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Fine-Structure Qubit Encoded in Metastable Strontium Trapped in an Optical Lattice
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We demonstrate coherent control of the fine-structure qubit in neutral strontium atoms. This qubit is
encoded in the metastable *P, and 3P, states, coupled by a Raman transition. Using a magnetic quadrupole
transition, we demonstrate coherent state initialization of this THz qubit. We show Rabi oscillations with
more than 60 coherent cycles and single-qubit rotations on the ps scale. With spin echo, we demonstrate
coherence times of tens of ms. Our results pave the way for fast quantum information processors and highly

tunable quantum simulators with two-electron atoms.
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Neutral atoms are a promising quantum computing [1]
and quantum simulation [2] platform due to their long
coherence times and highly scalable architecture [3,4].
Two-electron atoms in particular have gained increasing
attention as their rich level structure offers multiple
opportunities to encode high-quality qubits. Coupling a
ground and a metastable state via an optical clock transition
has enabled the observation of exceptionally long coher-
ence times [5] and direct access to Rydberg states [6].
However, relying on an ultranarrow optical transition limits
operating speed and poses challenges due to an inherent
sensitivity to atomic motion and laser phase noise [7].

Faster and more robust qubit rotations can be achieved
by coupling two states with a lower energy splitting using a
coherent Raman transition [8]. Such a coupling scheme has
been successfully implemented between nuclear spin states
in fermionic isotopes of Yb [9,10] and Sr [11]. This
nuclear-spin qubit led to the experimental demonstrations
of high-fidelity gates [12], erasure conversion [13], and
midcircuit operations [9,10,14]. Recently, a complementary
encoding of information in electronic degrees of freedom
provided by metastable fine-structure states has been
proposed [15,16], similar to schemes that have been
implemented in ions [17,18].

In contrast to nuclear spin states, which require a
magnetic field to induce a qubit splitting typically in the
kilohertz regime [8,11], the fine-structure states have a
natural frequency splitting on the terahertz scale. Although
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this splitting makes it more challenging to achieve state-
insensitive trapping conditions, it can be advantageous for
state preparation and readout, as energy selectivity rather
than polarization selectivity can be leveraged [7]. In
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FIG. 1. Level scheme, schematic of experimental setup, and
coherent state initialization. (a) Relevant 33Sr energy levels. The
fine-structure qubit is encoded in the metastable states
[*P5,m; = 0) and [*Py, m; = 0), which are coupled via a two-
photon Raman transition with a one-photon detuning A from
S|, m; = 0). The 689 and 461-nm light is used for cooling and
imaging of the atoms, respectively. (b) Schematic of the exper-
imental setup. Atoms are trapped in a horizontal (vertical) lattice
formed at 914 nm (1064 nm). The magnetic bias field and the
671-nm state-preparation beam point along the z axis. The
Raman beams and the imaging beam propagate along the x
axis. (c) Coherent transfer of atoms from |g) to |]) using a
Landau-Zener sweep with an efficiency of up to 97.5(6)%. The
transfer-laser frequency is swept over 4 kHz with the indicated
ramp speeds.
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combination with the existing optical and nuclear qubits,
this novel fine-structure qubit can unlock the full potential
of the level scheme, leading to new functionalities such as
optical qutrits [19], single-photon transition to Rydberg
states with fast qubit rotations, and midcircuit readout
operations.

Here, we experimentally demonstrate core capabilities of
a fine-structure qubit using Sr atoms trapped in an optical
lattice. As shown in Fig. 1(a), our qubit is encoded in the
metastable triplet states |1) = |5s5p*P,,m; = 0) and
|1) = |5s5p°Py, m; = 0), which are separated by about
17 THz in frequency. These states are coupled via a two-
photon Raman transition through the triplet state |s) =
|556s3S,,m; = 0). We demonstrate fast two-photon Rabi
oscillations with frequencies up to 2z x 400 kHz and study
their decoherence mechanisms. We show proof-of-principle
read-out methods with about 96% detection efficiency that
can be used for midcircuit readout. Finally, we investigate
the coherence of the fine-structure qubit with Ramsey and
spin-echo measurements.

