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We demonstrate a new approach for fast preparation, manipulation, and collective readout of an
atomic Rydberg-state qubit. By making use of Rydberg blockade inside a small atomic ensemble,
we prepare a single qubit within 3 µs with a success probability of Fp = 0.93± 0.02, rotate it, and
read out its state in 6 µs with a single-shot fidelity of Fd = 0.92 ± 0.04. The ensemble-assisted
detection is 103 times faster than imaging of a single atom with the same optical resolution, and
enables fast repeated non-destructive measurement. We observe qubit coherence times of 15 µs,
much longer than the π rotation time of 90 ns. Potential applications ranging from faster quantum
information processing in atom arrays to efficient implementation of quantum error correction are
discussed.

Fast and reliable state initialization and readout
of qubits are essential requirements for implement-
ing scalable quantum information systems. Recently,
individually-controlled highly excited Rydberg atoms
have emerged as a promising platform for quantum sim-
ulation and computation [1–4]. These systems are en-
abled by the strong coherent interaction between Ryd-
berg atoms at distances exceeding several micrometers.
In combination with the demonstrated ability to deter-
ministically assemble large arrays of individual atoms
[5–11], Rydberg-atom arrays have been used to simu-
late quantum spin models [2] with more than 250 qubits
[12–15] to perform multiple-qubit gate operations [16–
21], or to create large maximally entangled states [22].
While these quantum simulation and computation sys-
tems can operate on microsecond time scales, they could
benefit substantially from faster qubit preparation and
detection, as both the array preparation process and the
optical state readout in most systems require several to
many milliseconds [5–7]. Moreover, fast and high-fidelity
single-shot qubit readout without atom loss could enable
a new generation of experiments with error mitigation,
such as quantum error correction and fault tolerant quan-
tum processing [23].

Prior approaches for individual Rydberg-qubit detec-
tion include state-dependent ionization and detection
of the ions, a relatively fast (τ ∼ 0.1 ms) process
that has only moderate fidelity [24], and the state-
dependent removal of atoms followed by relatively slow
(τ ∼ 10 ms) fluorescence imaging of the remaining atoms
[12, 21, 25, 26] with relatively high fidelities of F & 0.95.
Fast high-intensity fluorescence detection within 20 µs
with single-atom resolution has been achieved in Ref.
[27]; however, this method as demonstrated is not com-
patible with atomic arrays, as it does not have the neces-
sary spatial resolution and also requires a large magnetic
field. Both ion detection and fluorescence imaging are

destructive readout processes, and require a new atomic
array to be prepared subsequently, further limiting the
cycle time of the quantum processor.

Our detection scheme is based on the proposal by
Günter et al. [28] to use Rydberg interactions in com-
bination with electromagnetically induced transparency
(EIT) [29, 30] for collectively enhanced imaging. This
method has previously been used to observe Rydberg dy-
namics [31] without, however, experimentally achieving
single-atom resolution. A similar approach has also been
used to demonstrate a single-photon switch and a single-
photon transistor using Rydberg interactions [32–34].

In this Letter, we demonstrate high-fidelity prepara-
tion, manipulation and detection of a single-Rydberg-
atom qubit (and not a collective state as in Ref. [35, 36])
inside an atomic ensemble on the microsecond time scale.
Starting with N ∼ 400 trapped ultracold 87Rb atoms, we
prepare a qubit between the Rydberg states |↑〉 ≡ |r′〉 =∣∣91P3/2,mj = 3/2

〉
and |↓〉 ≡ |r〉 =

∣∣92S1/2,mj = 1/2
〉
,

perform qubit rotations with a loss of contrast δC ≤
2 × 10−3 per 2π pulse, and read out the state optically.
Harnessing the collective effect of Rydberg blockade [19],
the state preparation and detection are performed in
Tp = 3 µs and Td = 6 µs with fidelities of Fp = 0.93±0.02
and Fd = 0.92± 0.04, respectively. The qubit coherence
time of τc = (15 ± 5) µs, measured with a Ramsey se-
quence, is much longer than the π rotation time of 90 ns.

