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Individual neutral atoms excited to Rydberg states are a promising platform for quantum simulation and
quantum information processing. However, experimental progress to date has been limited by short
coherence times and relatively low gate fidelities associated with such Rydberg excitations. We report
progress towards high-fidelity quantum control of Rydberg-atom qubits. Enabled by a reduction in laser
phase noise, our approach yields a significant improvement in coherence properties of individual qubits.
We further show that this high-fidelity control extends to the multi-particle case by preparing a two-atom
entangled state with a fidelity exceeding 0.97(3), and extending its lifetime with a two-atom dynamical
decoupling protocol. These advances open up new prospects for scalable quantum simulation and quantum

computation with neutral atoms.

DOI: 10.1103/PhysRevLett.121.123603

Neutral atoms are attractive building blocks for large-
scale quantum systems. They can be well isolated from the
environment, enabling long-lived quantum memories.
Initialization, control, and readout of their internal and
motional states is accomplished by resonance methods
developed over the past four decades [1]. Recent experi-
ments demonstrated that arrays with a large number of
identical atoms can be rapidly assembled while maintaining
single-atom optical control [2-4]. These bottom-up
approaches are complementary to the methods involving
optical lattices loaded with ultracold atoms prepared via
evaporative cooling [5], and generally result in atom
separations of several micrometers. In order to utilize these
arrays for quantum simulation and quantum information
processing, it is necessary to introduce controllable inter-
actions between the atoms. This can be achieved by
coherent coupling to highly excited Rydberg states, which
exhibit strong, long-range interactions [6]. Over the past
decade, this approach has emerged as a powerful platform
for many applications, including fast multiqubit quantum
gates [7-13], quantum simulations of Ising-type spin
models with up to 250 spins [14-20], and the study of
collective behavior in mesoscopic ensembles [21-25].
Despite these impressive demonstrations, experimental
progress to date has been limited by short coherence times
and relatively low gate fidelities associated with such
Rydberg excitations [8]. This imperfect coherence limits
the quality of quantum simulations, and it especially dims
the prospects for neutral atom quantum information
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processing. The limited coherence becomes apparent even
at the level of single isolated atomic qubits [26].

This Letter reports the experimental realization of high-
fidelity quantum control of Rydberg-atom qubits. We show
that by reducing laser phase noise, a significant improve-
ment in the coherence properties of individual qubits can be
achieved, consistent with recent theoretical analysis [26].
We further demonstrate that this high-fidelity control
extends to the multiparticle case by preparing a two-atom
entangled state with a fidelity exceeding 0.97(3). Finally,
we extend the lifetime of the prepared Bell state with a
novel two-atom dynamical decoupling protocol.

Our experimental setup has been described in detail
previously [3,17]. We deterministically prepare individual
cold Rubidium-87 atoms in optical tweezers at program-
mable positions in one dimension. The atoms are initial-
ized in a Zeeman sublevel |g) = |58/, F =2, mp = =2)
of the ground state via optical pumping in a 1.5 G
magnetic field [27]. We then rapidly switch off the tweezer
potentials, and apply a laser field to couple the atoms to
the Rydberg state |r) = |70S,J = 1/2,m; = —1/2). After
the laser pulse of typical duration 3-8 us, we restore the
tweezer potentials. Atoms that are in the ground state are
recaptured by the tweezers, whereas those left in the
Rydberg state are pushed away by the tweezer beams [26].
This simple detection method has Rydberg state detection
fidelity f, =0.96(1) and ground state detection fidelity
f 4> ranging from 0.955(5) to 0.990(2), depending on the
trap-off time [27].
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FIG. 1. Experimental setup and single-atom Rabi oscillations.
(a) The ground state |g) = |58, ,, F = 2, mp = —2) is coupled to
|ry =1708,J = 1/2,m; = —1/2) via the intermediate state
le) = |6P3),, F = 3,mp = =3). (b) The lasers are locked to a
reference cavity whose narrow transmission window (shaded
region in inset) suppresses high-frequency phase noise. This
transmitted light is used to injection lock a Fabry-Perot (FP) laser
diode. The laser diode output is focused onto the array of atoms
trapped in optical tweezers, with a small pickoff onto a reference
CCD camera used for alignment. (c) Resonant two-photon
coupling induces Rabi oscillations between |g) and |r). The upper
plot is a typical measurement from the previous setup used in [17].
The lower plot shows typical results with the new setup, with a
fitted coherence time of 27(4) us. Each data point is calculated
from 50-100 repeated measurements of two identically coupled
atoms separated by 23 um such that they are effectively non-
interacting. In all figures, error bars mark 68% confidence inter-
vals, solid lines are fits to experimental data, and dotted lines
indicate the expected contrast from the numerical model.