The experimental setup is illustrated in Fig. 1(b). We
load about 103 #Sr atoms into a 3D optical lattice [20]. In
the horizontal direction, the atoms are trapped using laser
light with a wavelength of 914 nm, which forms an optical
lattice inside an enhancement cavity [21]. A retroreflected
laser beam at 1064 nm generates the vertical lattice. After
loading the atoms into the lattice, we perform resolved
sideband cooling on the 'S;—*P, transition at a horizontal
(vertical) lattice depth of 150E,.. (270E.), where E,. =
h?/(2ma?) is the lattice photon recoil energy for an atom
with mass m at the corresponding lattice wavelength 4, and
h denotes the Planck constant. The trap depth corresponds
to a horizontal (vertical) trap frequency of 65 kHz (68 kHz).
We typically achieve temperatures of about 2.5 pK [20]. To
initialize the qubit in |1), we coherently excite the atoms
from the ground state |g) = |5s%!Sy) to |1) using the
magnetic field and lattice parameters from Ref. [20]. To
achieve a robust state preparation, we perform a Landau-
Zener sweep with a typical transfer efficiency of 97.5(6)%,
as shown in Fig. 1(c) [22]. The same sweep is also used for
state-selective readout of |1). The transfer efficiency could
likely be further improved by more adiabatic sweeps,
achievable, for example, with higher Rabi frequencies on
the |g)—|1) transition.

After state preparation, we set the magnetic field to 20 G,
oriented along the z direction, corresponding to a Zeeman
splitting of 42 MHz in the *P, manifold, which helps to
isolate the m; = O state. We refer to the Raman laser beams
driving the |1)—|s) and the |s)—|]) transition as the up and
down lasers, respectively. They are both z polarized and
copropagate in the x direction to minimize momentum
transfer, with a Lamb-Dicke parameter of 0.01. We stabilize
the laser frequencies to a shared optical reference cavity to
ensure phase stability between the lasers. To suppress
spontaneous decay from |s), we can detune the Raman

lasers from the atomic transition frequencies by the one-
photon detuning A = A, ~ A, where Ay and A are the
detunings of the up laser and the down laser, respectively.
The two-photon detuning 6 = Ay — A is typically set
to zero.

To achieve long coherence times within the A system, it
is necessary to mitigate differential light shifts of the qubit
states. The nonspherical |1) state features a tensor polar-
izability which allows tuning its light shift relative to the
light shift of ||} by tilting the linear polarization of the
trapping light field with respect to the magnetic quantiza-
tion axis [19]. For the horizontal 914-nm lattice, we find the
so-called “magic” trapping condition where the differential
polarizability between |1) and ||) vanishes, close to the
theoretically predicted angle of about 79°. For the vertical
1064-nm lattice no such magic angle exists and a residual
differential polarizability on the percent level remains [22].
To minimize the differential light shift, we reduce the
vertical lattice depth to about 27E,.., corresponding to
about 3 pK, and choose its polarization to be orthogonal to
the magnetic field. The gravitational tilt of the vertical
lattice helps to suppress tunneling and collisions, which are
negligible on our experimental timescales [28,29].

To characterize the A system |1)—|s)—|]) containing the
qubit subspace, we perform Autler-Townes spectroscopy.
With this method, we calibrate the Rabi frequencies and
demonstrate coherent population trapping to reveal the
presence of coherence in the system. First, we resonantly
couple || ) and |s) by applying the down laser with variable
power P|. The resulting splitting is given by the Rabi
frequency Q| « /P, of the down-laser field [30]. We
probe this splitting by scanning the detuning A, at
Py =30 pW, as illustrated in Fig. 2(a). Readout is per-
formed via detection of atoms that are excited from |1) to
|s) and subsequently decay through 3P, into |g). A fit of the
data results in Q| /,/P| = 2z x 19.3(1) MHz/v/mW.

