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We demonstrate coherent manipulation of the nuclear degrees of freedom of ultracold ground-state
strontium-87 atoms, thus providing a toolkit for fully exploiting the corresponding large Hilbert space as a
quantum resource and for quantum simulation experiments with su(V)-symmetric matter. By controlling
the resonance conditions of Raman transitions with a tensor light shift, we can perform rotations within a
restricted Hilbert space of two isolated spin states among the 2F + 1 = 10 possible states. These manipu-
lations correspond to engineering unitary operations derived from generators of the su(N) algebra beyond
what can be done by simple spin precession. We present Ramsey interferometers involving an isolated
pair of Zeeman states with no measurable decoherence after 3 s. We also demonstrate that one can har-
ness the large spin degrees of freedom as a qudit resource by implementing two interferometer schemes
over four states. The first scheme senses in parallel multiple external fields acting on the atoms, and
the second scheme simultaneously measures multiple observables of a collective atomic state—including
noncommuting ones. Engineering unitary transformations of the large spin driven by other generators
than the usual spin-F representation of the su(2) group offers new possibilities from the point of view of
quantum metrology and quantum many-body physics, notably for the quantum simulation of large-spin

su(N)-symmetric quantum magnetism with fermionic alkaline-earth atoms.

DOI: 10.1103/PRXQuantum.6.020352

I. INTRODUCTION

Large-spin particles open new possibilities for quan-
tum technologies. In the context of quantum many-body
physics and quantum simulators, the enlarged spin degrees
of freedom correspond to a significantly larger Hilbert
space, which leads to qualitatively new physics [1-7].
Large spins can also enhance quantum information pro-
cessing [8] and quantum metrology [9—12]. Conveniently,
they emerge from several physical platforms, such as
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superconducting devices [13,14], molecular magnets [15],
ions [16], multimode photons [17], and atoms [18,19].

Among large-spin atoms, fermionic alkaline-earth and
alkaline-earth-like atoms (AEAs) are particularly inter-
esting for quantum metrology because they display a
weak sensitivity to magnetic fields and possess narrow
optical transitions that make them prominent for optical
clocks with cold atoms [20]. These atomic species are
also remarkable for quantum many-body physics, as the
purely nuclear nature of their spin in the ground state
generates an su(/N) symmetry that introduces frustration
and should thus strongly impact quantum magnetism [21].
This possibility has attracted considerable attention from
both theoretical [22—24] and experimental [3,25—27] stand-
points. To exploit the full potential of large-spin fermionic
alkaline-earth atoms and to characterize the su(/V) phases
at low temperatures, it is crucial to develop tools that
coherently control the spin states of atoms beyond simple
spin precessions (see Refs. [28-30]).

Published by the American Physical Society
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In this paper, we use a tensor light shift [31] to con-
trol the resonance conditions of Raman transitions within
the manifold of 2F 4+ 1 = 10 Zeeman states of the spin-
F = 9/2 ground state of 8’Sr. The quadratic energy shift o
m?. enables us to perform coherent manipulations between
isolated pairs of myp states with a fidelity better than
99 %. These operations demonstrate control over uni-
tary transformations deriving from su(N = 2F + 1) gen-
erators, beyond the usual precession operations deriving
from the spin-F representation of the su(2) group. Taking
advantage of this new possibility and the atoms’ insensitiv-
ity to magnetic fields, we operate a Ramsey interferometer
between two isolated hyperfine states and demonstrate
Ramsey fringes with no discernible loss of contrast over
3's. We further exploit the large spin of the atoms with two
new types of interferometers. In the first implementation,
we operate two Ramsey interferometers simultaneously
and in parallel, using two independent pairs of spin states
within the hyperfine structure. This configuration allows
simultaneous measurement of two independent parameters
(here corresponding to the effective quadratic and linear
Zeeman shifts). In the second implementation, we mirror
two physical spin states that make a qubit into two ancillary
spin states. Selective unitary transformation (“rotation”)
of the two qubit states and the measurement of all four
states then permit the simultaneous measurement of two
noncommuting observables of an ensemble of qubits.

II. IMPLEMENTATION OF su(N) GENERATORS

One key idea of this paper is to implement coherent rota-
tions between two and only two arbitrary spin states chosen
among the N spin states of an N-component Fermi mix-
ture. Rabi oscillation between such a selected pair of states
corresponds to rotations driven by infinitesimal generators
of the su(N) spin algebra, described by an operator O.r)rch,m}; .

The restriction of cr’le . to the Hilbert space {|mr) , [m)}

UF
is the Pauli matrix ¢*, while all its other elements are
zero. The evolution operator after a sequence reads approx-
imately exp (_ZQG;p,m; /2), where 0 = [ Qg(f)dt is called

the pulse area and Q23 is the Rabi frequency. The evolu-
tion operator describes a rotation in the restricted Hilbert
space associated with the two selected spin states, and is
the identity in the orthogonal space consisting of all other
levels. Thus, it is distinct from the more usual manipula-
tion of a spin F by precession around a magnetic field,
exp(—ia - F), which involves a combination of the three
generators I = (Fy, F, F) of the spin-F representation of
the su(2) algebra. This new tool enables complete control
over the spin degrees of freedom, which is necessary to
characterize phases of su(N)-symmetric quantum matter at
low energy (see, e.g., Ref. [32]) and for computing appli-
cations leveraging the vast Hilbert space provided by large
spins (see, e.g., Ref. [8]).

It is challenging to intuitively represent the state of
large-spin atoms and the su(N) generators of rotations
we implement since a spin F > 1/2 possesses a rich
inner structure that the usual Bloch sphere fails to repre-
sent fully. This structure can be captured by, for exam-
ple, the Majorana stellar representation [33] (see also
Refs. [34-36]). However, the motion of the Majorana
stars driven by coherent manipulations is generally quite
complicated and does not always allow a clear physical
interpretation. Qualitatively, 4F angles (2F points on a
sphere) are sufficient to describe the state. A simple rep-
resentation, that can be well suited to visualize some of
our interferometric experiments, is to consider each two-
level subspace of adjacent Zeeman levels (mp,mp + 1)
in a Bloch-sphere representation and consider the set of
2F = N — 1 Bloch spheres as a representation of the state.
For each Bloch sphere, the latitude represents the rela-
tive populations while the longitude represents the relative
phase of the spin wave function in the two relevant states.

Experimentally, we perform rotations on a sub-Bloch
sphere between selected pairs of nuclear-spin states, either
mp <— mp =mp +1 or mp <— mjy = mp + 2—see
Fig. 1. To this end, we introduce two-photon Raman cou-
plings. We rely on a quadratic dependence of the light shift
as a function of my (tensor light shift, TLS), to resonantly
drive only one of the two-photon resonances, whereas the
other couplings are off resonant and have negligible impact
on the atomic state evolution. Provided the Raman cou-
pling is much smaller than the TLS, we can spectrally
resolve any pair of my states (with Amp = 1,2), beyond
what was achieved by the approach in Ref. [30], which
only allowed coherent oscillations between myz = F' and
mp =F — 1 (or mp = —F and mp = —F + 1). Our work
is thus analogous to the proposal in Ref. [37] but with
Raman couplings instead of radio-frequency couplings
between adjacent Zeeman sublevels. It is also very similar
to the experiment on the solid-state platform in Ref. [15],
where a hyperfine interaction, instead of an external field,
lifts the degeneracy.

