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Rydberg atoms are currently a very fast-advancing quantum platform. For many interesting and demanding appli-
cations, including quantum computation, fast detection of a Rydberg excitation or a Rydberg qubit for information
readout would be one of the most desirable developments. We demonstrate single-shot and i situ absorption imaging of
individual Rydberg excitations. This level of resolution is achieved using an electromagnetically induced transparency
scheme involving a Rydberg energy level that is highly sensitive to the presence of Rydberg atoms due to Forster-
resonance-enhanced dipole couplings. Spectroscopic measurements illustrate the existence of the Forster resonance
and underscore the state-selectivity of the technique. With an imaging exposure time as short as 3 us, we successfully
resolve linear chains of Rydberg excitations in a one-dimensional configuration. The extracted second-order correla-
tion shows strong anti-bunching due to excitation blockade, and a Fourier analysis reveals the long-range order in the
chains of Rydberg excitations. This imaging technique, with minimal destruction, will be of great interest for leveraging
ensemble-encoded qubits in quantum computation and quantum simulation applications. © 2025 Optica Publishing
Group under the terms of the Optica Open Access Publishing Agreement
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1. INTRODUCTION

Highly excited Rydberg atoms have emerged as a prominent physi-
cal platform for applications in quantum nonlinear optics [1]
and quantum simulation and computation [2,3]. The essential
element enabling the high degree of control and manipulation at
the single-particle level in these systems is the strong long-range
interaction between Rydberg atoms [4]. The resulting excitation
blockade effect [5-8] leads to collective and entangled quantum
states, which are important resources for quantum applications.
Fascinating demonstrations in quantum optics include generat-
ing single-photon sources [9,10], single-photon switches [11],
single-photon transistors [12—14], phase gates [15], and contact-
less nonlinear optics [16]. More recently, Rydberg-atom arrays,
exploring the long-range interaction in ordered configurations,
have made remarkable progress in simulating quantum many-
body physics and advancing large-scale neutral-atom quantum
computation [3,17-20].

So far, the detection of Rydberg atoms has mostly relied on
destructive means. For an extended period of time, state-selective
field ionization served as the primary method for conducting
measurements on Rydberg atoms [4]. It has recently been further

2334-2536/25/081213-07 Journal © 2025 Optica Publishing Group

developed into high-resolution ion microscopy [21-23]. When
Rydberg excitations are induced in optical lattices or tweezer arrays,
they are often detected via fluorescence imaging of ground-state
atoms, where the loss of an atom at a particular tweezer or lattice
location indicates its excitation to Rydberg states before measure-
ment [24,25]. The seminal work on electromagnetically induced
transparency involving Rydberg states (Rydberg EIT) [26] has laid
the foundation and paved the way for the direct optical detection
of Rydberg excitations. In Rydberg EIT, long-range interactions
can be mapped onto polaritons and detected by retrieving and
counting the photons released from the polaritons [9,10,15,16].
In the dissipative regime, capitalizing on the interaction-induced
scattering effect, Rydberg EIT has recently been employed for
nondestructive optical imaging of Rydberg excitations [27-31].
The long-range interaction between one Rydberg excitation and
surrounding polaritons is responsible for a sharp change in trans-
mission of EIT, which allows fast in situ imaging of the Rydberg
excitation in a nondestructive way. This method has been used for
imaging transport dynamics of Rydberg excitations, but without
reaching single-particle resolution [29]. The latest developments
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and applications of this detection approach include repeated non-
destructive measurements of an ensemble-based Rydberg qubit
[30], switching an atomically thin mirror by a single Rydberg
atom [31], as well as fast imaging of individual ions in an atomic
ensemble [32]. These experiments have proven that this ensemble-
assisted method would be particularly suitable for detecting a
Rydberg excitation within a mesoscopic ensemble or a Rydberg
“superatom” [33—35] and is faster and less destructive compared to
other means of detecting Rydberg atoms.