In our experiments, the Rydberg states are excited via a
two-photon transition. A 420 nm laser is blue detuned by A
from the transition from |g) to [e) = |6P3),, F =3,
mp = =3). A second laser field at 1013 nm couples |e)
to |r). The two lasers are polarized to drive ¢~ and o™
transitions, respectively, such that only a single intermedi-
ate sublevel and Rydberg state can be coupled, avoiding the
population of additional levels and associated dephasing
[see Fig. 1(a)].

The two lasers (external-cavity diode lasers from
Moglabs) are frequency stabilized by a Pound-Drever-
Hall (PDH) lock to an ultra-low expansion reference cavity
(StableLasers). The PDH lock strongly suppresses laser
noise at frequencies below the effective bandwidth of
the lock, resulting in narrow linewidths of <1 kHz, as

estimated from in-loop noise. However, noise above the
lock bandwidth cannot be suppressed, and can be amplified
at high locking gain. This results in broad peaks in phase
noise around ~2z x 1 MHz [see inset of Fig. 1(b)]. This
high-frequency phase noise has been reported as a known
coherence limitation in Rydberg experiments [26] and
experiments with trapped ions [30,31], and has also been
studied in the context of atomic clocks [32]. To suppress
this phase noise, we follow the approach of [30,31,33,34]
in which the reference cavity is used as a spectral filter.
In particular, the transmission function of the cavity is
a Lorentzian with a full width at half maximum of I' ~
27 x 500 kHz (corresponding to a finesse of F ~ 3000).
When the laser is locked, its narrow linewidth carrier
component is transmitted through the cavity, whereas the
power spectral density 2z x 1 MHz away from the carrier
is suppressed by a factor of 2 16 (estimated using the cavity
linewidth). To amplify the transmitted light at both 420 and
1013 nm, we split the two colors and use each beam to
injection lock a separate laser diode (1013 nm from
Toptica, 420 nm from TopGaN), which inherits the same
spectral properties. This amplifies the spectrally pure
transmitted light to 5 mW of 420 nm and 50 mW of
1013 nm light. While the 420 nm power is sufficient to
drive the blue transition directly, the 1013 nm is further
amplified by a tapered amplifier (MogLabs).

We focus both lasers onto the atom array in a counter-
propagating configuration to minimize Doppler shifts due
to finite atomic temperature. The 420 (1013) nm laser is
focused to a waist of 20(30) um. We achieve single-
photon Rabi frequencies of Qp ~27z x 54 MHz (Qp ~
27 x 40 MHz). At our intermediate detuning of A~
27 x 540 MHz, this leads to a two-photon Rabi frequency
of Q = QpQr/(2A) ~ 27 x 2 MHz. Each beam is power
stabilized to <1% by an acousto-optic modulator that is
also used for fast (~20 ns) switching. We use a sample-and-
hold method to pause the intensity lock during the Rydberg
pulses to avoid introducing additional intensity noise. To
minimize sensitivity to pointing fluctuations, we ensure
well-centered alignment onto the atoms using a reference
camera [depicted in Fig. 1(b)] and an automatic beam
alignment procedure [27].

