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We report on the coherent excitation of the ultranarrow 1S0–3P2 magnetic quadrupole transition in 88Sr.
By confining atoms in a state insensitive optical lattice, we achieve excitation fractions of 97(1)% and
observe linewidths as narrow as 58(1) Hz. With Ramsey spectroscopy, we find coherence times of
14(1) ms, which can be extended to 266(36) ms using a spin-echo sequence. We determine the lifetime of
the 3P2 level for spontaneous emission of magnetic quadrupole radiation to be 110(31) min, confirming
long-standing theoretical predictions. These results establish an additional clock transition in strontium and
pave the way for applications of the metastable 3P2 state in quantum computing and quantum simulations.
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The generation of long-lived coherences between atomic
states on ultra-narrow optical transitions is fundamental
for optical atomic clocks [1], quantum information process-
ing [2–4], and quantum simulation [5,6].
The exceptional frequency resolution offered by such

transitions provides the basis for the remarkable stability
and precision of optical atomic clocks. Work on divalent
systems has so far almost exclusively focused on the
1S0–3P0 clock transition due to its insensitivity to environ-
mental perturbations. As shown in Fig. 1(a), a comple-
mentary clock transition with μHz-scale natural linewidth is
the 1S0–3P2 magnetic quadrupole (M2) transition [7–10].
The interrogation of these two distinct clock transitions
in the same atomic species can be advantageous for
the evaluation of systematic shifts of the clock frequency
[10–12], the search for physics beyond the standard
model [13], and as a testbed for high precision atomic
structure calculations [14].
Recently, clock transitions have found promising appli-

cations in quantum computing with atom arrays, where
metastable clock states can serve as excellent qubits and
present a gateway for high-fidelity two-qubit gates [2,3,15].
Single-qubit gates have been demonstrated on the 1S0–3P0

transition in two-electron atoms and second-scale atomic
coherence times have been observed [2,16]. Intriguingly,

the combination of the metastable states 3P0 and 3P2 has
been proposed for the implementation of a fast, high-
fidelity qubit [17]. In combination with the ground state,
the realization of an all-optical qutrit 1S0–3P0–

3P2 is
conceivable [9].
Quantum simulation experiments with ultracold atoms

also benefit from the exceptionally long coherence times
and high frequency resolution provided by narrow optical
transitions. Here, precision spectroscopy allows manipu-
lating and probing quantum many-body systems at pre-
viously inaccessible energy scales [18,19]. Because the

(a) (b)

FIG. 1. Level scheme of 88Sr and experimental setup. (a) Energy
levels and transitions relevant for state preparation, spectroscopy,
and detection. (b) Atoms are confined in a three-dimensional
optical lattice at lattice wavelengths of 914 and 1064 nm for the
horizontal and vertical axes, respectively. The polarizations of the
lattice beams are adjusted to angles βm;914 and βm;1064 relative to
the quantization axis defined by the magnetic field B in the
xz plane. The probe laser propagates with wave vector k along
the x axis and is linearly polarized along y perpendicular to the
plane spanned by k and B.
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nonspherical 3P2 state possesses a nonzero electric quadru-
pole moment [20,21], it provides a new platform to study
quantum gases with anisotropic, long-range quadrupole-
quadrupole interactions [22,23].
For applications using ultracold atoms in metrology and

quantum technology it is indispensable to preserve the
inherently identical nature of the atoms by confining them
in state insensitive optical potentials [24]. For the 3P2 state,
such “magic” trapping conditions can be achieved over an
extensive range of trap wavelengths, spanning hundreds
of nanometers by careful adjustment of the lattice polari-
zation [9]. In particular, this tunability enables operating at
trapping wavelengths where high power laser technology is
available, thus significantly raising prospects for the scal-
ability of neutral atom quantum technologies [25].
In this Letter, we generate long-lived atomic coherences

by realizing the first coherent excitation of the ultranarrow
1S0–3P2 M2 transition in 88Sr. We demonstrate high-fidelity
state preparation of the 3P2 state, as well as high-resolution
Rabi spectroscopy. The coherence properties of our system
are systematically evaluated by performing Ramsey spec-
troscopy. Finally, we use the obtained spectroscopy results
to determine the decay rate of the M2 transition. We
compare our result to ab initio theoretical predictions,
which have awaited experimental verification for more than
two decades [20]. These results open up the metastable 3P2

state for applications in metrology, quantum information
processing, and quantum simulations.
Experimental sequence.—Our work starts by loading