In this paper, we demonstrate spatially resolved imaging of a
chain of Rydberg excitations in a single shot with a 3 ps exposure
time. We reach this sensitivity by exploring a novel Forster-
resonance scheme between a 27 F state and 2 96 state. The former
serves as the upper level of the Rydberg EIT for detection, while the
latter is the state of Rydberg excitations under investigation. The
enabling strong long-range interaction arises from a Forster-like
resonance between the two pair states |27 F96S) and [27G95 P),
which are strongly dipole-coupled. A distinctive feature here is
the small principal quantum number, 7 =27, which is far away
from n’ =96, unlike previously used detection schemes where
n~n' [29-31]. Consequently, relatively large EIT probe power
can be used without causing too much spurious scattering of
27 F polaritons interacting with each other, and the read noise
of the camera is easily overcome when homodyne detection is
employed. Spectroscopic measurements illustrate the working
principle of the scheme and provide suitable conditions for single-
shot imaging. From single-shot images of Rydberg excitations
aligned in a one-dimensional chain, the pair correlation function
is extracted to reveal the excitation blockade. Moreover, spatial
Fourier analysis shows the presence of long-range order within
the excitation chains. This work marks a major advancement in
utilizing a nondestructive technique for fast and spatially resolved
imaging of Rydberg atoms. It holds particular significance in utiliz-
ing ensemble-assisted Rydberg qubits for quantum simulation and
computation.

2. FORSTER-RESONANCE-ENHANCED
INTERACTION

The basic principle of the imaging method relies on interaction-
induced absorption in the vicinity of Rydberg atoms. In
contrast to previously reported schemes, our approach explores
an uncharted interaction resonance corresponding to the
dipole—dipole-mediated energy exchange:

nF+nSenG+m —1)P, (1)

where nF is the upper state of Rydberg EIT, #'S is the state of
the Rydberg excitations being detected, and 7 and 7’ are vastly
different. As illustrated by the calculation in Fig. 1(a), for each
principal quantum number around 7~ 30, there exists a spe-
cific ' ~ 100 such that the pair-state energy difference |AE| =
\(Epe+ Eys) — (Eng + Egy—1yp)| is minimal. This mini-
mal energy difference can be as small as a few tens of MHz. For
instance, at 7 = 27, the minimal |[AE| = [(E27F7), + Eo6s,),) —
(E27Gy), + Eospy)p)l is approximately 80 MHz and can be even
smaller than 50 MHz for certain pair states of Zeeman sublevels in
the presence of a magnetic field. The large dipole-dipole coupling
described in Eq. (1) can exceed the energy difference at a macro-
scopic distance R,gw of a few microns, where the threshold dipole
coupling is defined as |unpngu,,/5(,,/_1)p|/R3dW =|AE|/2 with

nini and W, so/—1yp being the two dipole moments between
the pair-states from the left and the right of Eq. (1), respectively.
Consequently, the pair interaction shift of the |2 F#'S) state on
the left side of Eq. (1) is Férster-resonance-enhanced. That is, the
van der Waals interaction V(R) = —Cs/ R between two atoms in
these states, which is generally used to approximate the potential
curve from R = Rygw until R — 00, can possess quite a sizable C
coefficient, despite the substantial difference between 7’ and 7.

In our experiment, with the presence of a bias magnetic field
of 13.3 G along the quantization axis 2, the |r) = |27 F;/,, m; =
7/2) state is used as the upper Rydberg EIT level to image Rydberg
excitations in a Zeeman level |r;) =196S;,,, m; = 1/2). Shown
in Fig. 1(b) are the interaction potential curves of the pair states
lrrg)  and  |GP)=127Gopn, m; =9/2,95P3),, my =3/2),
which is the pair state most strongly dipole-coupled to |rrg). The
small A £ = 33 MHz and strong dipole coupling ensures that the

interaction potential of the pair state [r7}), V"0 (R) = —C.°/RC,
possesses a large coefficient Cj °/h = —1010 GHz - um®. Here

/

C.° is extracted by fitting V7" 0(R) to the potential curve for
R>1.3 X Rygw=9.2 um, which asymptotically converges to
the |rry) pair state as R — 00. Plotted in Fig. 1(c) is the inter-
action coefficient Cg’,, where |r') =1|n'S1/2, m; =1/2), for
a range of #’. A resonant peak at #»” =96 can be clearly seen. In
case a different detection state 7 # 27 is used, the resonance
peak appears at a different excitation state 7/, as implied by the
plot of energy differences in Fig. 1(a). This indicates that this
Féorster-resonance-enhanced interaction can allow state-selective
imaging.