With these technical improvements in place, we measure
long-lived Rabi oscillations with a 1/e lifetime of
7 =27(4) us, to be compared with a typical <7 us lifetime
in previous experiments [17] [see Fig. 1(c)]. Importantly,
we observe excellent agreement between these new mea-
surements and a simple numerical model for our single-
atom system, indicated by dotted lines in all figures. The
numerical model has no free parameters and accounts only
for the effects of random Doppler shifts, off-resonant
scattering from the intermediate state, the Rydberg state
lifetime, and finite detection fidelity [27]. In the case of
resonant Rabi oscillations, the primary limitation is off-
resonant scattering.
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FIG. 2. Characterization of single-atom coherence and phase
control. (a) The lifetime of |r) is measured by exciting from |g) to
|r) with a  pulse, and then deexciting after a variable delay. The
probability to end in |g) (denoted P,) decays with an extracted
lifetime of T'; = 51(6) ps (fitted to an exponential decay model
with no offset). (b) A Ramsey experiment (blue) shows Gaussian
decay with a 1/e lifetime of T5 = 4.5(1) us, limited by thermal
Doppler shifts. Inserting an additional z pulse (orange) between
the 7/2 pulses cancels the effect of the Doppler shifts and results
in a substantially longer coherence lifetime of 7, = 32(6) us
(fitted to an exponential decay model with an offset of 0.5). (c) A
single-atom phase gate is implemented by applying an indepen-
dent 809 nm laser which induces a light shift § = 2z x 5 MHz on
the ground state for time ¢, resulting in an accumulated dynamical
phase ¢ = 6. The gate is embedded in a spin-echo sequence to
cancel Doppler shifts. In each measurement shown here, the
1013 nm laser remains on for the entire pulse sequence, while the
420 nm laser is pulsed according to the sequence shown above
each plot. Each data point is calculated from 200-500 repeated
measurements with a single atom per realization.

Next, we characterize the coherence of single atoms and
demonstrate single-qubit control. To begin, we experimen-
tally measure the lifetime of the Rydberg state in Fig. 2(a).
The measured 7'y = T,_,, = 51(6) s is consistent with the
146 us Rydberg state lifetime [35] when combined with the
~80 us timescale for off-resonant scattering of the 1013 nm
laser from |e). A Ramsey experiment shows Gaussian
decay that is well explained by thermal Doppler shifts [see
Fig. 2(b)]. At 10 uK, the random atomic velocity in each
shot of the experiment appears as a random detuning &°
from a Gaussian distribution of width 27z x 43.5 kHz,
resulting in dephasing as |p) — (1/v2)(|g) + €[r)).
However, since the random Doppler shift is constant over
the duration of each pulse sequence, its effect can be

eliminated via a spin-echo sequence [orange in
Fig. 2(b)]. Note that the spin-echo measurements display
some small deviations from the numerical simulations,
indicating the presence of an additional dephasing
channel. Assuming an exponential decay, we measure a
fitted T, = 32(6) us and extract a pure dephasing time
T,=1/T,—1/(2T,.,)]"" = 47(13) us. We hypothesize
that this dephasing may result from residual laser phase
noise.

Finally, we demonstrate a single-atom phase gate by
applying an independent focused laser that shifts the energy
of the ground state |g) [see Fig. 2(c)] [27]. By controlling
the duration of the applied laser pulse, we impart a
controlled dynamical phase on |g) relative to |r). The
contrast of the resulting phase gate (embedded in a spin-
echo sequence) is close to the limit imposed by detection
and spin-echo fidelity.