Pulsing the Raman coupling drives precession on one
selected sub-Bloch sphere around the x axis (by phase con-
vention). Furthermore, at any time, all of the sub-Bloch
spheres experience o, precession at different rates deter-
mined by the detuning of the Raman beat note (controlled
by an rf local oscillator) to the corresponding two-level
transition. In this paper, we explore three independent
interferometric schemes restricted to a given Hilbert sub-
space (see the right panels of Fig. 1). They illustrate
the new possibilities for quantum sensing or simulation
that emerge when using simple combinations of coher-
ent rotations between pairs of spin states, complementing
previously demonstrated schemes using large-spin atoms
[9,12,36]).

The intercombination line 'Sy — 3P; of the Sr isotope
is particularly favorable to engineer large tensor shifts with
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FIG. 1. Principle of the experiment. (a) Atomic levels and laser coupling scheme. A m-polarized light beam tuned within the hyper-
fine structure of the 'Sy — 3P, transition (red arrows) creates an energy shift in the electronic ground state, with significant tensor
component Ut s(mp) = qm%. A second laser (here o~ polarized) enables Raman transitions. Thanks to the tensor light shift, the
Raman resonance conditions differ from each other, making it possible to drive Rabi oscillations between two isolated spin states
(here |—5/2) and |—7/2)), all other processes being off resonant. The Raman operation can be understood as a rotation in a sub-Bloch
sphere. A potential linear energy shift Ujipesr (mr) = bmyp (in the illustration, b >~ —3¢) does not directly affect the capacity to isolate
a pair of states. (b) The three experimental schemes in this paper. Top: we operate a Ramsey interferometer between states |—5/2)
and |—7/2), decoupled from the other spin states. Middle: we operate two interferometers in parallel, demonstrating multiparameter
simultaneous sensing of the fields acting on the atoms. Bottom: we characterize the collective state of atoms in a superposition of
two Zeeman levels (|—5/2) and |—7/2)), identified as qubit states. The measurement sequence starts by applying two pulses that map
the populations of the qubit states into ancillary states. Combining this with a final rotation in the qubit sub-Bloch-sphere, one can

simultaneously measure two orthogonal components of the pseudospin of the ensemble of qubits.

only weak spontaneous emission, thanks to the high ratio
of about 10° between the hyperfine splitting in *P; and the
inverse lifetime of these hyperfine states [38]. Using the
much narrower 'Sy — 3P, transition might lead to even
better performances. Our scheme should readily adapt
to other alkaline-earth-like atoms and to other species
with similarly rich electronic structures (Yb, Cd, Hg, Er,
Dy, ...). Finally, compared to the recent results in Refs.
[39,40], where the spins of erbium and strontium atoms,
respectively, are manipulated through coherent oscillations
on a narrow optical transition, our scheme also benefits
from not relying on a clocklike optical transition. This, we
achieve because the Raman transitions negligibly populate
lossy excited states.

I1II. EXPERIMENTAL SETTING

All the experiments described in the following sec-
tions start with a spin-polarized ultracold Fermi gas of
87Sr. To produce this gas, we first laser cool and hold
within a dipole trap a 5-uK cold sample of atoms in the
5s21S0 ground state, fully depolarized across the ten spin
states of the /' = 9/2 manifold. We then use optical pump-
ing on the 'Sy — 3P;, F = 11/2 intercombination line to
empty all spin states but two (typically, the mp = —9/2

and mp = —5/2 states). We thus prepare a stable spin
mixture since the su(N) symmetry prevents spin-changing
collisions. Reference [29] gives more details on this opti-
cal pumping. We next use forced evaporative cooling to
obtain an ultracold gas at a temperature of about 100 nK.
Finally, we apply a state-selective radiation-pressure pulse
to remove atoms in the mp = —9/2 state, with no notice-
able heating of the remaining mp = —5/2 sample. We
achieve such state selection by a 4.5-ms light pulse tuned to
the |'Sy, mp = —9/2) — Py, F =11/2, mp = —11/2)
transition in a magnetic field of 4.5 G. The polarized gas,
of about 10* atoms, is then kept in a uniform magnetic
field Be, with B =5.2G that defines the quantization
axis and produces a linear Zeeman splitting of 960(5) Hz.
With less than 1% of the atoms in each Zeeman state
other than the one chosen, the residual spin entropy is
below 0.5 [while a fully random spin state has entropy
log(10) = 2.3].

After this preparation, we coherently manipulate the
atoms’ nuclear spin using an external-cavity laser diode
whose frequency is tuned within the hyperfine structure of
the 3P, state, 600 MHz to the red of the |' Sy, F = 9/2) —
|*P,F = 9/2) line. We produce two phase-coherent laser
beams with independently controlled frequencies from
a single laser split into two paths with independent
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single-pass acousto-optic modulators. The first beam’s
primary role is to engineer a quadratic energy shift
Unis(mp) = qm,z; of the Zeeman states labeled by their
spin projection myz. We will refer to this beam as the “ten-
sor light shift (TLS)” beam. The second beam, labeled the
“Raman” beam, acts together with the first (in most of
the paper) to drive Raman transitions between two Zee-
man states when their frequency difference matches the
energy difference between states. We drive the AOMs
using two ADO9852 direct digital synthesizers synchro-
nized on a shared 20-MHz clock. The beam-frequency
difference thus has a long-term relative instability directly
set by the shared clock (RIGOL DG1022), at the 5 ppm
level. They are recombined on the same path with orthog-
onal linear polarizations through a single-mode optical
fiber before being sent onto the atoms with a beam waist
of 320 wm. This configuration also renders recoil effects
negligible.

We set the TLS beam polarization almost co-linear to
the magnetic field, corresponding to 7 transitions in this
quantization axis. We ramp its power up to typically 5 mW
in 3.5ms, slowly enough that the atoms’ spin state adi-
abatically follows the slight change of quantization axis.
We stabilize the beam intensity to a subpercent level at
the millisecond timescale, using a photodiode positioned
after the beam has crossed the atoms. The Raman beam
polarization is linear and orthogonal to the magnetic field,
allowing o™ and o~ transitions. Throughout this paper,
we mainly apply dmp = 1 spin-changing Raman transi-
tions from absorption and stimulated emission of one &
photon from the TLS beam and one ¢~ photon from the
Raman beam. By setting the two-photon detuning reso-
nant with such transitions, the 6™ Raman beam photons
only drive widely off-resonant processes thanks to the TLS
beam’s quadratic shift Ur s(mp) and ultimately remain
spectators. Moreover, the o~ transitions addressed by the
Raman laser have higher Clebsch-Gordan coefficients and
coupling strengths when manipulating mp < 0 states. In
an alternative scheme, the Raman laser is bichromatic,
and drives alone §mp = 2 two-photon spin-changing tran-
sitions using its two circular polarization components.
The two optical frequencies are generated on the same
AOM by a bichromatic rf drive, produced by frequency
mixing.