One advantage of this new scheme, utilizing an EIT detection
state of low # for imaging a Rydberg excitation of a high »’ state,
is that the small interaction V" = —CZ/R® between two atoms
in the |r) state greatly reduces the photon scattering of the probe
light [37,38]. As a result, this scheme allows good EIT transmis-
sion at a large enough detection probe Rabi frequency €2, which
provides sufficient photon flux to surpass imaging noises under
the condition of homodyne detection. Meanwhile, the interaction

V70 (R) = —C°/R® is quite large due to the existence of the
Férster resonance shown in Eq. (1), even if the difference between
7’ and 7 is much larger than that typically used. These are the root
causes of the increased sensitivity that warrants fast imaging of
single Rydberg excitation. Another advantage of the scheme is
that, compared to other works using EIT detections where 7 ~ 7’
[13,14,29-31], the diffusion of Rydberg excitations in the 7’ state
via hopping exchanges with Rydberg populations in the 7 state
does not occur, as there is no non-zero dipole moment between the
n'Sand (n' — 1) P states and # F. This is beneficial to achieve good
spatial resolution.

3. EXPERIMENTAL SETUP

We prepare a highly elongated, cylindrical cloud of atoms in the
ground state |g) =[581,2, F =2, mp =2) with a temperature
of 25 uK, which has been released from an optical dipole trap for a
time of flight of 10 us [32]. The cloud radially follows a Gaussian
density distribution with a standard deviation of o, =6 um,
axially extends a couple of millimeters along the x direction, and
has a peak density of 29 = 3.9 x 10''cm™ that corresponds to a
mean interatomic distance of ~1.37 pum.
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Fig. 1. (a) Pair-state energy difference |A E| (absolute value) for a range of 7 and »’ at zero magnetic field B = 0. (b) Interaction potential curves of
the two pair-states that asymptotically approach |r7)) = |27 F7)5, m; =7/2,9681)5, m; =1/2) and |G P) = 27 G2, m; =9/2,95 P32, m; = 3/2) as
R — oo and in presence of a magnetic field B = 13.3G. The latter pair-state is the one that most strongly couples to the former. The dashed line represents
the van der Waals potential Vo(R) = —C, ;r‘/’ / R® obtained from fitting the upper thick solid curve for R > 1.3 X R,qw = 9.2 um [36]. (c) Amplitude of
the Cgr/ coefficients for a range of 7’. Upwards (downwards) triangles correspond to negative (positive) values, indicating a repulsive (attractive) interaction.
(d) Energy level schemes for Rydberg excitation and multi-photon EIT detection. (e) Experimental setup. The configurations of the atomic ensemble, the
laser beams and the homodyne imaging optics are about the same as those in Ref. [32]. Note that the homodyne setting is not used during the spectroscopic
measurements. () Probe light EIT spectra without prior excitation of Rydberg atoms (circles) and with prior Rydberg excitations in states | ;) (squares) and
|71) (diamonds). A p = 0 corresponds to the resonance of the atomic transition |g) — |¢) in the bias magnetic field B = 13.3G. Due to the AC Stark shift
caused by the off-resonance two-photon transition |¢) — |r), the EIT peak appears around A » /27 >~ 3.65 MHz. The error bars indicate the standard error
of 15 measurements. The solid red line is a three-level EIT fit with fitting parameters provided in the main text. The other two solid lines provide a guide to

the eye.

The excitation energy level scheme is given on the left of
Fig. 1(d). Rydberg excitations are induced with two lasers of wave-
lengths 780 and 479 nm, on resonance with the |g) — |e) =
|5Ps,, F=3,mp=3) and |e) = |rj) =19681/2, m; =1/2)
(or |e) = |r{) =18581/2, m; =1/2)) transitions, respectively.
While both lasers are pulsed on for a duration of 0.5 ps, the 479 nm
pulse is switched on and off first, leading the 780 nm pulse by 30 ns.
The configuration of the excitation beams is given in Fig. 1(e).