We next turn to two-atom control. To this end, we
position two atoms at a separation of 5.7 ym, at which the
Rydberg-Rydberg interaction is U/h = 2z x 30 MHz >
Q =27z x2 MHz. In this so-called Rydberg blockade
regime, the laser field globally couples both atoms from
lgg) to the symmetric state |W) = (1/v/2)(|gr) + |rg)) at
an enhanced Rabi frequency of V2Q [see Fig. 3(a)] (here
the excited states |r) are defined in the rotating frame to
incorporate the spatial phase factors e’**, as discussed in
[27]). The measured probabilities for the states |gg), |gr),
|rg), and |rr) (denoted by P,y P, P,y and P,,, respec-
tively) show that indeed no population enters the doubly
excited state (P,, < 0.02, consistent with only detection
error). Instead, there are oscillations between the manifold
of zero excitations and the manifold of one excitation with a
fitted frequency of 2z x 2.83 MHz = V2Q [see Fig. 3(b)].

These collective Rabi oscillations can be used to directly
prepare the maximally entangled Bell state |W) by applying
a rr pulse at the enhanced Rabi frequency (denoted by XV).
To determine the fidelity of this experimentally prepared
entangled state, given by F = (W|p|W), we express it in
terms of diagonal and off diagonal matrix elements of the
density operator p:

1

1
F = E (pgr,gr + prg,rg) +5 (pgr.rg + prg,gr)9 (1)

2

where p,z,5 = (aflp|ys) for a, p, y, 6 € {g,r}. The
diagonal elements can be directly measured by applying
a 7 pulse and then measuring the populations. The results
closely match those of a perfect |W) state after accounting
for state detection errors, with pg, .. + p,g,, = 0.94(1),
relative to a maximum possible value of 0.95(1).

To measure the off diagonal elements of the density

matrix, we make use of the single-atom phase gate Z;;>

demonstrated in Fig. 2(c), which introduces a variable
phase on one atom (as demonstrated in [36]). Specifically, a
local beam adds a light shift § to |gr) but not to |rg),
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FIG. 3. Coherent control and entanglement generation with two

atoms. (a) The level structure for two nearby atoms features a
doubly excited state |rr), which is shifted by the interaction
energy U > hQ. In this Rydberg blockade regime, the laser field
only couples |gg) to |W). The symmetric and antisymmetric
states |W), |D) = (1/v/2)(|gr) £ |rg)) can be coupled by a local
phase gate on one atom (pink arrow). (b) After driving both atoms
on resonance for variable time, we measure the probability of the
resulting two-atom states. Population oscillates from |gg) to |W)
at the enhanced Rabi frequency v2Q. (c) We measure the
entanglement fidelity of the two atoms after a resonant z pulse
in the blockade regime. A local phase gate Z[(/}) rotates |W) into
|D), which is detected by a subsequent « pulse. The fitted contrast
0.88(2) measures the off diagonal density matrix elements. The
phase gate is implemented by an off resonant laser focused onto
one atom, with a crosstalk of <2% [27]. The measurement is
embedded in a spin-echo sequence to cancel dephasing from
thermal Doppler shifts. (d) The four components of the density
matrix correspond to an entangled state with fidelity 7 = 0.97(3)
(corrected for detection error). Each data point in (b) and (c) is
calculated from ~50 and ~250 repeated measurements, respec-
tively, with a single atom pair per realization. Dotted lines in (c)
mark the limits of detection fidelity.

such that |W) — (1//2)(e"|gr) + |rg)). This phase accu-
mulation rotates |W) into the orthogonal dark state |D) =
(1/3/2)(|gr) = |rg)) according to the following:

|W) — cos(61/2)|W) + isin(61/2)|D). (2)

Since |D) is uncoupled by the laser field, a subsequent 7
pulse maps only the population of |W) back to |gg). The
probability of the system to end in |gg) therefore depends
on the phase accumulation time as P, (f) = A cos*(51/2).

