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Subsystem readout during a quantum process, or mid-circuit measurement, is crucial for error

correction in quantum computation, simulation, and metrology.

Ideal mid-circuit measurement

should be faster than the decoherence of the system, high-fidelity, and nondestructive to the un-
measured qubits. Here, we use a strongly coupled optical cavity to read out the state of a single
tweezer-trapped 8"Rb atom within a small tweezer array. Measuring either atomic fluorescence or
the transmission of light through the cavity, we detect both the presence and the state of an atom in
the tweezer, within only tens of microseconds, with state preparation and measurement infidelities
of roughly 0.5% and atom loss probabilities of around 1%. Using a two-tweezer system, we find
measurement on one atom within the cavity causes no observable hyperfine-state decoherence on a
second atom located tens of microns from the cavity volume. This high-fidelity mid-circuit readout
method is a substantial step towards quantum error correction in neutral atom arrays.

Numerous applications of controlled many-body
quantum systems require measurements that read out
and affect only a part of the system, i.e. mid-circuit
measurements. Examples include quantum error correc-
tion [Il 2], measurement-based quantum computation [3],
quantum-error-corrected metrology [4H@], and an entan-
glement phase transition induced by mid-circuit measure-
ments on a quantum circuit [7, 8]. Effective mid-circuit
measurements should satisfy three requirements: They
must be faster than the decoherence rate of the system,
have low error rates (e.g. below around 1% for imple-
menting surface-code quantum error correction [9HIT]),
and be sufficiently local so as not to disturb unmeasured
quantum bits.

In atom-based systems such as atom-tweezer ar-
rays [12] T3], lattice-trapped atoms [I4 [15], and trapped
ion chains [I6], the many-atom state is often read out
through optical fluorescence imaging. Practical limita-
tions on the numerical aperture (NA) of imaging sys-
tems require many photons to be scattered by an atom
before it is detected. This requirement impairs the use of
free-space imaging for mid-circuit measurement: Meas-
urements tend to be slow (e.g. on the order of 10 [I7H21]
or 100 ms [22] in atomic tweezer arrays and quantum gas
microscopes, respectively [23]), of limited state-detection
fidelity owing to spontaneous Raman transitions during
detection; and destructive to nearby atoms that can ab-
sorb scattered photons.

Here, we demonstrate mid-circuit optical detection of
an atomic tweezer array wherein a single atom is meas-
ured with high fidelity while the remaining array retains
quantum coherence. For this, we use a strongly coupled
cavity to detect a single optical tweezer, allowing for
rapid, state-sensitive, high-fidelity, low-atom-loss local

measurement with minimal photon scattering of about
100 photons. We benchmark our measurement with a
two-atom tweezer array, measuring single atoms sequen-
tially by translating each tweezer trap into the cavity
mode, and then detecting light emitted by the cavity
that is either fluoresced by the driven atom or trans-
mitted through the driven cavity [Fig.[T{a)]. We observe
that an initially prepared hyperfine spin coherence of one
atom persists even as the other atom is measured at high
fidelity.

Our experimental setup is described in Ref. [26].
Briefly, a bulk optically trapped gas of ultracold 8"Rb
atoms is prepared near the volume of a horizontal-
axis, near-concentric in-vacuum Fabry-Pérot optical cav-
ity with a mirror spacing of 9.4 mm. Atoms are loaded
into optical tweezer traps formed by 808-nm-wavelength
light that is projected vertically through a high-NA ima-
ging system. An acousto-optical deflector (AOD) allows
us to generate multiple traps in a one-dimensional array
and to translate them perpendicularly to the cavity axis.
We illuminate the tweezers with counter-propagating
light that is detuned about 27 x 35 MHz below the Do
F =2 — F’ = 3 laser-cooling transition, and also with
repump light, resonant with the F =1 — F’ = 2 trans-
ition, both at a wavelength of 780 nm. This illumin-
ation reduces the population in each tweezer to either
zero (empty tweezer) or one atom, which we distinguish
by imaging the resulting fluorescence through the high-
NA objective.

