the end of each experimental cycle (after atoms
are imaged), we apply two additional cavity-probe pulses
with £« /2 detuning, to calibrate possible long-term drift
of the cavity frequency and the probe intensity.

Experimentally, we employ a SCROFULOUS compos-
ite  pulse [45], with each of the constituent pulses tuned
to a duration of the transverse trap period 27w /w,. This
helps to reduce the pulse error due to amplitude inhomo-
geneity and fluctuation.

APPENDIX B: INHOMOGENEOUS COUPLING

The atom-field coupling in the cavity is a function of the
atomic trajectory r(¢) = {x,y,z} and is determined by the
cavity geometry:

2, .2
Q(r) = Q2 cos? (krgox) (%) exp [—Zy ;Z

J. o

where w = wy,/1 +x2/L%, in which Lg = ksgow}/2 ~
750 wm is the Rayleigh length. The maximum shift €2
can be obtained from the experimentally measured €2, and
agrees with the value obtained from a cavity quantum elec-
trodynamics calculation. The time integral of 2 (r) over

the pulse duration 7, yields the effective coupling ; =
/7, fOTp dt2 (r;) for atom 7 used in the main text. Assum-
ing harmonic oscillation, the position dependence in the
transverse directions reduces to a function of the motional
energies £, ; and E. ;:

E

2N (B B E. . E..
oy~ gy (1222 ) (505 (B2 (E20),
Ly &y &z

(B2)

where &, = (mwjwg)/2 and e = (mwiwg)/2. In the
experiment, the averaging is not perfect along j, since
w, and . are not precisely equal. Io(-) is the modified
Bessel function of the first kind. Note that we assume
that the standing wave in x can be averaged out and that
the position dependence on x is weak as the cloud size
<« Lg. As a result, as in most real systems, atoms con-
tribute differently to the quantum fluctuations of dw =
Q.S.. Nevertheless, the system can be described as a
uniformly coupled one with a sligh%y reduced effec-
tive atom number Neg = (va Q)?/Y.; Q7 and coupling
Qe = va le /va Q;, as long as the couplings do not
change over time [12,39]. Note that as NgQer = N2,
and &2 = 4(AS.)?|u, /(NC?) o 1/NQ2 [cf. Eq. (1)], the
squeezing will appear higher if Ny and Qe are used.
For our system, Neg =~ 0.90N and Q. =~ 1.11€2,, so that
the effect on £2 is within 10%. We use N (measured by
imaging) and €2, to obtain a conservative estimate of the
squeezing.

APPENDIX C: DATA ANALYSIS

1. Coherence measurements

To determine the atomic coherence after a composite
measurement [Figs. 2(b) and 5, inset], we apply a second
/2 pulse after M, forming a Ramsey sequence with M,
occurring during the Ramsey time. By varying the phase of
the second 7 /2 pulse, we obtain Ramsey fringes (S, ver-
sus phase). However, M| induces an average phase shift
depending on the measured S, value, which fluctuates from
shot to shot due to quantum projection noise. We correct
this phase shift in the data analysis using the calibrated
phase shift per detected photon (Appendix A 3) and the
number of detected photons in M; in each shot. We can
then obtain the contrast with a sinusoidal fit to the Ramsey
fringes.

We fit the contrast decay as a function of aver-
age detected photons to C = exp[—{n;)/y1 — ((nl)/yz)z]
[Fig. 2(b)], yielding y; = 3(1) x 10° > y, = 1.88(7) x
10*. The second term dominates, which can be under-
stood as follows. The imperfection in the spin-echo com-
pensation leads to a Gaussian distribution of the atomic
phase, the width of which depends linearly on the mea-
surement strength ({n;)). This gives the dominant scaling
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C o exp[—(n1)?]. The imperfection may arise from the
spin dynamics occurring during the spin-echo sequence,
the residual inhomogeneous coupling along the cavity axis,
and the infidelity of the 7 pulse.

2. Conditional noise

In Eq. (1), the variance of M, conditioned on M,
Var(M, — ¢ M), is minimized by ¢ = Cov(M;,M;)/
Var(M,), equivalent to the slope of a simple linear regres-
sion between M, and M| (M, being the independent vari-
able). It is worth noting that even if M, and M, are identical
measurements (same atom-cavity coupling), ¢ deviates
from 1 when there is error in M, (such as PSN). Neverthe-
less, Eq. (1) remains the conventional way to evaluate the
conditional spin noise, except that ¢ is slightly biased for
determining the true relation between M, and M. For con-
sistency and simplicity, we use the same linear regression
(with M as the independent variable) to obtain the ampli-
fication factor « [Fig. 3(a)], which minimizes the variance
in Eq. (2). The bias is almost negligible.

