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Neutral atom qubits with Rydberg-mediated interactions are a leading platform for developing
large-scale coherent quantum systems. In the majority of experiments to date, the Rydberg states
are not trapped by the same potential that confines ground state atoms, resulting in atom loss and
constraints on the achievable interaction time. In this work, we demonstrate that the Rydberg states
of an alkaline earth atom, ytterbium, can be stably trapped by the same red-detuned optical tweezer
that also confines the ground state, by leveraging the polarizability of the Yb™ ion core. Using the
previously unobserved 35 series, we demonstrate trapped Rydberg atom lifetimes exceeding 100 us,
and observe no evidence of auto- or photo-ionization from the trap light for these states. We
measure a coherence time of 7o = 59 us between two Rydberg levels, exceeding the 28 us lifetime
of untrapped Rydberg atoms under the same conditions. These results are promising for extending
the interaction time of Rydberg atom arrays for quantum simulation and computing, and are vital

to capitalize on the extended Rydberg lifetimes in circular states or cryogenic environments.

Arrays of individually-trapped neutral atoms with
strong interactions via Rydberg excitations are a promis-
ing platform for quantum simulation, optimization and
computing [1, 2]. The combination of a flexible geome-
try and highly controllable interactions has enabled ex-
plorations of many-body quantum dynamics [3-5], high-
fidelity gates [6-11] and the generation of large entangled
states [12]. The majority of existing work uses alkali
atoms, but recent experiments with alkaline earth atoms
in optical tweezers [13-16] suggest a number of techni-
cal advantages as well as the potential to apply entan-
gled states to enhance optical atomic clock performance
[17, 18].

A central challenge to experiments with Rydberg
atoms in standard, red-detuned optical tweezers is that
the Rydberg states are anti-trapped, which gives rise to
a repulsive force and a strong light shift. This repul-
sion arises from the ponderomotive potential of the es-
sentially free Rydberg electron, described by the polar-
izability o, = —e?/mew?, which is always negative [19]
(here, w denotes the frequency of the trap light, and e,
m, are the electron charge and mass). To mitigate this
effect, the vast majority of experiments operate with the
tweezers turned off during the Rydberg excitation, which
limits the interaction time to 10-20 us because of the ex-
pansion of the atoms at typical temperatures of 10-20 pK.
This is significantly below the typical room temperature
Rydberg state lifetime of 100-300 us for n = 60 — 100 S
states [2, 20], and far below the tens of seconds achievable
with circular states in cryogenic cavities [21, 22]. Further-
more, heating associated with modulating the trap may
impact the gate fidelity in sequential operations.
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In recent work, it has been demonstrated that the pon-
deromotive potential can be used to trap Rydberg atoms
in a 3D intensity minimum. Rubidium Rydberg states
have been trapped for up to 200 us in a hollow “bottle
beam” generated by a spatial light modulator [23], while
simultaneous trapping of ground and Rydberg states has
been achieved in a lattice of blue-detuned light sheets,
with 50 ps dwell time for atoms in Rydberg states [11].
The stability of these traps requires that the spatial ex-
tent of the intensity minimum is large compared to the
Rydberg electron orbit (R. = 3nZ%ag/2 =~ 0.8 um for
n = 100). This necessitates a large-waist optical trap,
a corresponding increase in total optical power per trap,
and imposes a maximum principal quantum number that
can be trapped for a given power, of order n = 90 in
Ref. [23]. Ensembles of Rydberg atoms have also been
trapped using several approaches [24-28].

In this work, we demonstrate an alternate approach:
leveraging the polarizability of the Yb™ ion core to di-
rectly trap Yb Rydberg atoms in conventional, red-
detuned optical tweezers [29, 30]. Unlike alkali atoms, the
ion core of alkaline earth atom Rydberg states has signif-
icant polarizability at typical laser trapping wavelengths.
The ponderomotive potential of the Rydberg electron
contributes an anti-trapping effect, but it is small for
short wavelengths and high-n Rydberg states where the
beam waist is comparable to or smaller than R.. We
demonstrate trap lifetimes exceeding 100 us for n = 75
with less than 10 mW of optical power per trap. Trap-
induced losses from photo-ionization are negligible for S
states, but slightly shorten the lifetime of P and D states.
We study the interplay of the ponderomotive and Yb™
core potentials in detail, including the dependence on the
Rydberg level, and observe that “magic” trapping is pos-
sible for certain pairs of Rydberg states. A theoretical
model is presented to efficiently calculate the trapping
potentials by decomposing the potential of the optical
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FIG. 1. (a) Cartoon of the experiment, showing a six-tweezer
array, the Rydberg electron wavefunction, and the Yb* ion
core. (b) Radial probability distributions of Rydberg wave-
functions relative to the optical tweezers (green). (c) Calcu-
lated trap depth for 3S; states, normalized to the trap depth
for the 'Sy ground state for the same power and beam waist
(here, 0.65 pm).