Single tweezer-trapped atoms can serve as long-lived
qubits by encoding quantum information in the ground-
state hyperfine spin [27] 28]. Following this approach, we
prepare our atoms into the FF = 1 or F' = 2 manifold
by applying either depump (F = 2 — F/ = 2) or re-
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Figure 1. Experiment schematic. (a) Single atoms are loaded
into each of two tweezers that can be translated perpendic-
ularly to the cavity axis for individual readout. Counter-
propagating fluorescence probe beams, and also a unidirec-
tional repump beam, are focused on the atom inside the cav-
ity mode. The transmission probe beam couples directly into
the cavity. (b)®"Rb level structure. The probe beams (red)
are detuned by A, from the F = 2 — F’ = 3 cycling trans-
ition. The repump and depump beams (blue and green) are
on resonance with the F=1— F' ' =2and F =2 — F' =
transitions. A resonant microwave pulse drives the Zeeman-
insensitive |F' = 1,mp = 0) — |F = 2,mr = 0) hyperfine
transition.

pump light, respectively [29] [Fig. b)] Combined with
information from the aforementioned fluorescence image,
the tweezers are thereby prepared in one of three tweezer
states: empty, containing an atom in the F' = 1 manifold,
or containing an atom in the F' = 2 manifold. We use our
cavity to measure a single tweezer, distinguishing each of
these three tweezer states. The cavity reaches the single-
atom strong coupling regime, with a cooperativity on the
8TRb D, cycling transition of C' = ¢g2/(2k7y) = 2.3 with
{90, k,v} = 2w x {2.7,0.53,3.0} MHz. Here, go is the
maximum atom-photon coupling strength between the
F =2 and F’ = 3 stretched states at a field antinode in
the center of the TEMg cavity mode with a beam waist
of wg = 20(3) pm. The half-linewidths of the cavity and
atomic resonances are x and 7y, respectively.

Our high-cooperativity cavity supports two measure-
ment methods. In the fluorescence method, we directly
illuminate the atom and collect its fluorescence using the
cavity. Strong atom-cavity coupling results in a large
collection efficiency into a single optical mode that is de-
tected with little background noise. In the transmission
method, we drive the cavity near its resonance and meas-
ure the transmission of cavity probe light. Here, atom-
cavity hybridization causes a single atom to broaden (at
low C) or split (at high C) the cavity resonance line, re-
ducing the transmitted intensity. Single-atom detection
using strongly coupled cavities has been demonstrated
previously, both through fluorescence [35] 86] and cavity
transmission or reflection [35, B7]. For a two-atom array,
collective detection and one-way transport from a cav-
ity into free space has been demonstrated in Ref. [38],

while probabilistic atom-photon conversions with single-
atom addressability has been shown in Ref. [39]. The
present work extends these results to high-fidelity single-
atom state detection that does not decohere the rest of
the array, demonstrating the necessary features of a mid-
circuit measurement in a neutral atom quantum inform-
ation processor.

In both measurement methods, our goal is to real-
ize three-state sensitivity with measurement infidelity at
the subpercent level, as required in certain protocols for
quantum error correction [9HI1]. We do this by probing
the atom-cavity system in two consecutive probe inter-
vals. In each interval of duration 7, using probe light near
the F = 2 — F’ = 3 transition, we determine whether
the cavity contains a single atom in the F' = 2 mani-
fold. This is done by counting photons emitted from the
cavity using a single-photon counting module (SPCM)
with a total quantum efficiency of n = 0.25 [29]. The
detection path and SPCM are polarization-insensitive.
A positive detection of an F' = 2 atom is indicated by
the observed photon number being either higher [fluores-
cence, see Fig. [2|(a)] or lower [transmission, see Fig. [3[a)]
than an optimized threshold. The second probe inter-
val begins with (for fluorescence) or is preceded by (for
transmission) a 7, = 5 us pulse of localized repump light
[Fig. [I(a) insets]. The negative detection of an F = 2
atom in the first interval followed by a positive detection
in the second interval measures the tweezer as having
contained an F' = 1 atom, whereas a negative detection
in both intervals measures the tweezer as being empty.