In Fig. 3(c), we show a conditional variance Var(M; —
M, /a), seemingly different from the conditional variance
in Eq. (1). It is, in fact, the same formula, given that we aim
to find what one learns about M| from M,; in other words,
a retrodiction of M| knowing M, or a conditional variance
of M, given M,. As we mentioned, this is a simple way
to quantify the correlation without knowledge of how the
amplification effect might influence the spin.

In Sec. V, with further knowledge about the amplifi-
cation effect, we infer the spin squeezing using Eq. (1)
properly, leading to Eq. (2). It is based on the conditional
variance of M, given M, as a phase measurement would
be in a clock application.

3. Spin tomography

AS? is also estimated in a conditional way similar to
Eq. (1) (as in Ref. [16]):

(AS.)f < [Var(M; cos® — My) — (AMF™)*] / Q2. (C1)

The data shown in Fig. 2(c) are after a postselection of
the measured S, (close to 0), because with our composite
measurement scheme, the shot-to-shot phase fluctuation is
dominated by the quantum fluctuation of S, (see Eq. (D1)
below). In principle, this phase fluctuation can be sup-
pressed by an active feedback on the phase based on
the cavity measurement result, up to the ultimate PSN.
Postselection simulates the optimal situation with active
feedback, while the discrepancy between the data and the
prediction (pink curve) comes from the fact that the post-
selection is not stringent due to the limited number of
samples. With an optimal phase feedback, PSN induces at
least 6.1 dB excess antisqueezing, which needs to be taken

into account in real clock applications [46]. It is worth not-
ing that cavity feedback squeezing [11], which can enable
near unitary squeezing [47], can also be implemented in
our system.

4. Spin-noise model under the amplification effect

From the qualitative understanding of the amplification
mechanism outlined in the main text and supported by the
temperature correlation with M (Fig. 4), we can formulate
a simple phenomenological model of the time evolution of
the cavity measurement.

We start by formulating the time evolution of S, given a
measurement M; as

S:(Oluy = €7V'S.(0) ]y, + 35.1), (€2)
where S.(0)|y, follows the conditional probability distri-
bution of S, after M, i.e., approximately a normal dis-
tribution centered around M;/ €2, with a variance given
by Var(8M})/ Q2. (We use M to represent the noise of
measurement / = 1,2, which is much lower than atomic
projection noise and the lower bound of which is given by
photon shot noise Var(SM}") > A*M[™".) §S.(t) represents
all spin noise occurring after M; (such as the loss-induced
noise [36]); e’ accounts for the reduction of the spin (S,)
due to one-body loss. The spin variance is thus given by

A%S.(B) |y, = e ' Var(SM})/ Q2 + Var(8S.(1)).  (C3)

On the other hand, we expect M, to follow a statistical
distribution given by

Ma(t) = Q. [@(DS.(0) |y + 8S.(D] + M2, (C4)
where a = o’e™”! includes both the pure amplification
effect o’ and the reduction of the spin (S.) due to one-
body loss. Note that the amplification mechanism acts on
the phase correlation imprinted in M, but does not modify
the cavity coupling of the spins.

To infer A%S. ()| », from our cavity measurements M,
and M,, we use the minimum conditional variance as in
Eq. (1) (¢ = o minimizes the variance). Assuming the
three contributions in Eq. (C4) to be statistically indepen-
dent, we have

Var (M(t) — a()M))

= a(t)*Var(SM}) 4 Q2 Var(8S.(t)) + Var(sM3).
(C5)

We find that this variance does contain information about
Var[§S;(?)] but it is affected by the noise of M| amplified
by a(#) (first term on the right-hand side). Nevertheless,
knowing «(¢) from our data allows us to infer the actual
spin noise A2S.(%)| um, [Eq. (C3), i.e., the correlation only

020322-9



MENG-ZI HUANG et al.

PRX QUANTUM 4, 020322 (2023)

in the spin degree of freedom rather than the combined
spin-orbit observable seen by M,] by comparing it with
Eq. (C5):

A?S. (1) |y, = Q% [Var (Mo (1) — a(HM))

— (a(®* — e ") Var(SM}) — Var(6M3)] .
(C6)

Taking a conservative limit by assuming the minimum
PSN from the cavity measurements, we obtain Eq. (2).