Due to the interaction V'0’0(R) = —CgOrO/R6 between two
atoms in the Ir(’)) state, there exists an excitation blockade sphere
of radius Rb Py = [2|Cr°7°|/)/E,T_EX]1/6, within which only

2
one Rydberg excitation is allowed. Here yE T Ex = M
where I' = 271 x 6.07 MHz is the spontaneous decay rate of the
intermediate state |¢). About the same excitation blockade also
arises when exciting the |r]) state.

The parameters of the two excitation beams, as well as the
resulting excitation Rabi frequencies are listed in Tables S1 and
S2 in Supplement 1. In all the measurements of this paper, the

excitation Rabi frequencies are set to give an excitation blockade
radius RZL gx = 14.5 £ 0.2 pm. In the high-density atomic cloud
of our experiment, there is, with nearly unity probability, one (and
only one) Rydberg excitation within a blockade sphere of radius
RZL gx- With the thin atomic cloud in our experiment, only one
Rydberg excitation is allowed radially along the y and z directions,
and these excitations of superatoms [33—35] are closely packed to
form an ordered array along the axial direction x [32,39-42]. The
length of the atomic cloud segment exposed to the excitation laser,
a,,can beadjusted, and so can the number of Rydberg excitations.
About 0.2 ps after the laser excitation, the detection pulses
are turned on for 3 us. The detection level scheme relies on
multi-photon Rydberg EIT, as shown on the right of Fig. 1(d),
with an effective two-photon coupling field driving the
le) — |r) =27 F7)5, mp =7/2) transition. For spectroscopic
measurements, we directly use the multi-photon Rydberg EIT of
Fig. 1(d) for detection in order to clearly demonstrate the spectro-
scopic characteristics of Forster-resonance. However, we utilize
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homodyne detection for imaging, so that individual Rydberg
excitations can be resolved within a 3 [is exposure time.

The homodyne detection technique has been described in
detail in our previous publication [32]. Here is a brief sum-
mary. The weak probe light of input strength Ep; and a strong
reference light of strength Eg are the o and the 0~ compo-
nents of an elliptically polarized beam, respectively, where the
reference field is far detuned from the allowed weak transition
lg) = I5P3)2, F =3, mp=1) and hardly interacts with atoms
when passing through the cloud. At the EMCCD camera, the
probe light, carrying the information about Rydberg excitations,
interferes with the strong reference light, and the overall pho-
ton count received by each camera pixel is increased enough to
overcome read noise and other noises. As a result, the imaging
sensitivity is sufficient to resolve individual Rydberg excitations
in a 3 s exposure time. In this experiment, the intensity ratio is

. .o | Ep 2 _
experimentally optimized tobe rz_ p, = |m| =18.

Note that the recorded EIT images of the elongated atomic
cloud have a 1 mm wide field of view along the x direction, much
larger than a,. Given in Table S3 in Supplement 1 is a list of
all the relevant parameters in regard to the probe beam and the
fields D and M that form the effective coupling field of Rabi fre-
quency Q¢ =27 X 5.9 MHz, in reference to the experimental
configuration shown in Fig. 1(e).

4. SPECTROSCOPIC MEASUREMENTS

We demonstrate the presence of the Forster-like resonance
shown in Fig. 1(c) by spectroscopic measurements. We employ
EIT involving the |r) upper state to detect Rydberg excita-
tions in |r’) states, and the relevant energy levels are illustrated
in Fig. 1(d). The interstate blockade radius is defined as
Ry_, = [2|Cg/|/(ﬁyﬂr)]1/6, where yg7 is the EIT linewidth.
Inside the blockade sphere of radius R;_, centered at each |r’)
excitation, the shift of the |r) state due to V"' (R) exceeds half
of the imaging EIT linewidth yz7 and the atoms within the
sphere scatter the probe light. A larger Cg’/ leads to a larger Ry,
and consequently more absorption within the blockade sphere.
Spectroscopic measurements discussed in this section show that
the |r;) excitations induce more absorption than excitations in

other states due to Cgro and the corresponding Ry being the
largest.