tweezer into irreducible tensor operators. We study the
coherence properties of a superposition of trapped Ryd-
berg levels, achieving T = 59 us, limited by finite tem-
perature and the differential light shift of the two states in
the trap but exceeding the lifetime of the Rydberg atom
in the absence of the trap. This work also presents the
first measurement of the lifetime of high-n Yb Rydberg
states and the first observation of the 3S; Yb Rydberg
series.

The trapping potential for Ytterbium Rydberg states
with the configuration 6snl arises from separate contri-
butions from the 6s core and nl Rydberg electrons [30].

In SI units, the core potential U.(R) = —26100ac(w)l(1§)
is derived from the dynamic electric dipole polarizabil-
ity a.(w) of the Yb™ ion 6s 25’1/2 state (here, I(é) is
the light intensity at the nuclear coordinate ﬁ, €o is the
permittivity of free space, and c is the speed of light).
For the 532 nm light used here, this is of the same order
of magnitude as the Yb? ground state potential, as the
principal Yb™ transitions (369, 329 nm) are not too far
from the principal Yb? transition (399 nm). The nearly
free Rydberg electron experiences a ponderomotive po-
tential that depends on the intensity averaged over its

wavefunction [19]:
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Here, () is the wavefunction of the nl electron (#
is the electron coordinate relative to the nucleus; Fig.
1b). In Fig. 1lc, the sum of these contributions for the
351 Rydberg states in an optical tweezer (A = 532 nm,
1/e? radius wo = 650 nm) is shown as a function of the
principal quantum number n. For low n where the Ryd-
berg wavefunction is significantly smaller than the beam
waist, the total polarizability is a.(w) — e?/mw?, while
at high n it asymptotes to a.(w), as the overlap of the
Rydberg electron with the tweezer decreases.

We characterize the trapping potential for Yb Ryd-
berg states using an array of six optical tweezers loaded
with single !"Yb atoms, which are detected using flu-
orescence on the 3Py transition with a fidelity greater
than 99%, using the method and apparatus of Ref. [15].
A large array spacing (d = 24 pm) minimizes the in-
fluence of interactions on the spectroscopy. We excite
atoms to Rydberg states using sequential single-photon
7 pulses on the 'Sy — 3P (M; = —1) and 3P, (M; =
—1) — 6sns3S; (M; = —1) transitions, as shown in Fig.
2d. This configuration is somewhat inefficient because of
the finite lifetime of the intermediate state (860 ns), but
avoids noise on our 556 nm laser system that was not de-
signed for coherent two-photon excitation. The absolute
Rydberg excitation probability is about 0.4. The 308 nm
light for the Rydberg transition is generated by summing
a Ti:Sapphire (TiS) laser with a 1565 nm fiber laser and
doubling the 616 nm output in a resonant cavity. We
have generated more than 100 mW in this configuration,
but the experiments described here used approximately
5 mW focused to 10 pm. We primarily study the Yb
6sns 35 series, which has not been previously observed
to the best of our knowledge. The series is relatively
unperturbed, with a quantum defect of approximately
4.438 (additional details are provided in the supplemen-
tary information [31]). For this state, we achieve a Rabi
frequency of Q = 27 x 2.5 MHz from 3P, .