At the end of an experiment cycle, we adiabatically
ramp down the TLS beam and measure the spin-state dis-
tribution by spin-selective momentum transfer [29], simul-
taneously extracting and probing two spin states of choice
(mp — 1 and mp + 1) for each measurement. Spin popu-
lations presented throughout the paper are relative to the
total atom number. For this, we calibrate the detection effi-
ciencies n(mp) for each spin state on clouds prepared in
that single spin state. For mp = —7/2, —5/2, and —3/2,
we find n(mpg) = 0.65, 0.70, and 0.51, respectively [41].
However, n(—3/2) fluctuated throughout the experiments

shown here, as evidenced by some population estimates
larger than one. In such cases, we recalibrate 1n(—3/2)
by up to 6% to bring extremal population estimates
down to 1.

IV. COHERENT MANIPULATION OF A
NUCLEAR-SPIN QUBIT

We now turn to the experimental demonstration of
coherent manipulations between selected pairs of states
within the 87Sr ground state manifold, which realizes evo-

lutions driven by su(N) generators o* , and o® .
mg Mg mpg,mg

We first show Rabi oscillations between two Zeeman
sublevels, then characterize the coherence of quantum
superpositions by Ramsey interferometry.

A. Rabi oscillations between two isolated hyperfine
states

We first demonstrate Rabi oscillations with mg = 1.
To this end, we prepare the gas in the mp = —5/2 state
and turn the quadratic light shift on Uy g(mp) = qu;. For
dmyp = 1 Raman transitions, this splits the resonance con-
ditions of the various Raman processes by multiples of
2g/h (h is the Planck constant). Consequently, as illus-
trated in Fig. 1, tuning the Raman beam frequency to one
of the resonance conditions (e.g., the process —5/2 —
—3/2) produces a state evolution that can be approximated
as generated by a Pauli operator coupling two and only
two states. To reach this regime, the separation between
adjacent resonances 2¢q/h (proportional to the TLS beam
intensity It s) must be larger than the two photon Raman
coupling strength (Qx oc /It slz, where Iy is the Raman
beam intensity), which implies Iz < Itrs. In practice we
use ]R/ITLS < 10~4.

In the presence of the TLS beam, we pulse the Raman
beam at a fixed frequency and monitor the spin state
evolution. In Fig. 2(a), we demonstrate the Rabi oscilla-
tion dynamics driven between the states mp = —5/2 and
mp = —3/2. Here q/h = —320Hz and Qz/27 = 71 Hz.
We observe well-pronounced coherent oscillations with a
short-time contrast consistent with 1, while the popula-
tion in the neighboring, not targeted state —7/2 grows
by less than 1% over almost 11 Rabi oscillations. The
amplitude of the oscillations exhibits a slow exponential
decrease with a characteristic time Tgecay = 298(17) ms =~
2127 /). As we do not observe significant popula-
tion diffusion to other states, this damping rate limits the
fidelity of a /2 pulse to 0.994. The shot-to-shot fluctu-
ations of the Rabi pulse area away from /2 (calibrated
from complementary experiments) are even less limiting to
the fidelity (> 0.998). This demonstration of an evolution
well approximated by exp (—iflo,, ,..,/2) constitutes a
key result of this paper, enabling the various experiments
described in the following sections.
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FIG. 2. Encoding a qubit on two nuclear spin states. (a) Rabi oscillations between mp = —3/2 (blue) and mp = —5/2 (not shown),
driven by a §mr = 1 Raman coupling. Here A2z/2¢ is small enough that the neighboring states mr = —7/2 (magenta) and mr =

—1/2 (not shown) are unaffected. The green line is a heuristic fit to the data with a damped sine, yielding a 1/e damping time of
298 (17) ms. The dashed red line is the result of a master-equation simulation with two adjustable parameters: the Raman coupling
strength and the coherences decay rate. It is almost indistinguishable from the damped sine. (b) Rabi oscillations between mp = —3/2
(blue, filled circles) and mp = —7/2 (red, empty circles) driven by a §mr = 2 Raman coupling. Green dots show the total population
in these two states. Both populations are measured simultaneously. Solid lines are fits with damped sinusoidal oscillations, yielding a
1/e damping time of 40 (5) ms. (c) Ramsey interferogram realized between states mpz = —7/2 (blue dots) and my = —5/2, driven by
a 6mp = 1 Raman coupling. The line is an optimal distance regression fit with a sinusoidal interferogram. In all of this figure, each
data results from a single shot, and error bars reflect the population measurement statistical uncertainty. Furthermore, in plots (a),(b),
the detection efficiencies n(—3/2) are slightly recalibrated to bring maximal mz = —3/2 population estimates down to 1.

We also demonstrate Raman transitions with §mp = 2
using a slightly different scheme: we detune the Raman
beam 1 MHz below the TLS beam and modulate its
frequency in two sideband components (suppressing the
carrier frequency). In this manner, its two opposed o+
polarization components drive dmy = 2 transitions, with a
detuning controlled by the modulation frequency. We per-

formed this experiment at a much lower g/h = —95Hz
(because of the aging of a laser component). In Fig.
2(b), we observe the Rabi oscillation induced between the
states —7/2 and —3/2. The two spin populations, mon-
itored in parallel, exhibit complementary oscillations at
frequency Qr/2m =29 (3) Hz with a damping time of
40 (5) ms. The total population in the two states decays
by 3% within the damping time, so the damping mainly
reflects a loss of coherence, not diffusion to other spin
states. The limit imposed by this damping on the fidelity
of a /2 pulse can thus be estimated at 0.90, much lower
than what we achieve on the §mr = 1 Raman processes.
The cause of this more significant damping compared to
the §mp = 1 coupling experiment is unknown—possibly
the laser degrading, which also resulted in the lower value
of g. Still, this experiment demonstrates a complemen-
tary set of two-level rotations. They are not required to
have complete control over the atomic state, but, in prin-
ciple, an extended set of generators of evolution can be
advantageous for some manipulations (assuming similar
fidelities). Furthermore, combining dmy = 1 and §mp =
2 transitions enables conceptually new kinds of experi-
ments, such as engineering dynamics in a spin space with
periodic boundary conditions, with phenomena related
to Berry phases and non-Abelian gauge fields [28,42].
In the remainder of the paper, we will use exclusively

dmp =1 transitions as the basic building block for
interferometers.