The |r) EIT spectra versus the frequency of the 780 nm probe
light, as shown in Fig. 1(f), are recorded with or without prior
Rydberg excitation. The EIT spectrum with no Rydberg excita-
tions present shows a pronounced EIT peak with up to about 50%
transmission. The solid red line is a three-level EIT fit with fitting
parameters—effective optical density (OD.g=1.3), effective
coupling Rabi frequency (¢ ef =27 x 5.9 MHz), detuning of
the coupling fields (A¢ =27 x 0.7 MHz), and dephasing rate
of the Rydberg state (y,, =27 x 1.6 MHz). The less than 100%
transmission comes from the scattering due to the interaction
V" (R) between Rydberg atoms in the |r) state [38].

For acquiring EIT spectra in the presence of Rydberg impurities
(Rydberg excitations amidst an atomic ensemble), we excite a one-
dimensional chain of closely packed Rydberg excitations in the |7”)
states along the elongated cloud. The length of the atomic cloud
exposed to the excitation lasers is set to be 2, = 350 pm to increase
the number of Rydberg excitations for a better signal-to-noise

ratio. This speeds up the measurement process, especially because
we apply only the EIT detection fields here, but not homodyne
detection with the reference field. By tuning the Rabi frequency
of the 479 nm excitation field, we keep the excitation blockade
radius to be RZ,_ rx = 14.5 0.2 um, which exceeds the radial
size of the elongated atomic cloud 20, . Under such a condition, the
Rydberg excitations tend to be a one-dimensional (1D) chain and
closely packed, as demonstrated and explained further in the paper.
After the excitation, the detection EIT fields are turned on for spec-
troscopy. When the excitation state is |r] = 8582, m; =1/2),
the resulting spectrum still shows a pronounced EIT peak that is
slightly reduced from that with no Rydberg excitations present.
However, when the excitation state is |rj = 9682, m; =1/2),
the transmission peak in this case completely disappears. This
is despite the fact that the number of Rydberg atoms excited per
unit length is about the same for exciting the |r]) and |r;) states
as the same RZ/_ zx is used. The spectroscopic responses are very
different because V”é(R) is much stronger than v (R) given
C;rl /h=—9.3GHz- um°. As a result, the interstate Rydberg-
blockade sphere surrounding each Rydberg excitation has a radius
of R,_,; =4.0 um versus Ry, =87 um. There are only about
80 scattering atoms inside the blockade sphere of radius R,
surrounding a |r]) excitation, in comparison to approximately
600 inside that of radius Ryt surrounding a |r{) excitation.
Hence, the probe transmission is much reduced in the presence
of a |ry) excitation. The resulting contrast between these spectra
clearly shows the effect of the Férster resonance and illustrates the
principle of this Férster-resonance-enhanced imaging scheme.

5. SINGLE-SHOT IMAGING OF A CHAIN OF
RYDBERG EXCITATIONS

To clearly demonstrate single-shot imaging of individual Rydberg
excitations in the 96§ state, we reduce the length of the atomic
cloud exposed to the excitation lasers along the symmetry axis of
the atomiccloud to 2z, = 126 umor a,, = 17 um. This is to reduce
inhomogeneous factors (e.g., atomic density along the elongated
cloud), as well as to allow for a direct comparison of the cloud
sections with and without excitations in single-shot images. In each
experimental cycle, after exciting Rydberg atoms, we capture an
image of these atoms by exposing them to probe light under EIT
conditions for 3 s, where the frequency of the probe is set to the
EIT resonance position of A p /2w = 3.65 MHz. Furthermore, we
employ homodyne detection to achieve a sufficient signal-to-noise
ratio for single-shot detection.

The way of processing these single-shot images of Rydberg
excitations is quite similar to that used in our previous work [32].
After fringe removal and normalization, the obtained transmission
distribution T (x, y) over each pixel position (x, y) serves as the
starting point for further quantitative analysis. Shown in Fig. 2
are smoothed images T5(x, y) after applying Gaussian filtering to
T (x, y). Pronounced absorption spots of one and five Rydberg
excitations are clearly visible in Figs. 2(a) and 2(b), respectively,
where the excitation length 4, isset to be 2, = 17 pm in the former
case and @, = 126 pm in the latter case. From a single-shot image
as in Fig. 2(b), we extract the peak amplitudes of absorption spots,
defined as Apek = 1 — Tspin, where Ts,i, denotes local transmis-
sion minima, inside the area with Rydberg excitations. A histogram
of such peak amplitudes out of many single-shot images is plotted
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Fig.2. (a) Gaussian smoothed (filter size = 2 pixels) single-shot image
of one Rydberg excitation. (b) Gaussian smoothed (filter size = 2 pixels)
single-shot image of a chain of five Rydberg excitations. (c) Histogram of
the peak amplitudes of the absorption spots inside the excitation area (red)
versus that in an area of the same size and shape along the atomic cloud
where there is no excitation (blue). The vertical dashed line indicates
the threshold A,,,; = 4.5%. The statistical distributions are based on
approximately 1200 single-shot images.