We measure the trapped lifetime of a Rydberg atom by
imaging the ground state atoms, exciting to a particular
Rydberg state, waiting a variable time 7, and de-exciting
using a second UV laser pulse before acquiring a second
image. If the Rydberg atom leaves the trap or changes
states between the UV pulses (i.e. from spontaneous de-
cay or interaction with blackbody radiation), it will not
be de-excited by the second pulse and will be recorded
as an atom loss between the two images. All data are
averaged over six sites. A typical trace for the n = 75
35, state is shown in Fig. 2a using 9 mW per trap (12
MHz ground state trap depth). If the trap is turned off
between the UV pulses, the Rydberg atom survives for
28 us, consistent with the measured ground state lifetime
in the absence of a trap. When the trap is on between
the UV pulses, the lifetime is extended to 108 us. To in-
vestigate the role of trap-induced loss processes such as
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FIG. 2. (a) Survival probability of the n = 75 3S; state with
(black, 7 = 108 pus) and without (red, 7 = 28 pus) the traps.
Inset: Trapped Rydberg lifetime 7 of the *S; Rydberg state
vs. trap power at n = 75. (b) Trapped Rydberg lifetime of
the 39 state vs. principal quantum number n, with (black)
and without (red) the trap. The dashed red line shows the
untrapped lifetime of a ground state atom under the same
conditions. (c) Trap depth of the *S; Rydberg state vs prin-
cipal quantum number. The green line is the theoretical trap
depth using the calculation from Fig. lc. (d) Relevant Yb
energy levels for Rydberg excitation.

photo- or auto-ionization of the Rydberg state, we mea-
sure the lifetime as a function of the trap depth, shown
in the Fig. 2a inset. We observe no influence of the trap
depth on the lifetime over a wide range of powers.

We repeat these measurements at several values of
principal quantum number n. At low n (e.g. n = 55), the
lifetime with the trap is shorter than without the trap,
suggesting that these states are repelled. Above n =~ 60,
the trapped lifetimes are longer, consistent with trap-
ping. Curiously, they reach a maximum at n = 75 and
then decrease, although the intrinsic Rydberg lifetimes
are expected to increase monotonically as n2. We do not

observe any trap power dependence of the lifetime be-
tween n = 70 and n = 95, ruling out trap-induced losses.
We conjecture that noise or cavity effects from our in-
vacuum electrodes may play a role in the reduction of
the lifetime [31].

To study the interplay of the ponderomotive and
core ion polarizabilities, we measure the trap depth as
a function of n using the AC stark shift of the UV
3P, to 35, transition. We measure a crossover from anti-
trapping to trapping around n = 60, consistent with the
onset of the lifetime increase. To obtain the absolute
shift of the Rydberg state in the trap, we subtract the
3P, trap depth, which we infer from the measured 3P, -
18y light shift in the trap (7.54 MHz) and the ratio of the
polarizabilities of these states R = asp, /a1g, ~ 0.39
[32]. Because of uncertainty in R, there is a systematic
uncertainty of ~ 0.2 MHz in the Rydberg trap depth,
which allows the crossover n between trapping and anti-
trapping to vary between 56 and 63. Fixing it at n = 62
gives good agreement with a model with wy = 650 nm
and (532 nm) = 107 a.u., within 12% of the value cal-
culated in Ref. [33].

Next we study the state-dependent nature of the trap-
ping potential by driving microwave transitions between
Rydberg states following optical excitation to a 35 state
(Fig. 3). The shift of the microwave transition when the
dipole trap is applied probes the differential polarizability
of these states. The 25 and Py states have nearly van-
ishing differential polarizability: on top of an estimated
trap depth of 1.4 MHz, the transition frequency shifts
less than 10 kHz. This is in agreement with a theoretical
prediction [31] that the 1Sy, 25;, and P, states should
experience the same, purely scalar, ponderomotive po-
tential, and the fact that the ion core polarizability is
independent of the state of the Rydberg electron. In
contrast, the 3P state has a strong M j-dependent shift
arising from the rank-2 (tensor) component of the pon-
deromotive potential (Fig. 3b). Intuitively, this results
from the different orientations of the M; angular wave-
functions with respect to the tweezer potential, which is
not spherically symmetric. The observed tensor shift of
300 kHz is close to the computed value of 400 kHz using
the model parameters discussed above.

We have also measured the lifetimes of several P and D
states, presented in the supplementary information [31].
Near n = 75, the 3P, and D, lifetimes are similar to
3S,, while the 3Py lifetime is nearly 10 times shorter,
presumably because this series is very strongly perturbed
[34]. However, both P and D states experience a mod-
erate reduction in lifetime with increasing trap power,
attributable to photo-ionization. The approximate mag-
nitude and L-dependence are in approximate agreement
with previous calculations for Rb [35].