B. Coherence of the Rabi oscillations

Let us characterize the coherence properties of the
nuclear qubit—first in the presence, then in the absence, of
the Raman driving field. In the Rabi oscillations presented
in Fig. 2(a), each point is the outcome of an individual real-
ization. The observed damping is seen without averaging
different experimental realizations, which implies that it is
associated with loss of coherence rather than fluctuations.
This decoherence may result from a spatial inhomogene-
ity or from spontaneous emission. To establish which one
dominates, we measure the heating rate of atoms exposed
to TLS light in the dipole trap. We find it to be three times
higher than the expected heating rate associated with spon-
taneous emission assuming the laser is monochromatic.
We attribute this to a frequency noise pedestal in our laser
spectrum due to amplified spontaneous emission (ASE)
that causes resonant photon scattering. We then model the
Rabi dynamics by a master equation describing the evo-
lution of an atom in the laser and magnetic fields. We
calculate the separate spontaneous emission terms from
and to each spin state, such that the model captures deco-
herence and spin-state diffusion. To heuristically capture
the effect of ASE, we scale these rates of coherence decay
and spin diffusion by a factor of 3. Coherence decay rates
are of the order of 1s~!, and population transfer rates are
of the order of 0.5 s~!. However, the simulation with these
parameters does not produce the evolution observed in Fig.
2(a), nor does artificially scaling the impact of spontaneous
emission by a different factor. Instead, we note that there
is TLS and Raman beam inhomogeneity, and empirically
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add a decay of coherences between spin states (m1,m;)
with rate I'y x [m? — m3|. With ', = 1.2s™!, we recover
excellent agreement with the data, as shown in Fig. 2(a).
We estimate independently, by simulations with a random
distribution of (g, 2z), that the observed dynamics is con-
sistent with an inhomogeneity of ¢ and 2 of about 1.2 %
in standard deviation. Across a 5-pm-radius cloud, this
can be induced by a beam off centered by w/4, where
w = 320 wm is the waist.

C. Coherence of the hyperfine qubit Ramsey
interferometer

We then test the coherence of the qubit in the absence
of Raman drive. For this, we implement an interferometer.
Keeping the TLS beam on, we apply a set of two resonant
7 /2 pulses, separated by a temporal interval 7—thus real-
izing a standard Ramsey sequence restricted to the Hilbert
space of a qubit, see the top sequence schematic of Fig.
1(b). During this time interval T, we alter the local oscil-
lator frequency that controls the phase difference between
TLS and Raman beams. The Ramsey interferometer is sen-
sitive to the phase ¢ defined by do/dt = AE,,. ./ (1)/ h—
8:¢(t), where AE,; i, is the energy difference between
the two qubit states and 6,¢(f) = wg — wrLs. The quantities
wrLs/2m and wg/27 are the (potentially time-dependent)
TLS and Raman beam laser frequencies.

Figure 2(c) shows the fringe pattern as a function
of T for qubits encoded in the two nuclear-spin states
mp = —5/2 and mp = —7/2. Here, g/h = —190Hz and
Qr/2m =93 Hz. The well-resolved oscillations come
from the accumulated differential phase in the qubit states,
resulting in a rotation (controlled by 7) along the sub-
Bloch sphere equator. We observe fully contrasted oscil-
lations for the best data, which demonstrates that the
coherence of the qubit is well preserved.

We now systematically study the contrast and noise of
Ramsey interferometers as a function of 7 to character-
ize the sources of decoherence. We will highlight that
the main detriment to the qubit’s coherence is the TLS
beam and that we can adiabatically remove it to recover
coherence over seconds. We present this study in Fig.
3. It is realized with approximately the same parame-
ters as the study of coherence in Rabi oscillations: ¢/h =
—300Hz, Qr/27 = 72 Hz. We focus on two effects: deco-
herence, which reduces the interferometric contrast, and
phase fluctuations. In principle, the sources of fluctuations
in the data are (i) atomic quantum projection noise; (ii)
measurement uncertainties associated with fitting the spin-
separated optical density pictures; (iii) reproducibility of
the /2 pulses; (iv) fluctuations of the phase integrated
by the interferometers. For our data, the quantum projec-
tion noise (i) is smaller than the measurement noise (ii)
by typically a factor of 3, so we neglect it. Fluctuations of
the area of “zr/2” pulses (iii) are estimated from repeating
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FIG. 3. Qubit coherence. (a) Schematics of the interferometer.
(b) Fringe pattern of a Ramsey interferometer operated between
mp = —5/2 (measured) and mp = —7/2, with, between the two
pulses, 4 ms of exposition to TLS light and 7 — 4 ms of absence
of any laser light. Error bars, combining population measurement
uncertainty and expected impact of pulse-area fluctuations, are
comparable to the dots’ size. The solid line is the underlying
interferogram, barring phase fluctuations. The dashed line inter-
ferograms are shifted by & one standard deviation of the phase
fluctuations. (c) Contrast as a function of 7. The red line is a
fit to an exponential decay for the data with TLS beam on (red,
empty circles), with 1/e decay time of 54(5) ms. When the TLS
beam is adiabatically turned off during the dark time (blue, filled
circles), there is no observable contrast decay for at least 3s.
The shortest measured 7' (5ms) corresponds to ramping down
and almost immediately back up the TLS. (d) Phase noise of the
interferometer as a function of 7. Continuous lines are fits assum-
ing Var(¢) = 8¢§ + Dt. We have /D = 0.14(1) rad/ms'/? with
TLS, and +/D = 0.021(2) rad/ms'/? without TLS.

a sequence without closing the interferometer. We find a
standard deviation of the pulse area of 0.063(5) rad (which
sets a fidelity upper bound for a 7 /2 pulse at 0.999). How-
ever, their effect in a closed Ramsey sequence remains
smaller than the measurement uncertainty. On the inter-
ferogram shown in Fig. 3(b), we notice that the residuals
to a sinusoidal model are much larger than the fluctua-
tions expected from combining the effect of (i), (ii), and
(iii). We attribute this to uncontrolled fluctuations of the
interferometer phase. To estimate their RMS amplitude,
we numerically generate trial noisy models of the exper-
iment, including all sources of fluctuations, and compare
them with the data [43]. In this optimization, the interfer-
ometric contrast and the variance of phase fluctuations are
the adjustable parameters.
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Figures 3(c) and 3(d) show the outcome of this analysis.
As shown in Fig. 3(c), the contrast (defined as peak-to-
peak signal amplitude) decays as a function of 7 with a
1/e decay constant of 54 (5) ms. Like the damping of Rabi
oscillation, this decay most likely results from the TLS
inhomogeneity rather than photon scattering. The observed
decay is significantly faster than that of the Rabi oscilla-
tions seen in Fig. 2(a). This illustrates the sensitivity of
Ramsey interferometers, which are directly sensitive to
detunings A, in contrast to generalized Rabi frequencies,
generically \/ Q2% + A2

A second observation is that a random phase is inte-
grated for each realization of the interferometer. At the
smaller dark time T = 5 ms, its standard deviation is about
0.35rad and gradually increases with 7, as shown in Fig.
3(d). It is about 1.4rad after 100 ms. We attribute this
to polarization fluctuations in the TLS beam, as we will
demonstrate in Sec. V A. One could reduce these fluctu-
ations by polarization filtering, although our setup, where
we co-propagate the TLS and Raman beams in the same
optical fiber, is inadequate for this.