2 × 105 88Sr atoms into a three-dimensional optical lattice.
As shown in Fig. 1(b), the vertical lattice is formed by a
retroreflected 1064-nm laser beam and the two horizontal
lattice axes are generated by 914-nm laser beams inside an
enhancement cavity [25]. The resulting three-dimensional
optical lattice has a depth of 150Erec (270Erec) and trap
frequency of 65 kHz (68 kHz) along the horizontal
(vertical) axes, respectively, where Erec ¼ h2=ð2mλ2l Þ is
the lattice photon recoil energy for an atom of massm at the
corresponding lattice wavelength λl and h denotes Planck’s
constant. The average occupation per lattice site is below
unity and tunneling is negligible on experimental time-
scales such that strong inelastic collisions between atoms in
the 3P2 state can be avoided [26,27].
Despite the large disparity in wavelength of the different

lattice axes, we achieve magic trapping conditions by
matching the polarizability of the excited state jei ¼
j3P2; mJ ¼ 0i to the ground state jgi ¼ j1S0i. While the
polarizability of jgi is solely determined by λl, the polar-
izability of the nonspherical state jei can be tuned via the
angle β between linear lattice polarisation and quantization
axis according to [28,29]

αðλl; βÞ ¼ αsðλlÞ − αtðλlÞ
3cos2β − 1

2
; ð1Þ

where αs and αt denote scalar and tensor polarizabilites,
respectively. In our experiment, the quantization axis is
defined by a 28 G bias magnetic field B angled at the
measured “magic angle” βm;1064 ¼ 16ð2Þ° with respect to
the polarization of the 1064-nm vertical lattice [9]. For
the 914-nm lattices we find magic trapping conditions
close to the theoretically predicted angle βm;914 ¼ 52° (see
Supplemental Material [30]).
After transferring the atoms to the lattice, we apply

resolved sideband cooling on the 1S0–3P1 transition.
The resulting temperature of 2.3 μK (2.1 μK) corresponds
to an average phonon occupation of n̄ ¼ 0.35 (0.27) and a
ground state fraction of 74% (79%) along the probe
(vertical) axis.
To interrogate the 1S0–3P2 M2 transition, we apply a

671 nm probe beam propagating with wave-vector k along
the horizontal x axis. We use probe powers of up to 50 mW
and a 1=e2 beam waist radius of 500 μm, much larger than
the sample size of about 50 μm. The linewidth of the
frequency-stabilized probe laser is on the Hertz level [30].
Its polarization ϵ is chosen to be linear and is oriented
orthogonal to the plane spanned by k and B. We note that
this choice of polarization excludes excitation of the
1S0–3P2 transition as an electric-dipole (E1) transition
induced via magnetic field admixing [36].
Following the spectroscopy sequence, we read out the

number of jgi atoms through absorption imaging on the
1S0–1P1 transition. Alternatively, after removal of jgi
atoms, the number of jei atoms is measured by repumping
atoms to jgi via the 3S1 state and taking an absorption image
[see Fig. 1(a)]. Populations are obtained via normalization
to interleaved reference measurements of the total atom
number [30].
Rabi spectroscopy.—The realization of a state-

insensitive trap allows us to perform precision spectroscopy
on the ultranarrow M2 transition. We coherently excite
atoms to jei by performing Rabi spectroscopy. Upon
applying square probe pulses of varying pulse duration,
we observe coherent oscillations of the atomic state popu-
lations, as shown in Fig. 2(a) for a Rabi frequency of
Ω ¼ 2π × 189ð1Þ Hz. For a 2.6 ms-long resonant π pulse
we observe an excitation fraction of 97(1)%.
In Fig. 2(b), we show Rabi spectra obtained for two