Next, we prepare the atoms in || ) and repeat the mea-
surement with exchanged roles of the laser fields. We use
P ~220nW and find QT/\/P_¢:27z>< 24.3(2)MHz/vmW,
see Fig. 2(b). Finally, to observe coherent population
trapping [32-34], we reduce the power in both laser fields
significantly to about 10 nW. At the two-photon resonance
we observe a narrow dip in the excitation spectrum, as
shown in Fig. 2(c). A Lorentzian fit yields a full width at
half maximum of 2z x 0.71(19) kHz, four orders of
magnitude narrower than the excited state’s inverse lifetime
27 x 11 MHz [35]. This feature demonstrates the presence
of coherence in the A system.

We now demonstrate coherent control of the fine-
structure qubit by performing two-photon Rabi oscillations.
To this end, we prepare the atoms in |1), set the one-photon
detuning to A ~ =2z x 6 GHz, and tune the lasers to the
two-photon resonance 6 = 0. Both laser fields have a Rabi
frequency of Q; =Q| ~27x36 MHz to minimize
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differential light shifts. After driving two-photon Rabi
oscillations with frequency Q for a variable time f, we
perform a state-selective readout of atoms in |1). For this
purpose, we perform another Landau-Zener sweep to
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shown in Fig. 3(a). We achieve a detection fidelity of
atoms in |1) of (95.7 &+ 2.8)%, currently limited by the
efficiency of the Landau-Zener sweep [22]. We repump any
remaining atoms in |1) and remove them from the trap.
) o e p T This procedure leads to less than 1% contamination of the
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number of atoms in ||) by repumping them to |g) via |s)

FIG. 2. Characterization of the A system. (a) Autler-Townes using both Raman lasers. We take another absorption

splitting probed on the |1')—|s) transition in the presence of astrong  image and estimate a detection fidelity for atoms in ||)
resonant down-laser field, as illustrated by the level scheme. The of (95.9 4 3'3)% [22].

color scale indicates the number of atoms that decayed into |g) . . .
through 3P, after excitation to |s). The blue data points show an When we analyze the Rabi frequencies spatially

example of a spectrum for fixed down-laser power P| = 3.6 mW, resolve’d,'we find a variation of the Rabi frequencies due
which is fitted with an electromagnetically induced transparency (O the finite beam size of the Raman lasers in the yz-plane,
model [31] (blue line) to extract the level splitting of |s). Theredline ~ see Fig. 3(b). To minimize the influence on the dephasing
represents a fit of the level splittings used to calibrate the one-photon of the Rabi oscillations, we analyze the data at one spatial
Rabi frequency of th.e down transition. (b) The a.n.alog calibraFior} of location [22]. To correct for long-term drifts of the atom
the one-photon Rabi frequency of the up transition. (c) Excitation number, we interleave reference measurements of the atom

spectrum at low coupling strength with resonant up-laser field. A . o . .
Lorentzian fit (solid line) to the narrow dip in the data with a full number in the initial state |T>’ which we use to normalize