Thus, simply removing the tensor light shift for most
of the duration 7 of the interferometer should significantly
mitigate decoherence and phase noise. After the initial
Rabi pulse, we adiabatically turn off the TLS in 2 ms, and
bring it back on in the last 2ms before the second /2
pulse. The atom’s environment during the interferome-
ter is now primarily the magnetic field and a dipole trap
with negligible spin-dependent light shift. The observed
decoherence is considerably suppressed, with no visible
contrast decay after 3 s. The phase noise also grows with
T at a much slower rate. Phase fluctuations of ~0.3 rad
are acquired during the 4ms with TLS, but the phase-
noise contribution of the remaining time without light only
reaches 1 radian after about 2 s. Although the RMS phase
fluctuations are not exactly linear with 7, they can qualita-
tively be interpreted as an instability of the Raman detun-
ing of approximately 0.08 Hz when integrated (averaged)
over 2 s. The frequency instability of the DDS-controlled
8 = wp — wrtLs 18, in principle, one order of magnitude
smaller. Thus, the phase noise probably reflects magnetic-
field fluctuations of about 0.4 mG at the second timescale,
consistent with the specifications of the current supplies for
the coils.

In this section, we have demonstrated coherent con-
trol of a qubit defined over two selected Zeeman sub-

M X X z 1
levels using O mpt1> Ompmp 425 and (rm”njr rotations. Our

demonstrations have been restricted to the manifold mg €
{—=9/2,—-7/2,—-5/2,—3/2}. Note that, when driving atoms
in other states, we observed uncontrolled population trans-
fers. We attribute this to the value of our magnetic field
b >~ —3q, which causes quasidegeneracy and sign reversal
of the Raman energy differences, see Fig. 1(a). One could
lift this issue and acquire complete control over the entire

spin manifold, provided b > |g|(2F — 1). Within the man-
ifold of states used in this paper, we have shown the
high sensitivity of the qubits’ coherence and phases to the
TLS beam fluctuations. Minimizing the exposure time to
the TLS beam, we have demonstrated long-lived coherent
superpositions over several seconds, without any magnetic
shielding. Such coherence time is a feature of the minute
Landé factor of the nuclear spins, basically immune to
stray magnetic-field gradients (g;uoVB < 1074 Hz/um),
and of the extremely small vector and tensor polarizabili-
ties in the closed-shell ground state, at the optical trapping
wavelength (with spin-dependent shifts ~10~* Hz). It can
be a great asset, e.g., for high-precision sensing in long-
interrogation-time interferometers or quantum information
storage.

V. BEYOND PSEUDO-SPIN 1/2 SCHEMES: QUDIT
INTERFEROMETRY

The possibility to coherently couple two spin states
among the N = 10 available ones in ground-state ®’Sr
atoms enables coherent navigation over the whole ground-
state manifold—for example, by simply concatenating a
series of resonant pulses between isolated pairs of Zeeman
states. Consequently, our experimental toolkit creates new
possibilities that use more than two spin states in order to
store or retrieve information. In this section, we experi-
mentally investigate two of those new possibilities that use
the large nuclear spin as a genuine qudit.

First, we will use well-defined linear-superposition
states involving four spin states, in order to simultaneously
measure more than one external field at each experimen-
tal realization. Such multiparameter estimates are useful in
the context of metrology [44]. Our work thus illustrates
the potential of large-spin particles as original quantum
Sensors.

Second, we present a scheme that simultaneously mea-
sures collective observables that do not commute, in a
single experimental realization. Building on Ref. [45],
our scheme can characterize a many-body state where
the coherences are stored in a subset of the fully avail-
able ground-state hyperfine manifold. The main idea is
to extend the Hilbert space of the atoms for measure-
ment purposes only; the measurement sequence involves
mapping the state of the atoms into initially empty “ancil-
lary” states and applying controlled rotations, which pro-
vides additional observables, and facilitates tomographic
characterization of a quantum many-body state.

A. Parallel Ramsey interferometers for simultaneous
multiple-field sensing

Performing simultaneous measurements using the same
local quantum sensor is a new possibility with large-
spin particles that is particularly interesting, for example,
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because the measurements can then benefit from com-
mon noise rejection (see, for example, Refs. [46—49]) or
because it becomes possible to perform correlation analy-
ses and thus learn from sources of noise (we will show an
example in the following). Here, we present simultaneous
measurements of two fields in each experimental realiza-
tion. We drive two s = 1/2 Ramsey interferometers in par-
allel, using two independent sets of pairs of Zeeman states
within strontium’s ground-state hyperfine manifold. Our
scheme using sets of qubits internally distributed within
the ground-state spin manifold has similarities with the
architecture of spatially distributed interferometers studied
in Ref. [50].

The protocol is shown in Fig. 4(a). From an initially
pure spin state in mp = —5/2 we apply a first 7/2 pulse
that creates a coherent superposition equally distributed
over {—7/2,—5/2} [51]. Next, each state enters the respec-
tive input port of two independent Ramsey interferometers,
one engineered between {—5/2, —3/2} extracting a phase
¢1, the other between {—7/2, —9/2} extracting a phase ¢,.
The experiment relies on a single rf local oscillator that
controls the Raman detuning §;¢. The two interferometers
are thus opened sequentially at times #; and #, by switch-
ing the Raman detuning from one resonance to the other,
after which they accumulate phase for a time together, then
are finally closed sequentially again. Both interferometers
are open for the same duration 7. The first interferometer’s
populations are thus sensitive to the phase

1 H+T n+T
¢ = 7_1/ (E—sjp — E_3p2) dt —/ 8er(2) dt
3|

f

T
= 3 (4g = b) = T, ©)

and the second interferometer’s populations, to

1 I‘2+T l‘2+T
¢ = ﬁ/ (E—ojp — E_7)) dt —/ 8er(t) dt
1]

1)

T
= ﬁ(Sq — b) — T(6:f)2. (2)

Note that (S,r); # (6:£)2. The parallel operation of the Ram-
sey interferometers provides a measurement of both terms
contributing to the single-atom ground-state energies, that
are, the linear energy splitting b (due to both the mag-
netic Zeeman effect and the vector light shift) and the
quadratic energy splitting ¢ (due to the tensor light shift).
As (8;5)1 and (8;¢), are controlled (here with an accuracy
below 0.02 Hz), the difference between the two interfer-
ometers’ phases ¢; — ¢, provides a measurement of g,
which is insensitive to shot-to-shot fluctuations in b, while
2¢1 — ¢, provides a measurement of b, which is insensi-
tive to shot-to-shot fluctuations in ¢ [52].
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FIG. 4. Simultaneous sensing of two external fields. (a) Dou-
ble interferometer pulse scheme. (b) Measured interferogram.
We vary the phases ¢; and ¢, together by tuning the interferome-
ters’ phase accumulation times 7. We measure both states |—3/2)
(black, full circles) and |—7/2) (blue, empty circles) in each real-
ization. The differing periods highlight that two different energies
are measured. The error bars combine population measurement
uncertainties and the expected impact of Rabi pulse-area fluctu-
ations. The solid line is the underlying sinusoidal interferogram,
barring phase fluctuations. The dashed-line interferograms repre-
sent shifts of + one standard deviation of the phase fluctuations.
(c) Correlation analysis of the two phases ¢, and ¢,, measured
modulo 27 by repeating experiments at a chosen phase with
the highest slope for both interferometric signals. We show the
median of the error bars (including measurement uncertainty and
pulse-area fluctuations) in the top-left corner. (d) Reconstruc-
tion of the two fields (b,gq). The data split into two groups,
identified by color and predominantly separated in b (the split
corresponds to ¢, < 2.8 rad). We cancel this experimental fluctu-
ation for most data in the paper, including Fig. 4(b), by protecting
the TLS optical fiber from airflow.