different probe beam intensities. We adjust the probe pulse
duration to perform excitation with a π pulse when on
resonance. For pulse durations of 2.6 and 15 ms, we
observe spectra with 370(2) and 58(1) Hz full width at half
maximum (FWHM), respectively. The minimum achiev-
able linewidth is limited by residual lattice light shifts and
eventually by the finite linewidth of the probe laser. In
addition to the difference in linewidths, we also observe a
shift in the resonance frequency for different probe beam
intensities. This probe-light-induced differential ac Stark
shift Δac arises due to off-resonant coupling of the probe
light to additional states [36].
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The long-term evolution of Rabi oscillations at a
fitted Rabi frequency of Ω ¼ 2π × 200ð1Þ Hz is shown
in Fig. 2(c). We observe damping with a 1=e timescale of
57(5) ms, limited predominantly by motional dephasing
due to the finite temperature and confinement of the atomic
sample along the interrogation axis. This dephasing arises
because after sideband cooling several vibrational states
remain populated and the carrier Rabi frequency depends
on the vibrational state [37,38]. Other effects that contribute
to the dephasing are residual lattice light shifts, intensity
fluctuations of the probe beam, and spatial inhomogeneities
(see Supplemental Material [30]).
Ramsey spectroscopy.—To characterize the atom-atom

coherence of the prepared states we perform Ramsey
spectroscopy and optionally add a spin-echo pulse, as
sketched in Fig. 3(a). For Ramsey spectroscopy, we apply a
π=2 pulse of duration Tπ=2 ¼ 1.3 ms to prepare a co-
herent superposition state ðjgi þ jeiÞ= ffiffiffi

2
p

, which evolves to
ðjgi þ e−iϕjeiÞ= ffiffiffi

2
p

by acquiring a relative phase shift ϕ
during the free evolution time T. Finally, we map this phase
difference into a population difference by applying another
π=2 pulse to obtain the state ði sinϕjgi þ cosϕjeiÞ= ffiffiffi

2
p

[39]. In our experiment, the acquired phase is proportional
to the probe-light-induced Stark shift Δac. For the probe
intensity used in Fig. 3, the resulting Ramsey signal

oscillates at about 140 Hz. The oscillations exhibit a
Gaussian decay indicating an inhomogeneous distribution
of detunings, leading to the loss of atom-atom coherence.
We also observe this contrast decay for Ramsey fringes as a
function of detuning for increasing T, as shown in Fig. 3(d).
To quantify these results, we measure the decay of the

Ramsey contrast when scanning the phase of the final
π=2 pulse for varying T in Fig. 3(e). We extract an
inhomogeneous dephasing time T�

2 ¼ 14ð1Þ ms, indica-
ting a Gaussian distribution of detunings with a standard
deviation of

ffiffiffi

2
p

=T�
2 ¼ 2π × 16ð1Þ Hz [2]. This inhomog-

enous distribution can be mainly attributed to residual light
shifts of the optical lattice and sets a limit for the most
narrow observable spectra [30].
Next, we demonstrate that dephasing of the atom-atom

coherence due to lattice light shifts can be reversed to a
large extent through the application of a spin-echo
sequence [40]. To this end, we extend the spectroscopy
sequence by an additional π pulse of duration Tπ after a free
evolution time T=2 [see Fig. 3(a)]. In Figs. 3(b) and 3(c) we
observe rephasing of the atomic spins in the form of a spin
echo at time T by scanning the timing of the final π=2
pulse. For evolution times within the coherence time of our
clock laser, we observe spin-echo signals that feature
coherent oscillations. Even after atom-laser coherence is
lost, we still observe variance in the spin-echo signal for
longer evolution times. This confirms the presence of atom-
atom coherence, which is now probed with a random phase
of the clock laser [16]. From the Gaussian decay of phase
contrast measurements shown in Fig. 3(e) we infer a
homogeneous dephasing time T 0