Our approach harnesses collective phenomena for
speeding up both state preparation and detection. The
preparation is accomplished by applying laser and mi-
crowave radiation to an ensemble of N atoms, such that
any atom can be excited to the Rydberg state, yielding
N times faster excitation of the first atom to the Ryd-
berg state than for a single atom, while the preparation
of a single excitation is ensured by the Rydberg blockade
mechanism [12, 37]. Similarly, the signal-to-noise ratio
in optical detection is collectively enhanced by a factor
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FIG. 1. Fast collective detector of a single Rydberg atom.
a. State initialization. An atom is prepared in the Ryd-
berg state |r′〉 through a three-photon process involving the
preparation beam (Ωp, orange), the control beam (Ωc, blue),
and a microwave field (ΩMW , grey). The detunings from the
two intermediate states are ∆e = δr = 2π × 100 MHz. The
preparation of a single atom in |r′〉 is ensured by the strong
interaction between two atoms in |r′〉 [1]. b. A probe field (or-
ange, waist size wp = 4.5 µm) in combination with the control
field (wc = 12.5 µm) couples atoms to the Rydberg state |r〉.
Under conditions of EIT (∆e = δr = 0), high transmission
through the atomic medium results in a large number of de-
tected photons (left). On the other hand, if the Rydberg state
|r′〉 is populated by an atom (right), then the strong interac-
tion between |r〉 and |r′〉 removes the EIT condition, resulting
in a significant reduction of transmitted photon number due
to absorption by the ensemble. The interaction Vrr′ contains
both dipolar-exchange (Vex) and van-der-Waals components
(VvdW ) (see SM).

∼ N : Depending on the state of the single-atom Ryd-
berg qubit, the absorption of probe light by all of the N
atoms in the ensemble is simultaneously switched on or
off [28].

Our experimental setup is illustrated in Fig. 1a.
A small ensemble with root-mean-square (rms) size of√
〈r2〉 ≈ 6 µm containing typically N ∼ 400 laser-cooled

87Rb atoms is prepared inside a two-beam optical dipole
trap with waist sizes w1 = 10 µm and w2 = 20 µm
(see Supplemental Material (SM) [38] for details). The
trapped atoms are optically pumped into the hyperfine
and magnetic sublevel |g〉 ≡

∣∣5S1/2, F = 2,mF = 2
〉

that
is coupled via a two-photon process involving the tran-
sitions |g〉 ↔ |e〉 ≡

∣∣5P3/2, F = 3,mF = 3
〉

(probe beam
Ωp) and |e〉 ↔ |r〉 (control beam Ωc) to the Rydberg
state |r〉 ≡

∣∣92S1/2,mj = 1/2
〉
.

To prepare a single atom in the Rydberg state |r′〉 in-
side the ensemble, the probe laser and microwave field are
detuned by ∆e/(2π) = δr/(2π) = 100 MHz from their re-
spective transitions, and in combination with the control
field drive a three-photon transition |g〉 ↔ |e〉 ↔ |r〉 ↔
|r′〉 (see Fig. 1a). By changing the powers of the two op-
tical fields within ∼3 µs, while keeping the microwave

field constant, a process similar to stimulated Raman
adiabatic passage (STIRAP) is realized (see SM [38] for
details). This process is chosen over direct excitation be-
cause it is less sensitive to laser noise and atom number
fluctuations. The observed linewidth Γ3/(2π) = 0.6 MHz
of the three-photon transition is much smaller than the
energy shift |∆E|/h & 10 MHz at the rms distance
d0 ≡

√
2〈r2〉 ≈ 8 µm between two atoms in their |r′〉

state in the ensemble (averaged over angles, see SM [38]).
This ensures that excitations of two or more atoms to
the Rydberg state are suppressed [12, 37]. While the
|r′〉 state has vanishing interactions along certain angu-
lar directions (see SM [38]), the admixture of the spheri-
cally symmetric |r〉 state with the microwave field during
preparation may help increase the preparation fidelity.

Before discussing how we experimentally verify that
only a single Rydberg atom has been prepared, we first
describe the detection process. In the following, we as-
sociate the Rydberg state |r′〉 with an effective |↑〉 state.
When the two-photon transition is resonant with the in-
termediate state (∆e = 0, see Fig. 1a), the transmitted
probe light serves for Rydberg state detection [28] under
conditions of EIT [29, 30]. If an atom in |↑〉 is present,
the excitation of a Rydberg polariton to the state |r〉 at a
distance R requires an additional interaction energy that
in the presence of both van der Waals and exchange inter-
actions is approximately given by Vrr′ = C6/R

6±C3/R
3,

where C6/h = 6310 GHz µm6 and C3/h = 23.6 GHz µm3

(see SM [38]). This interaction energy shifts the EIT res-
onance and results in a lower transmission of the probe
beam for the state |↑〉.