In the cavity fluorescence method, we set the cav-
ity resonance frequency w. to be detuned by A., =
We — wa = —2m x 10 MHz below the laser-cooling trans-
ition frequency w,. We illuminate the atom with ver-
tically counter-propagating probe beams in a lin-perp-
lin configuration in order to provide polarization gradi-
ent cooling during measurements. The probe frequency
wp is tuned slightly below the cavity resonance (A,c =
wp — wWe ~ —kK/2) to realize cavity cooling of the atomic
motion [40]. The probe light intensity is set to max-
imize the photodetection rate R = Ry of an F' = 2
tweezed atom in the cavity [Fig. [2[c)]; lower probe in-
tensity drives the atom below saturation, whereas higher
probe intensity shifts the incoherent fluorescence spec-
trum outside the bandwidth of the cavity [41] 42]. Ex-
perimentally, we find Rpyax ~ 0.76 us~!, which is below
the theoretical maximum of Ry = ng2/(4k) = 5.4 us™?
predicted for a two-level atom [29]. This difference may
be explained by two effects. First, the tweezer-trapped
atom is poorly localized along the cavity axis, exhibiting
rms position fluctuations of up to 200 nm with respect to
the standing-wave pattern (periodicity of 390 nm) of the
cavity mode; see Ref. [26]. The effective square of the
atom-cavity coupling strength is thus averaged roughly
to ggﬂ ~ g2 /2 owing to spatial random sampling. Second,
internal state dynamics induced by the probe light drives
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Figure 2. Fluorescence measurement. A single-probe his-
togram (a) and two-probe scatter plot (b) show the detected
photon counts for tweezers in the no-atom (gray), F = 2 atom
(blue), or F' = 1 atom (green) state, taken with 7 = 25 us and
Ape = —27 x 10 MHz. The threshold (dashed line) between
high and low fluorescence is set between 1 and 2 detected
photons. (c) The optimal probe intensity I yields a max-
imum high count rate of R = 0.76 us™*. Solid line is a guide
to the eye. (d) SPAM infidelity is determined for total meas-
urement times Tyor = 27 from 10 to 100 us. Solid lines are fits
to a model described in [29]. For 7ot < 40 us, indicated by
the vertical gray line, both the data and model are calculated
using a lower detection threshold between 0 and 1 photons.

the atom between Zeeman sublevels of the ground and
excited states, reducing the effective time-averaged coup-
ling to the two polarization modes supported by the cav-
ity. We estimate this effect reduces the maximum cavity
emission rate by an additional factor of 0.28 [29].
Fluorescence measurement outcomes, obtained after
preparing a single intracavity tweezer in each of the three
tweezer states, are shown in Fig. 2| For a probe interval
of 7 = 25 us, we observe a large contrast between the
photon number detected for a tweezer prepared in the
F = 2 state, and that detected for either the no-atom or
F = 1 states [Fig. 2a)]. Combining data from two con-
secutive 25 us probe intervals (total measurement time of
Ttot = 27 = 50 us), and setting the threshold for state de-
tection between 1 and 2 photons, we achieve a state pre-
paration and measurement (SPAM) error of several times
1073 for each of the three initial tweezer states (Table[l).
For shorter 7 [Fig. )], statistical fluctuations in the de-
tected photon number lead us to misidentify bright states
as dark states in either the first or second probe inter-
vals, leading to infidelity in F' = 2 and F' = 1 state detec-
tion, respectively. For longer 7, state preparation error
and false detection error caused by the depumping of an
F = 2 atom before detecting an above-threshold num-
ber of photons set a limit on the achievable fidelity. We
estimate that these two error sources contribute roughly
equally to the overall SPAM error [29]. Table [I| also re-
ports low atom loss probabilities on the order of 1%, with
higher loss rates for atoms in the F' = 2 manifold due to
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Figure 3. Transmission measurement. A single-probe his-