To demonstrate the utility of trapping Rydberg states
for quantum simulation and quantum computing, we
probe the coherence properties of a superposition of Ry-
dberg levels. In Fig. 4a, we show Rabi oscillations be-
tween the n = 74 and n = 75 35 states, driven by a two-
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FIG. 3. (a) Microwave spectrum of the n = 75 3S;to

n = 74 3P, transition with (black) and without (red) the
traps, demonstrating the magic trapping condition. The black
data are shifted for clarity and the solid lines are Lorentzian
fits. (b) Microwave spectra of the n=75 35y M; = —1 to
n =74 3P, My = —2,—1,0 transitions, showing the tensor
light shift of different M levels from the ponderomotive po-
tential. For each transition, zero detuning indicates the mea-
sured transition frequency without the trap, indicated in the
figure. The solid vertical lines show the predicted M? depen-
dence of the tensor light shift.

photon microwave transition detuned by 40 MHz from
the 3P intermediate state. The oscillations persist for
more than 60 us, more than twice the lifetime of an un-
trapped Rydberg atom. The coherence time is quanti-
fied using a Ramsey sequence (Fig. 4b) and found to be
T5 = 22 us, which is in agreement with dephasing from
thermal motion [36] for an atom with a temperature of
T = 13 ;K and the (measured) difference in the potential
depth for the two states of 90 kHz. A Hahn echo sequence
yields 7o = 59 us. We note that this is shorter than the
limit 75 = 17 (here, T is the lifetime of the upper and

lower states of the transition), which may arise in part
from imperfect dynamical decoupling of the differential
light shift arising from the axial trap motion, with an
estimated period of 200 us.

These results demonstrate that trapping Rydberg
states of alkaline earth atoms using the core polarizability
can extend the coherence of quantum operations beyond
what is possible with un-trapped atoms. This will lead
to improved fidelities for quantum simulators and Ryd-
berg gates leveraging interactions between alkaline earth
atom Rydberg states, as recently demonstrated in Sr [16].
The expected improvement from trapping Rydberg states
is most significant when the Rydberg lifetimes are very
long, as expected for low-l states at cryogenic tempera-
tures, and especially circular Rydberg states.

We conclude with a discussion of several aspects of
these results. First, the coherence times in Fig. 4 are lim-
ited by a slight n-dependence of the trapping potential.
While the ponderomotive potential itself is only weakly
n-dependent, the fractional n-dependence is large when
it is almost completely cancelled by the n-independent
core potential. A higher degree of state-insensitive trap-
ping can be realized by using higher n states or by using
shorter wavelength trapping light (to increase the relative
contribution of the core polarizability) or smaller beam
waist. Tuning the beam waist allows the precise poten-
tial for a particular Rydberg state to be manipulated,
which may be advantageous for fine-tuning triply-magic
trapping of ground, clock and Rydberg states [37].

Second, we consider the prospect of trapping circular
Rydberg states of Yb, which have been predicted to have
lifetimes of tens of seconds in cryogenic microwave cavi-
ties [21, 22]. While photoionization shortens the lifetime
of P and D states by 15-30%, the photo- and autoion-
ization cross-sections both decrease rapidly with L and
are negligible for circular states [21], enabling long trap-
ping times. Furthermore, transfer of orbital angular mo-
mentum from focused Laguerre-Gauss modes through the
ponderomotive potential offers an intriguing new route to
rapidly exciting circular Rydberg states [38] or driving
transitions between them [22].
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FIG. 4. (a) Two-photon Rabi oscillations between n = 75 3S;and n = 74 #S;. The solid line is a cosine fit with exponential
decay time 7 = 42 us. Control data without microwave pulses (black data) shows T; for comparison. (b) Ramsey measurement
of Ty . The orange line is a simulation that takes into account dephasing from the differential light shift between the two levels
(90 kHz) and a finite atomic temperature (13 pK), yielding a 1/e decay time of 22 ps. (c) Hahn echo measurement. The black

line is an exponential fit that yields 75 = 59 ps.
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