With this model, we can also calculate the other condi-
tional variance Var(M; — M, /) that we use to evaluate
the correlation [Fig. 3(c)] without knowing the model.
Similarly, we have

Var (Ml — Mz/()[)
= Var(6M}) 4 Var(M}) /a® + Q* Var(8S.(1) /o

Var(§M3) Q2N (1)
a? 42

> Var(SM}) + (1 —eh,

(C7)

where in the last line we use the minimum spin noise
3S.(¢) caused by one-body loss, derived from f;”]%, H-1=
(S]%, (0) — e 7! [36]. Equation (C7) is plotted in Fig. 3(c),
after normalizing to the SQL at # =0, Q2N (0)/4. The
agreement with data therefore supports our model of the
spin noise.

APPENDIX D: AMPLIFICATION MECHANISM

1. Semiclassical model

Here, we formulate a simple semiclassical model that
reproduces the amplification effect. We make the follow-
ing assumptions. (1) €2; is only determined by E,; and
E. ;, which are conserved during the experiment [Eq. (B2)].
The ensemble coupling 2, = Ziv Q;/N is then a con-
stant. (2) The spin rotation is modeled as a simple rotation
of each spin around the ensemble average with the same
rate Cwey, determined by the atomic coherence. We ignore
other sources of dephasing, such as dephasing from the
trapping potential. (3) We also assume a perfect = pulse on
the clock transition for the spin echo and no spin dynamics
during the composite measurement.

The phase shift induced by M) is obtained from the
transmitted photon numbers ;. in the two probe pulses.
With a linear approximation of the cavity transmission
(probe detuning «/2), ni+ ~ n, (1 + 28w+ /), where n,
is the average transmitted photon number per probe pulse
(an experimental parameter), n, = (n1)/(2n) and (n;) is
the average detected photon number in M| used in the main
text. According to our sign convention (Appendix A4),
the first probe gives ¢;— = Q;/(k)n, (1 — 2R,S5./«) (note
the sign of S;, which acquires another minus sign after

the spin-echo pulse). The second probe gives ¢,y =
Q;/(k)n, (1 + ZQQSZ/K) and the total phase shift in M,
reads

4Q2.n,
Q;S;.
Kk

¢i = Giy — i =

(D1)

The phase deviation from the mean phase ¢ = arctan

(X;sin(¢y)/ Y- cos(¢)) ~ >, ¢i/N is then

Si =i — ¢ = xS-(i — 2), (D2)
where x = 4Q.n, /K ~ 4Q,(ny)/ni?. This phase dis-
tribution would not be measurable by the cavity until
the spin-exchange collisions rotate individual spins about
the total spin [known as the identical spin-rotation effect
(ISRE) [29,48]]. The effect of the ISRE is then to rotate
the individual spins about their sum. The rotation rate is
determined by Cwe,. While the total S, is conserved, the s,
values of individual atoms evolve as

S .
5.4(f) = s + 5 sinCoyt. (D3)

The initial value is close to s’ = S, /N for all atoms due to
the QND measurement and the plus sign is determined by
the relevant scattering lengths in ’Rb [49]. We then obtain
cavity shift of M;:

N
Sw(t) =Y Qiszi(t) = QS (1 + @y sinCoet),  (D4)

where a,, = xN(AQ)?/2Q, and (AQ)? = (1/N) Z?’(Qi —
Q.)? is the variance of the coupling. We find that

a(t) = 1 + a,, sin Cwet (D5)
is the time-dependent amplification factor. We thus expect
an amplification that depends on the atom number, the
probe photon number, and the coupling inhomogeneity
and that increases for ¢ < 71/ (2Cwex). While this simpli-
fied model predicts an oscillation of «(¢), we expect it to
damp out for times approaching the lateral collision time
scale, as these collisions destroy the correlation between
motional and internal state.