togram (a) and two-probe scatter plot (b) show the detected
photon counts for tweezers in the no-atom (gray), F' = 2 atom
(blue), or F' = 1 atom (green) state, taken with 7 = 50 us and
Ape = 0. The threshold (dashed line) between high and low
transmission is set above 77 detected photons. (c) The trans-
mitted photon count rate with an F' = 2 atom in the cavity
(Riow, blue) is lower than the rate (Rnigh, x axis and dotted
line) observed without. Ashman’s D (orange), a measure of
the separation between Riow and Ruigh, reaches a maximum
owing to atomic saturation. Lines are guides to the eye. (d)
SPAM infidelity is determined for each of the initial tweezer
states, with total measurement times Tyor = 27 + 5 us ranging
from 15 to 205 ps. The threshold between high and low is
selected to minimize infidelity at each 7. Lines are fits to a
model described in [29].

scattering-induced heating through both probe intervals.

In the cavity transmission method, we drive the cav-
ity with light that is resonant with both the cavity and
the atom (Aqy = Ape = 0). The circularly polarized
probe light, together with a weak magnetic field applied
along the cavity axis, pumps F' = 2 atoms into the spin-
stretched state, maximizing their coupling to the cavity.
For weak probe light, we observe that an F' = 2 atom in
the cavity reduces the detected transmitted photon rate
Riow to 0.4 times the rate Ryign observed with either no
atoms or an F' = 1 atom in the cavity. For low satura-
tion, one would expect Rigw/Rnigh = (1 +2C)~2 for fixed
atom-cavity coupling strength. Averaging this expression
over a uniform atomic spatial distribution along the cav-
ity axis yields Riow/Rhigh = 0.27 for our system. The dif-

Table I. Measurement infidelity and loss probability

No atom | F=1 F=2
Outcome | low-low |low-high| high-X
glx“(o:e:scggzes) Infidelity | 0.04(3) % | 0.4(2) % | 0.6(2) %
Loss prob.| n/a |0.2(2)%|1.4(3) %

Transmission | Outcome |high-high |high-low| low-X
2x (7 = 50 us) | Infidelity | 0.4(1) % |1.1(2) % |0.9(2) %
+5us Loss prob.| n/a |0.7(3) % |1.4(2) %




ference between the observed and expected transmission
reduction may be explained by an inhomogeneous broad-
ening of the atomic resonance of roughly 4 MHz, caused
by the ac Stark shift of the tweezer trap light [35]. At high
probe intensity, atomic saturation leads to Rhigh — Riow
reaching a constant difference of roughly 2.4 pus~!. At an
intermediate probe intensity setting of Ryjgn ~ 2.2 pus~ 1,
the bimodal separation statistic D [43] between the high
and low photon count distributions reaches its maximum
[Fig. Bf(c)].

Transmission measurements made at this optimal
probe intensity, with two probe intervals of 7 = 50 us
each (Tyot = 27 + 5 us = 105 us), again show clear dis-
tinctions among tweezers prepared initially in each of the
three tweezer states [Fig. [3|a)]. The detection infidelit-
ies and atom loss (Table [I) are comparable to those ob-
tained through fluorescence. However, the smaller con-
trast between high and low detection rates causes the
transmission method to be generically slower than the
fluorescence method of detection. Transmission meas-
urements with a higher C' would be interaction-free [45],
thus suppressing depumping errors and mechanical ef-
fects from light scattering, which provides particular ad-
vantages for detecting trapped particles, such as single
molecules [406] [47], that lack a cycling optical transition.

Next, we demonstrate that our cavity-enhanced detec-
tion of one atom does not perturb the quantum evolu-
tion of other atoms in an array, an essential requirement
for a mid-circuit measurement. We implement a simple
quantum circuit consisting of single-qubit gates, realiz-
ing a Ramsey sequence on a two-atom tweezer system
[Fig. @[a)]. We form the array with atom A initially
trapped within, and atom B at a variable radial distance
d outside, the cavity. Both atoms are initialized in the
|F' = 2,mp = 0) state and subject to a m/2 microwave-
induced rotation to the |F = 1,mr = 0) state [29]. A
mid-circuit measurement is performed on atom A, using
either detection method with the optimal probe times in
Table We complete the circuit by applying a second /2
pulse with a variable phase offset ¢, translating atom B
into and atom A out of the cavity simultaneously within
200 ps, and performing a cavity measurement of atom B.