in Fig. 2(c). To make a comparison, we also plot the histogram
of peak amplitudes of noise spots from another area along the
atomic cloud that has the same size and shape but no Rydberg
excitation. The two distributions are well separated and can be
best distinguished by the threshold peak amplitude A, = 4.5%.
We evaluate the probability of identifying a Rydberg excitation in
a single-shot image based on the distributions of Fig. 2(c), where
the true negative probability (no Rydberg atom is detected when
none is present) below A, is equal to the true positive probability
(the presence of a Rydberg atom is detected) above A, [43]. The
fidelity of detecting a Rydberg atom is then defined as the true
positive probability and estimated to be (93 =+ 2)%.

Besides the amplitude, we also compare the sizes of the images
of Rydberg excitations with those of the noise spots. We fit a
2D Gaussian distribution profile to the absorption spots in
T (x,y) and extract their standard deviations o, and o, [32].
As shown in Fig. 3, the size distribution of the excitations is
quite different from that of the noise spots. The former extends
over a large range and peaks around o, = 2.5 pixels = 6.2 pm
and o0, =2.1 pixels = 5.2 pm, while the latter is more local-
ized and peaks around o, =0, = 1.3 pixels =3.2 um. It can
be seen that the two distributions are very distinct from each
other. This means that in addition to the spot amplitudes, their
sizes can also be used to differentiate the images of Rydberg
excitations from noise speckles. Moreover, the sizes of spots are
compatible with the calculated interstate Rydberg blockade radius

/
7'70

Ry_yy = [21C |/ (hygr)]'/® = 8.7 pm.
Finally, this single-shot imaging allows us to investigate the
ordered excitation of a linear Rydberg atom array in a dense atomic

cloud. The excitation blockade radius RZO_ rx = 14.7 pm leads to
a chain of superatoms [33-35], corresponding to spheres of radius

R,:O_ £x containing no more than one Rydberg atom, excited in a
closely packed arrangement [40,41]. Each imaging detection pro-
jects a Rydberg excitation into an absorption spot located within

the blockade sphere of radius RZO, gx- In Fig. 4(a), we plot the
2D distribution of the positions of Rydberg excitations. Here the
position of a Rydberg atom is taken as the location of an absorption
maximum with its amplitude above the threshold Apext > Aspia-
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Fig. 3. Distribution of sizes 0, and o, extracted from (a) images of
Rydberg excitations (Ajeus > Ayig) and (b) noise spots. The color bar
indicates the normalized probability, where the value “1.0” corresponds to
the distribution maxima in (a) and (b).
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Fig.4. (a) Two-dimensional (2D) distribution of the peak positions of
five Rydberg excitations. This figure is obtained from single-shot images
with five absorption spots of Ay > Asus. (b) One-dimensional distri-
bution along the x direction. The experimental data points (markers)
are derived by integrating along y the 2D distribution in (a), while the
solid line is obtained from the simulation of a linear chain of five Rydberg
excitations. The error bars indicate the standard error of averaging three
adjacent points in the 1D distribution. (c) Pair correlation function of
the positions of Rydberg excitations in experimental single-shot images
(markers) and from simulated chains (solid line). The error bars represent
the standard error over ~500 images. (d) FFT spectrum of 1D spatial
distributions in (b), extracted from experimental data (red dots) and from
simulated distribution (blue line). Note that we have applied zero padding
for computing the FFT spectrum. The inset shows the FFT spectrum of
Rydberg atom 1D distributions extracted from experimental images with
four and six absorption spots of Ay > Ays. The solid vertical line is the
same as that in (d).

Five separated distribution peaks are visible in Fig. 4(a) as well as in
Fig. 4(b).