width at half maximum of 2z x 0.71(19) kHz demonstrates alarge ~ the population in 1) and []) [22]. We observe high-
degree of coherence in our system. contrast Rabi oscillations in | 1), as shown in Fig. 3(c). For a
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FIG. 3. Fine-structure qubit Rabi oscillations. (a) Measurement of the spatial distribution of the number of atoms in |1). (b) Spatial
distribution of two-photon Rabi frequency Q. The data for the Rabi oscillations are taken at the red cross. (c) Rabi oscillations with
Raman lasers about 27z x 6 GHz red-detuned from [s). Blue circles (orange squares) show the number of atoms N4 (¢) and N | (¢) in [1)
and || ), respectively, both normalized with interleaved measurements of N 4 (0) and averaged over 10 experimental runs. The lines are
fits with a sinusoidal oscillation. (d) A similar measurement as shown in (c), with data from individual runs of the experiment. The lines
represent a damped sinusoidal-oscillation model illustrating that Q = 27z x 100.92(4) kHz and the exponential decay time
7 =0.68(1) ms, both found with our analysis method [22], provide a good description of the data. The error bars correspond to
the standard deviation of the data in a3 x 3 pixel region. (¢) Rabi oscillations at various one-photon detunings |A|/2z. Upper panel: the
Rabi frequency (orange squares) shows a 1/A dependence (orange line). Middle panel: The 1/e decay time 7 of the envelope of the
oscillations (blue dots) increases with A. The green stars and the solid line show the limit of the decay time given by the one-photon
scattering rate. Lower panel: the number of cycles Qz/(27) (dots) increases with A and saturates at about 69 cycles (see text). The blue
line shows the scattering-limited number of cycles inferred from the fits in the upper and middle panels.
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z pulse with duration of about 5 ps, we find an excitation
fraction of 98(1)% [22], without including the state-
detection efficiencies above.

Next, we investigate the long-term dynamics of the Rabi
oscillations, as shown in Fig. 3(d). To this end, we analyze
the data to extract both carrier frequency and envelope of
the oscillations in |1) separately. We determine the carrier
frequency corresponding to € from a Lorentzian fit to the
Fourier transform of the data [22]. Then, we apply a
bandpass filter around Q and detect the envelope of the
Rabi oscillations. We fit the envelope of the filtered data
with an exponential function to find the 1/e decay time 7 of
the envelope [22]. An exponentially damped sinusoidal-
oscillation model based on  and 7 obtained from this
analysis method yields good agreement with our data of
both qubit states, as shown in Fig. 3(d) [22].

Now, we study the influence of the one-photon detuning
A on the Rabi oscillations, see Fig. 3(e). We measure Rabi
frequencies up to Q =2z x409(1) kHz and find an
expected scaling of the Rabi frequency as Q o 1/A. The
resulting decay times z at small A are limited predomi-
nantly by one-photon scattering, which we characterize
with independent measurements of the scattering rate, see
middle panel of Fig. 3(e) [22]. We find that the number of
cycles increases with |A| and saturates at about 69 cycles,
as shown in the lower panel of Fig. 3(e) [22]. The scaling of
7 with Q and the saturation to 69 cycles is consistent with a
residual inhomogeneity of Q on the order of 0.4%,
presumably caused by laser intensity noise and residual
spatial inhomogeneity. We note that effects due to laser
intensity noise could be strongly suppressed with standard
composite pulse sequences [36].

Finally, to investigate the qubit coherence we perform
Ramsey and spin-echo experiments, see Figs. 4(a) and 4(b).
We use a one-photon detuning of about 2z x 6 GHz and
apply a /2 pulse to prepare a coherent superposition state

(1/vV2)(I1) + [1)). After a dark time T, we map the
coherence onto population oscillations by varying the
phase of a second z/2 pulse. In Fig. 4(c), we show the
decay of the Ramsey contrast with increasing 7. From a
Gaussian fit to the data, we extract a 1/e dephasing time of
T; =2.03(7) ms, limited by residual differential light
shifts of the nonmagic vertical lattice.