Measurements on atom B show a characteristic Ram-
sey fringe as ¢ is varied [Fig. b)] We quantify the
effect of mid-circuit measurement by considering a nor-
malized contrast, taken as the ratio of the Ramsey-
fringe contrasts with and without mid-circuit measure-
ment [48]. We observe a normalized Ramsey contrast
above 97% with 84% confidence level [29], when atom
Bisd = 34.5um (d = 46.0um) away from the cav-
ity mode center for fluorescence (transmission) measure-
ment. A mid-circuit fluorescence measurement begins to
affect the coherence of atom B once atom B is within
about 20 pm of the cavity center [49]. This length scale
is consistent with the beam waists of the fluorescence
probe beams [29]. A transmission measurement begins
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Figure 4. Mid-circuit measurement. (a) Quantum circuit
representing a Ramsey sequence with a mid-circuit meas-
urement of atom A. Atom A (B) is initially located inside
(outside) the cavity. Both atoms undergo two m/2 rotation
pulses with variable relative phase ¢, denoted as Ry (7/2) and
Ry(m/2). Atom A is measured between the two pulses us-
ing either fluorescence or transmission measurement meth-
ods. Then, both tweezers are repositioned before atom B
is measured using the same method. (b) The F = 1 state
probability of atom B, P(B, F = 1), shows Ramsey fringes as
the phase ¢ of the second pulse is varied. We observe no
distinction between Ramsey fringes measured following fluor-
escence (light red squares, 7 = 25 us) and transmission (dark
red circles, 7 = 50 us) detections of atom A, and no detection
of atom A (gray). Normalized contrast is defined as the ratio
of the Ramsey fringe contrasts observed with and without a
mid-circuit measurement on atom A. (¢) Normalized contrast
vs. the initial distance of atom B from the cavity center, with
T settings as in (b). The dashed (dotted) line is a theoretical
estimate based on the intensity and size of the fluorescence
probe beam (cavity mode) [29].

to affect atom B at a larger distance of roughly 35 pum
from the cavity center, consistent with the beam waist of
the cavity mode [26].

Our work demonstrates that the integration of cavity-
enhanced measurement with a configurable tweezer ar-
ray enables mid-circuit measurement within a neutral
atom quantum information platform. We achieve meas-
urement infidelities comparable to the best previous res-
ults in atomic tweezer systems [20], in a manner that
not only allows subsystem-selective measurement but is
also fast, with the measurement time being shorter than
not only the second-scale hyperfine-state coherence of
tweezer-trapped atoms [51} [52], but also the ~ 100 us life-
time of the Rydberg states commonly used in Rydberg-
tweezer systems [53]. Combined with the low probability
of losing a trapped atom during detection, cavity-based
measurement could also enable the deterministic prepar-
ation of atom arrays assembled atom-by-atom, without
requiring free-space imaging and re-sorting [12], 13| 54+
50].

The detection time, infidelity, and loss of our measure-



ment could be reduced further by several experimental
improvements. Increasing gg and k simultaneously, up
until the onset of hyperfine-state mixing [38], would al-
low for more efficient and faster detection of scattered
photons. Better constraints on atomic motion, achieved
by improved laser cooling [29] or by stronger confine-
ment along the cavity axis, would mitigate the effect-
ive motional reduction of atom-cavity coupling that we
presently observe. Speed limits imposed by the need
to transport atoms into the cavity prior to measure-
ment could be improved by employing optical-lattice-
based conveyors [57]. Transport could be eliminated al-
together by maintaining the tweezer array entirely within
the cavity volume and using rapid ac Stark shifts real-
ized with local illumination to bring atoms selectively
into resonance with the cavity for detection [2I]. The
atom loss probability could be reduced by using real-time
processing and an adaptive measurement that stops each
probe interval when a measurement outcome is obtained
[58], and also by applying laser cooling briefly after de-
tection.
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