Fig. 2a shows the observed photon count histograms
of the transmitted light in a 6-µs detection window with
and without an atom in |↑〉. Even in such a short time,
the two photon count distributions can be clearly distin-
guished. The time-resolved average count rate (Fig. 2b)
reveals that the transmission T|↑〉 for |↑〉 increases with
time, whereas the high transmission without an atom in
|↑〉 is almost constant, and decreases only slowly. The
latter may be explained by a decay of the slow-light
|r〉-polaritons to other Rydberg states, producing ran-
domly a stationary atom in some Rydberg state, that
then blocks the EIT transmission. The increase in the
average transmission T|↑〉, on the other hand, can be ex-
plained by a light-induced loss process of the Rydberg
atom in |↑〉 during detection, which leads to a sudden
increase in transmission at a random time. The observed
signal reduction is primarily associated with the control
light, and is too fast to be explained by photoionization
[40, 53] or the repulsive ac-Stark shift (see SM [38] for
details). We hypothesize that a small residual electric
field of a few 10 mV/cm mixes a |92S〉 component into
the |91P 〉 state, so that the control light can couple the
|↑〉 state, which contains a small component of |92S〉 in
it, to the rapidly decaying |e〉 state, causing a sudden loss
of the atom in |↑〉.
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FIG. 2. a. Histogram of the transmitted probe photon number for state detection performed in 6 µs. Grey and orange
histograms correspond to the presence and absence of an atom in Rydberg state |r′〉 ≡ |↑〉, respectively. The solid lines in a,
b indicate a theoretical model that for the presence (absence) of an atom in |↑〉 assumes random sudden loss of the Rydberg
atom in |↑〉 (sudden decay of the slow-light polariton into a Rydberg state) at a rate 0.035 µs−1 (0.015 µs−1). The dashed
line indicates the detection threshold that gives us the highest fidelity of differentiating two distributions. The control Rabi
frequency is Ωc/(2π) = 25 MHz, and the probabilities for collecting and detecting a transmitted probe photon are 0.90 and 0.47,
respectively. (b) Time-resolved photon count rate during detection. (c) Correlation plot of number of detected-photon counts in
two consecutive 6µs measurements in the same run of the experiment. Gray (orange) points represent transmission data when
we prepare (do not prepare) the |↑〉 state. Vertical and horizontal lines represent threshold counts for state discrimination.

Modelling the system as a removal of blockade at a
random time yields excellent agreement with the photon
count histograms observed at different detection times
(see SM [38]). From this we infer a preparation fidelity
for the state |↑〉 (i.e., an atom in |r′〉) of Fp = 0.93± 0.02
(see SM [38] for details). The detection fidelity (prob-
ability of correctly identifying the underlying state |↑〉)
after removing the state preparation error is then Fd =
0.92± 0.04.

Fig. 2c demonstrates that we can perform repeated
(’non-destructive’) measurements on the system, where a
second 6-µs measurement yields good agreement with the
first measurement: The average conditional probability
for the second measurement to have the same outcome
as the first measurement is p = 0.79± 0.03 (see SM [38]
for details). The detection system can also be viewed as
a single-atom transistor for light. We then achieve a gain
of G = 17± 1 in 6 µs, somewhat larger than the gain of
G = 10 in 30 µs achieved in the Rydberg system of Ref.
[33].

We implement a qubit in our system by defining the
state with a single atom in |r〉 as the |↓〉 state. Coher-
ent rotations in the {|↑〉 , |↓〉} manifold are induced by
applying the microwave field. After a qubit rotation, we
detect the resulting state by turning on the coupling light
slightly (1 µs) earlier than the probe light, such that the
state |r〉 is quickly de-excited by the strong coupling laser
to the unstable state |e〉, which decays by photon emis-
sion in 30 ns (see Fig. 1). Thus, as far as the detection
process is concerned, the state |↓〉 (atom in |r〉) is equiv-
alent to having no Rydberg excitation at all, while the
state |↑〉 (atom in |r′〉) remains unaffected by the detec-
tion light, and leads to Rydberg blockade of the probe
transmission. If the photon count is above or below a
chosen detection threshold (see Fig. 2a), we identify the

qubit state as |↓〉 or |↑〉, respectively.

Fig. 3 shows Rabi oscillations with the full sequence
of state preparation, qubit rotation, and detection. The
trap light is turned off during the sequence to avoid light
shifts of the states. We use two microwave antennas with
adjusted relative phase and amplitude to suppress the π
polarization component of the microwave field that can
couple atoms in |↓〉 to the magnetic sublevel mj = 1/2
in the 91P3/2 manifold, offset by 17 MHz in an applied
magnetic field of 9 G. The remaining coupling to other
magnetic sublevels limits the maximum Rabi frequency
on the |↑〉 ↔ |↓〉 transition to . 5 MHz. The Rabi
oscillations show no observable damping on the 6 µs
timescale, corresponding to a contrast loss per 2π pulse
of δC ≤ 2× 10−3.