In Fig. 4(b), we present the interferograms obtained
by measuring the variation of the populations in mp =
—7/2 and mp = —3/2, relative to the total atom number,
as a function of the interferometer time 7. Here, gq/h =~
—320Hz (independently deduced by spectroscopy) and
Qgr/27w = 77Hz on the (—5/2 — —7/2) line. Both popu-
lations are measured simultaneously at each experimental
realization. During the time when both interferometers
are simultaneously opened (~ T — 3.5ms), we set d;; to
2w x 1 Hz, off-resonant with both transitions. We observe
that the periods of the two fringe patterns strongly differ,
as E_sp — E_3/5 # E_9/» — E_7,5. From the two periods,
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we can deduce the mean quadratic and linear Zeeman split-
tings: (g)/h = —303(8) Hz and (b)/h = 1000(45) Hz—in
agreement with independent estimates from Raman spec-
tra. These are mean values over all realizations, as ¢, b
can fluctuate from shot to shot. Upon knowing the fringe
contrast and the two phases ¢, ¢, with better than 7 accu-
racy, single realizations of the experiment provide parallel
individual simultaneous measurements of ¢; and ¢,, from
which we can deduce single-shot measurements of ¢ and
b. Given the interrogation time 7 =~ 4 ms and noise level of
these data (affected by Rabi pulse-area fluctuations, mostly
of the first pulse), the respective precisions in ¢, b from
individual points when at maximal slopes are 4 x 1.8 Hz
and & x 11 Hz.

To illustrate this, we operate the interferometer at a
fixed T chosen to be close to the maximum phase sen-
sitivity of the interferometer (i.e., close to midfringe for
both signals). Figure 4(c) shows a set of 93 measurements
of the two phases (¢, ¢») taken consecutively. For each
measurement, we directly reconstruct the deviations of b
and g relative to the mean, as shown in Fig. 4(d). These
data demonstrate that the simultaneous nature of the mea-
surement makes possible correlation analyses that would
otherwise be impossible if the experiment were alternating
between one interferometer and the other.

As an example of correlation analysis, we have used this
data as follows. We observe that the parallel measurements
of (g, b) do not seem 2D-Gaussian distributed. Instead, two
classes of shots are identifiable. The two groups’ separa-
tion in (g) is —1.4(5) Hz, i.e., a small fraction (0.4%) of
(¢) and below the spread within a single group. In contrast,
the separation in (b) of 23(3) Hz is significant and higher
than the spread in a single group. We attribute this to an
evolution of the TLS beam polarization that shifts between
two configurations; and thus induces a fluctuating vector
light shift with values clustering in two groups, while there
should be no vector light shift for the ideal & polariza-
tion. By protecting the TLS optical fiber from airflow, only
one group remains, and the fluctuations become consistent
with measurement uncertainties (also impacted by the first
pulse’s area fluctuation). We acquire most of the data in
this paper [including Fig. 4(b)] with fiber protection.

We now discuss the fundamental limit to the sensitivity
of the measurements. In the experiments presented here,
the dominant uncertainties on b and ¢ arise from Rabi-
pulse-area fluctuations and the atom-number measurement
precision. Nevertheless, the atomic quantum projection
noise sets the fundamental limit to the achievable precision
of measurements. A key question is what the trade-off for
parallelizing two measurements is. Each one uses, on aver-
age, half of the total atom number. In addition, we present
in this paper a suboptimal measurement, as we measure
only one output port of each interferometer at each realiza-
tion. Not knowing the exact atom number fed into each
interferometer in each realization increases the quantum

projection-noise limit for phase estimation by +/3/2. How-
ever, in principle, we could measure all four states in each
realization [29,53,54]. The fluctuations in the measurement
of the two phases associated with the atomic quantum pro-
jection noise are simply V2 times stronger than when using
all atoms on the same interferometer. This mild disadvan-
tage vanishes if one considers that at least two runs of the
experiment would be required to measure sequentially the
two interferometers.

We finally discuss the three main systematic effects that
could affect the phase measurements. First, the pulses of
the two interferometers are interleaved temporally. Con-
sequently, between the splitting and recombining pulses
of the interferometer (1), we realize one Raman pulse
addressing interferometer (2), and vice versa. This inter-
leaving creates ac Stark shifts =~ sze /8¢ on the two lev-
els probed by the interferometer (1) of the same sign
but not exactly compensating due to different Clebsh-
Gordan coefficients in the Raman couplings. These shifts
can be calculated, or minimized by ensuring the high-
est possible energy-scale separation 2¢/ Q2g. Second, when
the Rabi frequencies are only slightly smaller than the
energy difference between states, one should account for
effects beyond the rotating-wave approximation, such as
the Bloch-Siegert shift, and expect the interferometer to be
sensitive to the initial temporal phase of the beat between
the two Raman beams [55]. Third, in a scheme span-
ning many pulses and Zeeman states, off-resonant transfers
between spin states can interfere with the resonantly driven
population transfers. We will see in the next section evi-
dence for this. Effectively, this affects the fringe patterns
and phase estimation.

We have shown in this section an example of a sen-
sor that parallelizes two measurements using an extended
Hilbert-space basis. Thanks to the simultaneity of the mea-
surements, we have demonstrated that correlation analy-
ses are possible. We illustrated it by tracking in parallel
variations of the vector and tensor light shifts acting on
the atoms. One can also interpret these experiments as a
common-mode noise-rejection scheme, i.e., extracting pre-
cise values of ¢ despite the fact that fluctuations of b affect
all interferometers. Similar schemes for the simultaneous
sensing of multiple fields could be devised, e.g., for mea-
suring multiple spatial components of a vector (magnetic)
field.

B. Simultaneous measurements of multiple collective
atomic observables

We will now explore a second possibility offered by the
large spin-state manifold: increasing the number of observ-
ables accessible in one realization and characterizing the
collective spin state of a quantum many-body ensemble.

Let us start by remarking that tracking two spatial com-
ponents of a magnetic field by monitoring spin precession

020352-9



H. AHMED et al.

PRX QUANTUM 6, 020352 (2025)

requires measuring the projection of the collective spin
along at least two directions simultaneously. However,
this is typically not possible due to the non-commutativity
of the two spin-projection observables. More fundamen-
tally, fluctuations of a collective spin in the two directions
transverse to its mean orientation are critical to the pre-
cision of metrological applications [56,57] but remain
assessed along one given quantization axis at a time. Fur-
thermore, measuring the collective spin properties enables
tests of a large class of entanglement witnesses [58—61].
We also point out that large-spin atoms are compelling
due to numerous new scenarios involving entanglement
witnesses [62,63]. For large-spin atoms, only measuring
the total population in each spin state can already reveal
beyond mean-field dynamics [1,64], and measuring collec-
tive spin fluctuations in a single axis can already be used
to characterize correlations [7,65]. Here, we will show
that ensembles of large-spin atoms offer an opportunity for
physics with ensembles of effectively smaller pseudospins:
measuring two orthogonal spin-projection operators—or
generically, two noncommuting observables—in one given
experimental realization.