Here, the amplitude of the oscillation A precisely measures
the off diagonal matrix elements py,.,, = p,q - (see [27] for
derivation). Note that in order to mitigate sensitivity to
random Doppler shifts, we embed this entire sequence in a
spin-echo protocol [see Fig. 3(c)]. The resulting contrast is
A =0.88(2) = 2p,, .y = 2p,g4- Combining these values
with the diagonal matrix elements, we have directly
measured entanglement fidelity of F = 0.91(2). The
maximum measurable fidelity given our state detection
error rates would be 0.94(2), so after correcting for
imperfect detection, we find that the entangled Bell state
was created with fidelity of 7 = 0.97(3). We note that this
fidelity includes errors introduced during the pulses that
follow the initial z pulse, and therefore constitutes a lower
bound on the true fidelity.

Finally, we explore the lifetime of the entangled state
by exciting |W) with a z pulse and then deexciting after a
variable delay (see Fig. 4). The decay in contrast is in
good agreement with numerical predictions associated
with random Doppler shifts. In particular, the two compo-
nents |gr) and |rg) of the |W) state dephase as |W) —
(1/3/2)(e"®"|gr) + €'|rg)), where 6P is the two-photon
Doppler shift on atom i.

We extend the lifetime of the two-atom entangled state
with a many-body echo sequence. After the |W) state has
evolved for time 7, we apply a 2z pulse to the two-atom
system. In the Rydberg blockade regime, such a pulse
swaps the populations of |gr) and |rg). After again evolving
for time 7T, the total accumulated Doppler shifts are the
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FIG. 4. Extension of entangled-state lifetime via dynamical
decoupling. We measure the lifetime of |W) by exciting |gg) to
|W) and then deexciting after a variable time (blue). The lifetime
is limited by dephasing from random Doppler shifts. Inserting
an additional 2z pulse (orange) in the blockade regime swaps
the populations of |gr) and |rg) to refocus the random phase
accumulation, extending the lifetime to ~36 us (fitted to an
exponential decay with no offset, shown as the solid orange line).
The initial offset in each curve is set by the ground state detection
fidelity associated with the given trap-off time. All data points are
calculated from 30-100 repeated measurements, averaged over
nine independent, identically coupled atom pairs per realization.
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same for each part of the two-atom wave function, and
therefore do not affect the final |W) state fidelity. Indeed,
Fig. 4 shows that its lifetime is extended far beyond
the Doppler-limited decay to TY = 36(2) us. As in the
single atom case, we extract a pure dephasing timescale
Ty = (1/TY = 1/T,g)™" > 100 ps.

Remarkably, the Bell state dephasing time T;V > 100 us
is significantly longer than the single atom dephasing time
T, = 47(13) pus. This can be understood by noting that the
states |gr) and |rg) form a decoherence-free subspace that
is insensitive to global perturbations such as laser phase and
intensity fluctuations that couple identically to both atoms
[37,38]. In contrast, a single atom in a superposition |y) =
(1/v/2)(|g) + |r)) is sensitive to both the laser phase and
the laser intensity. These measurements provide further
indications that laser noise is not completely eliminated in
our experiment.

Our measurements establish Rydberg-atom qubits as a
competitive platform for high-fidelity quantum simulation
and computation. The techniques demonstrated in this Letter
are of immediate importance to ongoing experiments using
neutral atom arrays. Furthermore, the demonstrated fidel-
ities can be further improved by increasing laser intensities
and operating at larger detunings from the intermediate state,
thereby reducing the deleterious effect of off-resonant
scattering [27], or by using a direct single-photon transition.
In addition, sideband cooling of atoms in tweezers [39,40]
can dramatically decrease the magnitude of Doppler shifts,
while low-noise laser sources such as Titanium-Sapphire
lasers or diode lasers filtered by higher-finesse cavities will
further eliminate errors caused by phase noise. Advanced
control techniques, such as laser pulse shaping, can also be
utilized to reach higher fidelities [41]. Finally, state detection
fidelities can be improved by mapping Rydberg states to
separate ground state levels, which will additionally enable
long-term storage of the prepared entangled states.
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