2 ¼ 266ð36Þ ms [40], pre-
sumably limited by fluctuations of the quantization axis
angle and of the lattice polarizations [30]. For even longer
evolution times, we start to observe the finite excited-state
trap lifetime with a 1=e timescale of 5 s due to trap-induced
Raman scattering [41] and the onset of tunneling leading to
collisional loss of atoms in jei [26,27].
Transition strength.—Finally, we use the obtained

spectroscopic results to determine the decay rate AM2 for
spontaneous emission of a magnetic quadrupole photon.
Simultaneous measurement of the Rabi frequency Ω
along with the probe light shift Δac allows for an accurate
determination of the transition strength insensitive to the
probe beam intensity. Following Lange et al. [44], we define
the probe-intensity-independent quantity ξ ¼ Ω2=Δac, called
the relative excitation strength. In Fig. 4, we plot Ω and Δac
for different intensity settings of the probe beam. From a
nonlinear fit to this data we extract a relative excitation
strength ξ ¼ 2π × 283ð12Þ Hz [30].
We combine ξ with the differential polarizability

Δαegðν0Þ at the transition frequency ν0 and determine
the transition rate [30,44] as

AM2 ¼
8πν30
5ϵ0c3

Δαegðν0Þξ
1

6cos2θsin2θ
; ð2Þ

(a)

(c)

(b)

FIG. 2. Rabi spectoscopy. (a) Rabi oscillations of the jgi (blue
circles) and jei (red squares) populations for varying excitation
times. Solid lines are fits to a sinusoidal oscillation with Gaussian
damping. From the amplitudes of the fits we extract a maximum
excitation fraction of 97(1)%. (b) Spectra obtained for π pulse
durations of 2.6 (top) and 15 ms (bottom). Solid lines show fits to
a Rabi line shape with FWHM of 370(2) and 58(1) Hz,
respectively. We observe a probe-light-induced Stark shift of
the line center and set the zero of the frequency axis to the
unshifted transition frequency. (c) Long-term evolution of Rabi
oscillations displaying motional dephasing due to the finite
temperature of the atomic sample. The solid line shows a fit
to a sinusoidal oscillation with Gaussian damping, yielding a 1=e
decay time of 57(5) ms.
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where ϵ0 is the vacuum permittivity and c is the speed of
light. The last term models the geometry of the probe beam
propagating at an angle θ relative to the quantization
axis with linear polarization perpendicular to the plane
spanned by k and B [45]. For the differential polarizability
at the transition frequency, we use the theory value
Δαegðν0Þ ¼ 290ð7Þ a:u. [30]. Using these results with
our experimental angle θ ¼ 14ð2Þ° [30] and the absolute
transition frequency ν0 [9], the decay rate of the M2
transition in 88Sr is

AM2 ¼ 152ð43Þ × 10−6 s−1; ð3Þ

corresponding to a transition linewidth AM2=ð2πÞ ¼
24ð7Þ μHz and a lifetime for emission of magnetic quadru-
pole radiation of A−1

M2 ¼ 110ð31Þ min. The uncertainty is
dominated by uncertainties in the angle θ [30].
We stress that to obtain the total lifetime of the 3P2 state,

other relevant decay channels have to be considered. In
particular, magnetic dipole (M1) decay to 3P1 and blackbody-
radiation-induced quenching to 4d 3DJ states are expected to
contribute significantly at room temperature [20,46].
In Fig. 4(c), we compare our experimentally measured

transition rate to a new ab initio calculation and to theory
predictions from the literature [20,21,42,43]. To calculate
AM2 we use a hybrid approach combining configuration
interaction (CI) and coupled cluster (CC) methods [14].
The CI computation includes an interaction between the

two valence electrons of strontium while the coupled
cluster method accounts for core-core and core-valence
correlations. The wave functions Φn and energy levels En
of the valence electrons are found by solving the