The model also predicts that a correlation should arise
between the spin state and motional energy. For exam-
ple, when M; yields S; > 0, the ISRE converts the
phase shift of colder atoms into an increased probabil-
ity of being in [1) and that of hotter atoms into an
increased probability of ||}, for times ¢ < 7/(Cwex). More
quantitatively, we consider the motional energy E;; of
atom i in the transverse directions (f=y,z). Q; is a
monotonically decreasing function of E;; [see Eq. (B2)]
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and here we approximate it by Q; — Q, ~ —e(E,; — E,),
where E, = va E;;/N = kgT and ¢ is a positive constant.
It follows that Var(Q2) =~ e*Var(E,) = &*(kgT)?, so ¢ =
AQ/kgT. Overall, the average energy of |1) can be writ-
ten as E.» ~ (1/Ny) va P4 E;, where Py =1/2 —s.;
and Ny = YV P, = N/2 — S. (and similarly for ||,), with
P,;=1/2 +s.,;). Note the replacement s, — —s. due the
final base change (7 pulse) in M,. The ISRE furthermore
correlates s, ; with E;; through ;. Using Eq. (D3), after an
evolution time ¢,

N

2 1
Ey =~ N —2s. 21: (E - Sz,i) E;
% .S- sin Cwext N
~ E; ]if——2Szex 2,: (L — ENEy;

~ kpT + xe(kpT)*S. sin Cwext, (D6)
where we use N > S.; and Var(E,) = (kgT)? for thermal
distribution. The experimentally measured transverse tem-
perature directly links to the average energy as T 4()) &~
El,T(i)/kB' This leads to

Tt,T ~ T (1 + arS; sin Cwext) (D7)
and, similarly, 7;, ~ T(1 — azS; sinCwet), with ar ~
x AQ. Thus, we find that the final transverse tempera-
ture should correlate with the measured S, for 0 < ¢ <
7 /(Cwex). Equation (D7) also predicts that the fluctua-
tion AT} 4(;) should have a time evolution similar to that
of the amplification factor [Eq. (D5)], given the quantum
fluctuations AS. = +/N /2 of the initial state. Specifically,
ignoring other fluctuations in temperature,

ATy ~ Y2 sinCont o a() — 1. (DS)

This correlation is clearly demonstrated in Fig. 4(b).

2. Numerical simulation

To better understand the amplification effect, including
lateral collisions and residual dephasing from the magnetic
trap, we perform numerical simulations of the spin dynam-
ics using a semiclassical kinetic equation for the spin
vector s in the space of motional energies E = {E,, E), E.}
[29,48]:

OS(E,?) + y[s(E, 1) —5]
= [awa (r(f), f)e; + wex / OOdE/,B3e"3E/K(E, E')s(E, r)}
0

x s(E, 1), (D9)

where § = [ dEB*ePEs(E) describes the average spin.
Integration is done on all three energies. e, is the unit vec-
tor Z in the Bloch sphere, generating spin precession at rate
dw,(r,t) which includes three dephasing sources: ac Stark
shift induced by the cavity probe [see Eq. (B1)], shifts due
to the magnetic trap, and mean-field collisions [33]. We
include the spatial dependence of §w, to account for imper-
fections in the trap oscillation averaging [cf. Eq. (B2)]. The
spin interaction depends on wey as well as the spin “mean
field,” and is long ranged in energy space (the Knud-
sen regime), described by the kernel K(E,E’) which we
approximate by K(E,E’) ~ 1 [29,50] (this approximation
slightly augments the exchange rate). The lateral collision
rate y, is incorporated as a relaxation toward the mean spin.

To perform numerical simulations, we randomly sample
the position and momentum of approximately 10* atoms
in a thermal distribution. The coordinates »(¢) evolve as
in pure harmonic oscillation. The atoms then have well-
defined energies along each axis. The cavity shift at each
time step is calculated as ), Q(#;(¢))s. () according to
Eq. (B1) with the s, component of each atom. In order to
simulate the amplification effect, which amplifies quantum
fluctuations in S;, we start with all atoms having a common
s, component that deviates from 0 (a classical approxima-
tion to the result of a QND cavity measurement). From
the subsequently calculated cavity shift over time, we can
obtain M; and M,;; hence their ratio «.

In the simulation, we include the real-time sequence of
M, (two probes and composite 7 pulse). However, we need
to introduce decoherence (at single-spin level) to match
the experimentally measured contrast (Fig. 5, inset); oth-
erwise the spin-rotation rate would be overestimated. The
theoretical lateral collision rate y, alone is not sufficient to
reproduce the strong damping in the measured «. We intro-
duce another phenomenological damping rate from the
observed damping of center-of-mass oscillations (Vcom =
0.45s~"), which is mostly caused by the cavity-locking
light (lateral collision would not damp the center-of-mass
motion). y. in Eq. (D9) is replaced by y. + Yeom in the
simulation.
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