The general idea is to use a larger space of states for
each atom in the measurement sequence than during the
experiment that came before it, so that a higher number of
observables is available. These observables (e.g., popula-
tions) in the large Hilbert space commute with each other
and can be simultaneously measured; but their expecta-
tion values and even higher-order statistics reflect those of
noncommuting observables of the state produced by the
experiment.

One such scheme emerges if one can coherently map
the internal states involved in the experiment into other,
initially empty, ancillary states used for measurement pur-
poses only. Reference [45] demonstrated this idea, using
the complete hyperfine structure of alkali atoms to probe
spinor properties in the F = 1 manifold. We generalize this
approach to the case of ground-state alkaline-earth atoms.
In practice, we consider ensembles of effective qubits,
i.e., pseudospins 1/2, initially restricted to two Zeeman
sublevels. To simultaneously measure two pseudospin pro-
jections, we first map each state of this qubit into ancillary
spin states accessible in the F = 9/2 manifold, using a
partial coherent transfer. Then, using again the capacity to
perform manipulations targeted on specific pairs of states
(i.e., rotations on a sub-Bloch-sphere), we perform differ-
ent basis transformations on the qubit states than on the
ancillary states. The final measurement of populations thus
contains information formerly inaccessible in the initial
populations of the qubit states. We show a typical sequence
in Fig. 5(a).

For our experiments, we define the two qubit states,
1) =|—=5/2) and ||) = |—7/2). The initial state, which
we produce to test the measurement protocol, is a coherent
state of qubits |y) M) = ((|11) — i|{))/v/2)®Y, where
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FIG. 5. Measuring two noncommuting observables in a single

realization. (a) Pulse scheme, highlighting one stage for prepar-
ing a well-defined state, and one measurement stage that includes
unitary operations before the detection of populations. In frame
(b), we monitor, as a function of the control phase, the frac-
tional populations N(_7,2—s2,—3/2)/Na, in red, green, and blue,
respectively. Error bars reflect only the population measurement
uncertainty. Solid lines are the result of simulations of the master
equation. We simultaneously acquire N_7,2/Ny and N_3/2/Ny
during the same runs. From N_j,;, we extract an estimate of
the projection (§ZT’ 1) of qubit pseudospin, while from N_7, we
extract an estimate of (§‘T’>, 1)» all during the same runs of the exper-
iment. We acquire the population N_s,, /N, by independent runs.
The solid lines result from a master equation simulation with a
single adjustable parameter: an 18-Hz correction on the linear
Zeeman splitting. (c),(d) present the dependence of (0.) on the
energy-scale separation 2|q|/hS2x for Rabi pulses with a simple
square temporal envelope, obtained from numerical simulations.
We consider a coherent state with (ng’ 1) =0.We take the maxi-
mal, minimal, and mean values of Oz over a 27 variation of the
control phase. We operate our experiment at 2|g|/hQg >~ 9, pro-
viding the best balance between technically limited decoherence
and scheme fidelity.

N, 1s the atom number. We produce it from a sample
polarized in |1), by one 7/2 Raman pulse between the
qubit states. With our phase convention, this coherent state
is polarized against the pseudospin quantization axis “y,”
i.e., the total pseudospin of the ensemble has projections
(1) = (0, —Nay/2,0).

The measurement sequence then begins. First, two suc-
cessive /2 pulses duplicate the |1) amplitude to the
ancillary state |a) = |—3/2) and the |} ) amplitude to the
ancillary state |b) = |—9/2), respectively. Second, we let
the phases of all four states evolve in the presence of the
TLS and magnetic field. In particular, the qubit sub-Bloch
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sphere effectively evolves by exp (—i¢oy | /2), where the
angle ¢ is controlled by the duration of the rotation and by
the detuning between the rf clock and the qubit transition.
Third, we apply a final /2 pulse between the two qubit
states, corresponding to applying exp (—i(r/2)o5 | /2). At
the end of the sequence, one would ideally measure the
populations A; of all four states. The population differ-
ence N, — N, provides an estimator for the many-body
operator §3 | . Similarly, Ny — N provides an estimator for

3“? L= cos(¢)§¥’ Lt sin(¢)§’}, 1» the total pseudospin pro-

jection in one selected direction of the plane (x,y). Both
quantities are thus accessible in a single experimental run.

Let us describe more formally the measurement, which
will enable us to discuss its statistics. We label U the
one-body evolution operator corresponding to the series
of three 7 /2 pulses and phase evolution within the mea-
surement sequence, outlined in Fig. 5, with ¢ =0 for
simplicity. We apply the same evolution to all spins in
parallel. Thus, the many-body evolution operator is factor-
izable onto all the modes of the atomic external degrees
of freedom A: UN) =TT, U,. We define two projective
measurement operators,

O = UM N, — N)UN,  and (3)
0" = UMT(N, — NHUM, (4)

They correspond to measuring all four atomic populations
(Na, Np, Ny, N ) after the collective evolution described by
U™ and computing the appropriate number differences.
Assuming that before the measurement sequence, the only
populated states are those of the qubit (1, |), one can easily
show

() =), ()=, )
GO =00, ©

Note that OF and ¢ do commute with each other, which
highlights the simultaneous nature of the two measure-
ments. Thus, measuring the four populations after the
outlined sequence allows us to estimate the expectation
values (3”?’ 0 and (§ZT, 0 in a single physical realization.
Furthermore, we have shown using second quantization
formalism that

Var(OV)) = Var(8{'7") + Na/4, (7)

provided that only the qubit levels (1, ) are populated
before the measurement operations described by U™ It
is remarkable that the scheme only introduces an additive
fluctuation term N, /4, which could then be subtracted in
quadrature to estimate Var(§{Ty,’f}) from the measurement of

Var(OY#). Note that N,,/4 corresponds to the transverse
spin variance of a coherent state.

Figure 5(b) shows the measured interferograms. Here,
q/h = —330Hz and Qp/27 = 76Hz on the (-5/2 —
—7/2) line. We control the phase ¢ by varying the Raman
detuning during a fixed span of 0.51 ms just before the
last Rabi pulse. Ideally, one would simultaneously mea-
sure the populations in all four states [53,54]. In our setup,
only two spin states, mp = —7/2 (}) and mp = —3/2 (a),
can be measured in the same experimental run, as it
is the easiest for our spin-population measurement pro-
tocol [29]. We measure the spin state mp = —5/2 (1)
separately, whereas, in the current implementation, the
Clebsch-Gordan coefficient is too weak to efficiently mea-
sure the state mp = —9/2. Since we operate in the regime
where the Rabi pulses are well resolved, we can consider
that N_g/5 +N_3/5 = Ny /2 and N_7/5+ N_s;5 = Ny /2
and thus relate each population to a spin observable,

(,,) = (UM (2N_3 )2 — Nu/2) UY), (8)
(1,) = = (UM N2 = Na/2) UY). )

However, the fluctuation of these observables will be
higher than those of * and O?, which are more optimal
if all four states can be measured simultaneously.