To quantify this light shift, we measure the change in the
[1)—|}) transition frequency as a function of the vertical
potential depth using Ramsey spectroscopy. Contrary to the
Ramsey measurements above, we do not scan the phase of
the second z/2 pulse, but the dark time 7 between the
pulses. The Raman laser frequencies are set to a two-photon
detuning of 6 & 2z x 10 kHz with respect to the free-space
resonance of the qubit. The differential light shift that the
atoms experience in the lattice causes an additional change
in 8. The frequency of the resulting Ramsey oscillations
fRamsey 18 €qual to §/(27) and is extracted from a fit with a
sinusoidal function, see Fig. 4(d). Figure 4(e) shows the
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FIG. 4. Coherence measurements of the Sr fine-structure qubit.
(a) Ramsey measurement. Two /2 pulses at |A| = 27 x 6 GHz
are applied with a dark time 7 in between. The phase of the
second 7/2 pulse is scanned. The resulting oscillations of the |1)
population (dots) are fitted with a sinusoidal function (line).
(b) Spin-echo measurement. A 7z pulse at 7/2 lets the spins
rephase at 7. (c) Ramsey (blue dots) and spin-echo (orange
squares) measurements for various 7. We extract the contrast
from the fits in (a) and (b) and fit a Gaussian decay with 1/e
decay times of T5 = 2.03(7) ms (blue line) and T = 38(3) ms
(orange line) limited by the about 3 pK deep nonmagic vertical
lattice. (d) Ramsey fringes as a function of T to extract the
differential lattice light shift for vertical potential depths of 21
(6) pK (blue dots) and 52(15) pK (orange squares), as experi-
enced by |1). The Raman lasers are tuned to a two-photon
detuning of about 2z x 10 kHz with respect to the free-space
resonance. The frequency frumsey Of the |1) population oscil-
lations over the dark time 7 is determined with a damped
sinusoidal fit model (lines). () framsey for different vertical
potential depths of |1). A linear fit yields a differential light shift
of 192(82) Hz/pK between [1) and ||) at the lattice-light
wavelength of 1064 nm.

dependence of the Ramsey frequency on the vertical
potential depth. A linear fit to the data extracts a differential
light shift of 192(82) Hz/pK between [1) and |]) at a
vertical lattice wavelength of 1064 nm, corresponding to a
differential polarizability of about 1%.

To reduce dephasing caused by this differential light shift
and other slow fluctuations present in the system, we carry
out spin-echo measurements. We add a r pulse after 7'/2 to
the Ramsey sequence, which lets the spins rephase at 7.
With this method, we extend the contrast decay time to
T, = 38(3) ms, as shown in Fig. 4(c). We project an
additional order-of-magnitude increase in coherence time
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in a 3D magic lattice, supported by our recent results for the
lg) and |?1) states [20].

In summary, we demonstrated a new fine-structure qubit
encoded in metastable Sr operating at a qubit splitting of
17 THz. We presented coherence times of tens of milli-
seconds, orders of magnitude longer than the single qubit
gate times on the microsecond scale. Extending the
coherence times further by an order of magnitude should
be possible by modifying the currently limiting wavelength
of the vertical lattice [19,20]. Particularly promising is a
trapping wavelength of 813 nm, at which, based on our
experimental results, we predict a triple magic condition for
both qubit states and the ground state [19,22]. In such a
configuration, the 'S,—P,, clock transition and the 1S,—P,
transition, used here for coherent transfer, could serve as
additional tools for state-selective shelving operations and
midcircuit readout. Moreover, the manipulation of the all-
optical qutrit 'S;—P,—>P, will be possible. Alternatively,
operation at a triple-magic trap wavelength for the fine-
structure qubit states and a particular Rydberg state might
prove beneficial for reaching high two-qubit gate fidelities
[15,16]. Also, fast state-selective readout of the fine-
structure qubit states without the requirement of a slow
shelving pulse can be implemented using the 5554 3D states
[37,38]. Recently demonstrated imaging [39,40], resorting
[41,42], and qubit addressing methods [43] enable indi-
vidually addressable Sr qubits and can be combined with
the methods presented here. Our results thus establish the
Sr fine-structure qubit as an promising candidate for
quantum computing, because it allows fast single-qubit
rotations as well as high-fidelity two-qubit gates.

Note added.—In a study performed in parallel to ours,
similar results have been achieved with atoms trapped in
optical tweezers [44].
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