The observed contrast of the Rabi oscillations can be
used to determine the probability that two excitations in
|r′〉 were simultaneously created in the ensemble. Due
to the large interaction energy between two atoms in |r′〉
and |r〉, the Rabi oscillations with two excitations would
very quickly wash out on a time scale h/Vrr′(d0) ∼ 40 ns.
From the observed contrast of the Rabi oscillation we
conclude that the probability for preparing two excita-
tions is below 1%.

We use a Ramsey measurement to characterize the co-
herence time of the Rydberg qubit embedded inside the
atomic cloud. Two π/2 pulses are applied with a tempo-
ral separation τ between them, and their relative phase
is scanned to obtain a Ramsey fringe at given τ . Fig. 4
displays the contrast of the Ramsey fringes as a function
of Ramsey time τ . By fitting the contrast to a Gaus-
sian decay function, we obtain the e−2 dephasing time
as (15 ± 5) µs. Possible dephasing mechanisms include
electric-field fluctuations acting on the highly polarizable
Rydberg states, magnetic field fluctuations, and interac-
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FIG. 3. A microwave field at a frequency f0 = 4814.2 MHz
is applied to drive Rabi oscillations between |↑〉 and |↓〉 at an
oscillation frequency Ω/(2π) = 5.3 MHz. Each point is an
average of ∼ 150 repetitions. The error bars are the standard
deviation of the mean. The fitted contrast loss per 2π pulse is
δC < 2×10−3. The relevant energy level diagrams are shown
on the right.

tions between the Rydberg atom and the surrounding
ground state atoms [41]. We also note that neither the
Rabi flopping nor the Ramsey measurement depend on
whether we have encoded the qubit in a single atom or
collectively in a W-state [35]. However, previous mea-
surements involving storage and retrieval of photons in-
dicate that the collective state decoheres during prepara-
tion, such that the qubit is ultimately encoded in a single
atom [42].

FIG. 4. Ramsey measurements consisting of two π/2 pulses
separated by a time τ . The phase of the second π/2 pulse
is scanned to obtain a Ramsey fringe. The contrast of the
Ramsey fringe is plotted as a function of τ . The solid curve

is a fit to a Gaussian decay function Ae−(τ/T∗2 )2 , yielding a
dephasing time T ∗2 = (15± 5) µs and A = 0.88± 0.04. Inset:
Ramsey fringe at τ = 1000 ns.

In summary, by harnessing collective effects in a small
atomic ensemble, we have demonstrated a method for
the rapid preparation and detection of a Rydberg qubit.
The preparation and detection fidelities demonstrated in

this work can likely be further increased in the future.
The preparation fidelity for a single excitation can be im-
proved by modifying the preparation sequence (see SM
[38]) or using smaller ensemble size, since such ensembles
would provide even higher energy cost for multiple excita-
tion. The size of the ensemble cannot, however, be made
arbitrarily small, since at higher atomic densities, neces-
sary to maintain the same optical depth OD ∼ 1, Ryd-
berg molecule formation [43] could lead to loss. Given our
current average atomic density of 〈n〉 = 2 × 1011 cm−3,
reducing the ensemble size by a factor of 2 should be pos-
sible, which would likely reduce the preparation error by
more than an order of magnitude.

Our demonstrated detection fidelity, on the other
hand, is limited by the loss of the Rydberg atom prepared
in the |r′〉 state. This loss is mainly caused by the control
light in the detection stage, and thus could be mitigated
by using two ensembles, one for hosting the qubit and
the other for detection, located within a blockade radius
from each other. Assuming a measurement time of 10 µs,
this configuration could allow for a non-destructive, fast
qubit readout with detection fidelity over 99%, a crucial
tool necessary for implementing quantum error correction
[23]. In addition, such a readout can also enable stud-
ies of quantum feedback [44], quantum Zeno effect [45],
quantum jumps [46], and can act as a fast probe of Ry-
dberg super-atom dynamics [47].

The detection scheme can be readily implemented in
different Rydberg platforms [2, 7, 13], where a single
atom would be replaced by a small ensemble, as demon-
strated in Ref. [48]. Alternatively, one can place a small
ensemble within the Rydberg blockade radius of each sin-
gle atom for fast detection, or even within the blockade
radius of several single atoms for fast parity measure-
ments, and possibly even error correction. To suppress
diffusion of the Rydberg atom between different ensem-
bles due to the exchange interaction during detection, it
may be necessary to adjust the lattice constant of the
array or the principal quantum numbers of the Rydberg
states used.

We thank Annika Tebben, Rivka Bekenstein, and Flo-
rentin Reiter for discussions. This work has been sup-
ported in part by NSF, the NSF-funded Center for Ul-
tracold Atoms, ARO, ARL, AFOSR, DARPA, DOE and
Boeing.
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