To further study the 1D spatial correlation of the Rydberg exci-
tation chain along the x direction, we compute the 1D pair correla-
tion function as a function of Ax:

5% (nryd (%:) * Meya(x; + Ax))

@ (Ax) =
8 ) = S ()~ (et & Ax))

@

where 7,4(x;) (= 0 or 1) is the Rydberg atom detected at the pixel
position x; in a single-shot image, and {(.) is the ensemble aver-
age over single-shot images. Note that a factor of 5/4 is included
in Eq. (2) as there are only N =5 Rydberg excitations, and this
factor of % ensures that the correlation function is equal to 1
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in the uncorrelated case for a small N. The pair correlation func-
tion ¢@ (Ax) plotted in Fig. 4(c) clearly shows anti-bunching
(@ < 1) at small Ax, which is consistent with theory and due
to the excitation blockade. Some bunching (g(z) > 1) at large Ax
implies a positive correlation of exciting Rydberg atoms. To further
reveal the configuration of Rydberg excitations in the 1D chain, we
perform a fast Fourier transform (FFT) on the spatial distribution
of the absorption spots due to Rydberg excitations. The resulting
FFT spectrum is shown in Fig. 4(d). A pronounced spectral peak
at 1/Ax =1/27.6 um™"! indicates the most probable separation
between two adjacent Rydberg excitations. Moreover, the FFT of
a simulated distribution with five regularly spaced peaks, as shown
in Fig. 4(d), agrees well with the FFT of the experimental distri-
bution. This FFT analysis demonstrates that Rydberg atoms are
excited in an ordered configuration with a nearly regular spacing of

Ax = 27.6 um, which is aboutZRZ(LEX.

Additionally, in the inset of Fig. 4(d), we plot a similar FFT
spectrum from experimental data of 4 and 6 Rydberg excita-
tions being detected per image. The position of the side lobe at
1/Ax =1/27.6 um™! coincides with that of the spectrum from
five regularly spaced Rydberg excitations [44]. This suggests that
Rydberg atoms excited in such a cold-dense cloud tend to arrange
in a quasi-crystallization pattern, which is generally compatible
with theoretical predictions [41,45]. Our imaging technique
offers an alternative way to investigate highly correlated Rydberg
excitations [24].

6. CONCLUSION

In conclusion, we have achieved single-shot imaging of individual
Rydberg excitations in an atomic ensemble by utilizing interaction-
enhanced absorption imaging in combination with homodyne
detection. To reach the required signal-to-noise ratio for the
detection of high-lying 'S Rydberg state excitations, electromag-
netically induced transparency to low # F state in the vicinity of a
strong Forster resonance was chosen. We have been able to image
linear chains of up to five Rydberg excitations with an imaging
fidelity of 93%. Long-range ordering was observed, suggesting the
onset of quasi-crystallization predicted in such systems. Further
studies of time dynamics will be necessary for confirming this
result.

The imaging method achieves a spatial resolution of the order of
5 um, which is not affected by the diffusion of Rydberg excitations
in 7 state via dipolar hopping exchanges with Rydberg popula-
tions in 7 state [29-31,46]. This makes it well-suited to image
many-body dynamic processes. It should be noted that our fidelity
0f 93% is achieved using camera imaging instead of single photon
counting in Ref. [30]. Compared to photon counting using APD,
imaging with a camera generally produces much lower fidelity due
to read noise and other noises but gives quite better resolution.
Only with the novel scheme in our experiment, to our knowledge,
both high fidelity and good resolution are reached simultaneously
in fast imaging detection. Furthermore, our technique can be used
to detect a wide range of ' § states and may be further improved by
choosing lower-lying 7 states with larger €. In experiments with
optical lattices and optical tweezer arrays, Rydberg excitations are
detected by fluorescence imaging of ground-state atoms, which
allows for spatial and temporal resolutions on the order of 1 pm
and 1 ms, respectively. In comparison, the imaging here hasa much
faster temporal resolution of 3 ps but a somewhat lower spatial

resolution of 5 pm, the latter of which is comparable with typical
separations of adjacent tweezer arrays. Our imaging technique
could be applied for fast quantum state measurement of atomic
qubits or superatom qubits [30] as well as 77 sizu probing of dipolar
dynamics in many-body interacting systems [29].
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