(a) (d)

(e)

(b)

(c)

FIG. 3. Ramsey spectroscopy. (a) Illustration of pulse sequences employed for Ramsey and spin-echo experiments. (b) Ramsey (red
squares) and spin-echo (blue circles) signals from single experimental runs. The dark (light) gray shaded regions represent a Gaussian
decay of the Ramsey (spin-echo) contrast combined with an exponential decay to account for finite atom lifetime in the lattice.
(c) Ramsey and spin-echo signals averaged over three experimental runs. The solid lines represent fits to a sinusoidal oscillation with
Gaussian envelope to guide the eye. (d) Ramsey fringes for free evolution times T of 5, 10, and 15 ms (from top to bottom). (e) Contrast
decay of the Ramsey (red squares) and spin-echo (blue circles) signals for different free evolution times T. The gray-shaded area denotes
the detection noise floor of our system set by atom number fluctuations and the insets show Ramsey and spin-echo phase scans. The
solid lines represent Gaussian fits to the contrast decay, with 1=e decay times of 14(1) and 266(36) ms for Ramsey and spin-echo
sequences, respectively, leading to the gray-shaded areas in panel (b).

(a)

(c)

(b)

FIG. 4. Evaluation of M2 transition rate. (a) Measured probe
light shifts Δac (top) and Rabi frequencies Ω (bottom) for
different probe beam powers. Solid lines are fits denoting a
linear and square root scaling, respectively. (b) From a nonlinear
fit of the form Δac ¼ ξ−1Ω2 with reduced χ2 of 1.1 we extract the
relative excitation strength ξ ¼ 2π × 283ð12Þ Hz. (c) Comparison
of experimental (circle) and theoretical (squares) values of the
decay rate AM2 [20,21,42,43].
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multiparticle relativistic equationHeffðEnÞΦn¼EnΦn [47],
where the effective Hamiltonian is defined as HeffðEÞ ¼
HFC þ ΣðEÞ with the Hamiltonian HFC in the frozen-
core approximation. The energy-dependent operator
ΣðEÞ accounts for virtual excitations of the core electrons.
To quantify uncertainties, which arise from incomplete
inclusion of the core, we carry out several computations,
which include the core, i.e., build the ΣðEÞ operator, in
different approximations (see Supplemental Material [30]).
As a result, we estimate the absolute value of the M2
h1S0kM2k3P2i matrix element to 22.6ð4ÞμB with 2% total
uncertainty and the M2 transition rate to 112ð4Þ × 10−6 s−1

with 4% uncertainty. Here, μB denotes the Bohr magneton.
Summary and outlook.—We have demonstrated that the

1S0–3P2 M2 transition can be coherently controlled with
high frequency resolution. Excitation to the 3P2 state is
possible with high fidelity and we have observed hundreds
of milliseconds long coherence times, despite the higher
sensitivity to environmental perturbations of the 3P2 state
compared to the well-established 3P0 state. These results
enable applications of the 3P2 state in quantum information
processing [17]. Further improvements in pulse fidelities
and coherence times are expected by improved cooling or
by employing robust qubit rotation and dynamical decou-
pling schemes [48]. Reaching lower temperatures will also
enable operation at lower trap depths where lattice light
shifts are even further reduced. With the obtained advances
in spectral resolution, many energy scales of quantum
many-body systems, such as tunneling dynamics or contact
interactions, can now be probed on the M2 transition.
The study of long-range quadrupolar interactions between
ultracold atoms in the 3P2 state, which give rise to
frequency shifts on the Hertz level, is now within reach
[22,23]. Our results establish an additional clock transition
in strontium, demonstrate the suitability of the 3P2 state for
a qubit, and pave the way for a unique new quantum
simulation platform based on nonspherical atoms.

Note added.—In recent work, the 3P2 state has been used to
encode a fine-structure qubit in 88Sr and magic-angle traps
have been used to achieve extended qubit coherence
times [49,50].
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