The striking feature of Fig. 5(b) is that the populations
in states mp = —7/2 () and —5/2 (1) show pronounced
oscillations, while the population in state mp = —3/2 (a)
barely evolves. The oscillations reflect that we effectively
change the spin measurement basis with the interfero-
metric phase. The approximately flat behavior of N_3/,
demonstrates the capacity to rotate the spin in the sub-
Bloch sphere set by the states |—7/2) and |—5/2) with-
out significantly modifying the population N_3,,. We still
observe a weak dependence of N_3,, on the control phase
¢. This signal is a signature of population transfers driven
off resonantly by the Raman couplings, which will be finite
as long as |hQ2z/2¢q| > 0. Interestingly, we did not see
a signature of off-resonant transfers in the experiments
restricted to a single pair of states. Indeed, in more com-
plex pulse schemes, “leaked” atomic amplitudes have the
opportunity to interfere with macroscopic amplitudes that
are resonantly driven, which exacerbates their impact on
populations.

The simple approach to tackle these parasitic popula-
tion transfers is to increase the energy-scale separation,
|2g/h2k]. We show in Figs. 5(c) and 5(d) how the stray
signals fall with reduced Rabi couplings, using numer-
ical simulations of the master equation. Here, the fun-
damental source of dissipation (i.e., spontaneous emis-
sion due to a perfectly monochromatic laser) is included.
The studied quantity is (0.) /N, for a coherent state
with (S*ZT’ ) =0. Provided the phase control is achieved
in a time shorter than the Raman pulses, this quan-
tity depends on the ratio 2|q|/hS2, irrespective of the
values of ¢ and Q. We see that the ¢ dependence
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A

and mean value of (O.)/N, both slowly approach the
quantum projection-noise limit (,/1/2N,, = 0.007 for 10*
atoms) when increasing 2|q|/hS2z. However, at values
2|q|/h2r > 102, spontaneous emission introduces spin
diffusion and degrades the scheme. Technical imperfec-
tions will bring the optimum to faster pulses, i.e., lower
values of 2|q|/hS25.

To push this limitation, a most promising avenue is the
temporal shaping of the Rabi pulses. By deviating from
the square amplitude envelopes used here, even with sim-
ple shapes [66], one can drastically reduce off-resonant
population transfers for a given Raman coupling strength,
and thus at constant overall scheme duration. More dra-
matically, Ref. [37] demonstrates numerically that optimal
control methods would enable performing arbitrary uni-
tary su(10) operations in a time 30h/|q|. This is about
the same duration as the experiments that we present here,
and relies on high interstate couplings: 2|q|/A2z < 1. One
could also use the ultranarrow transition 'Sy — 3P, [67]
to engineer the tensor light shift with dramatically reduced
spontaneous emission.

Thus, expanding the internal Hilbert space in the mea-
surement sequence enables the parallel estimates of several
atomic observables. This follows the idea exposed in Ref.
[68] for implementing positive-operator-valued measures
(POVMs), and the literature on POVMs, e.g., to estimate
measurement fluctuations [69], applies. Here, we have
studied the case where two orthogonal pseudospin projec-
tions of an ensemble of qubits are measured by expanding
the space to four states. This expansion comes at the cost
of an increased impact from the quantum-projection noise,
owing to smaller populations in each measured state and
the stochastic nature of the “mapping” pulses. Given that
there are ten possible spin states in strontium’s ground
state, one could, in principle, simultaneously measure all
three spin projections of an ensemble of pseudospins s =
1/2 oreven s = 1. Alternatively, one could simultaneously
measure two projections of s =1/2, s=1, s =3/2, or
s = 2 pseudospin ensembles.

VI. CONCLUSION

In this work, we have demonstrated the implementation
of operations effectively driven by generators of the su(10)
group. We focused on selectively driving Rabi oscillations
between adjacent (myp <— myp + 1) and next-to-adjacent
(mp <— mg + 2) levels. We demonstrated these on four
out of ten levels, with high fidelity > 0.99. We expect the
generalization to the entire spin manifold to require moder-
ate technical adjustments, such as a higher magnetic-field
bias. Being able to drive all Amyp = (1,2) transitions effec-
tively amounts to driving “rotations” around 2N — 3 = 17
generators of the su(N) group. This number exceeds the
N — 1 number of generators that can be simultaneously

diagonalized (which correspond to the N — 1 quantiza-
tion axes). Therefore, concatenating Amyp = (1,2) transi-
tions is in principle sufficient to implement all the N> — 1
generators.

In practice, this set of rotations is sufficient to measure
the relative amplitudes and coherences between all pairs of
Zeeman levels, i.e., perform tomography and thus recon-
struct the complete state. Combining these schemes with
a spin-selective detection capable of giving access to all
ten spin components, as in Refs. [53,54], one would gain
comprehensive control of the spin state, with applications
to quantum simulation, computation, or sensing schemes
requiring operations within the su(N) group [8,15-17,37].
Thanks to these tools, the spins of strontium-87 atoms
are a fully exploitable qudit resource with su(10) charac-
ter, which one can even complement by other coherently
controllable degrees of freedom in electronically excited
states, e.g., as in Refs. [70,71].

These assertions also apply to species with similar
atomic structures—alkaline-earth-like atoms and group
IIB transition metals fermionic isotopes—to which the
scheme could be implemented. Indeed, they have in com-
mon the following: a large ratio between the hyperfine
splitting and the linewidth of the state *P;, favorable for
tensor-shift engineering with low spontaneous-emission
levels; a vast spin Hilbert space in the 'S, ground state;
su(N) symmetric interactions; extensive coherence times
afforded by the Landé factor of nuclear spins.

We have seen that large-spin atoms open up the possi-
bility of parallelized interferometers, which can be used
for measuring multiple fields or for common-mode noise-
rejection schemes. Similar sequences could readily explore
other avenues, such as multiple-path interferometers and
quantum random walks. More generally, being able to
tailor the spin state by tensor light shifts enables the
production of “nonclassical” spin states, i.e., single-atom
spin states that cannot be modeled by an assembly of
uncorrelated spin-1/2 particles [72]. These “nonclassical”
spin states present specific advantages for quantum sens-
ing [12].

Finally, following the original idea of Ref. [45], we
have seen that the vast Hilbert space is an opportunity for
the parallel estimation of multiple noncommuting observ-
ables of an atomic ensemble. We studied this in the case
of two observables of an ensemble of pseudo-spins 1/2.
However, it would be most interesting to study the par-
allel estimation, e.g., of three noncommuting observables
or pseudospins > 1/2. It would come at the cost of more
Hilbert-space resources and increased quantum projection-
noise effects. The full potential of such measurements
deserve investigation. The scheme is analogous to ran-
domly partitioning the system into several subensembles
and measuring each along a different quantization axis.
One question is whether this could be amenable to extract-
ing signatures of specific many-body states (chiral states,
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cluster states [73,74]), or to characterize general properties
of the many-body states (entanglement, purity) in the spirit
of, e.g., Refs. [75,76].
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