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By preparing two distant emitters in entangled Dicke states via detection of a single photon, the subsequent
spatiotemporal photon emission is investigated. Depending on the parity of the established quantum state,
emission patterns for the second scattered photon are observed featuring spatial superradiance as well as
subradiance. We employ ultrafast single-photon resolving cameras with high spatial resolution disclosing the
spatiotemporal emission characteristics. By recording the first photon in one direction and the second photon in
another, revealing the spatial two-photon cross-correlation function g (r;, 1p), we characterize the collective
spontaneous emission behavior of two ions in free space. We explain the observed contrast of g?(ry, r,)
considering independently derived experimental parameters. Our results show how the detection of a single

photon can profoundly modify the collective spontaneous emission dynamics of an atomic ensemble.
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I. INTRODUCTION

Spontaneous emission of an atom can be modified by
imposing boundary conditions on the vacuum field as in
cavity quantum electrodynamics (QED) [1]. Another option
to change the spatiotemporal characteristics of spontaneous
decay exploits particle-particle correlations of ensembles of
atoms in free space leading to collective light emission known
as superradiance and subradiance [2,3]. The correlations
among the emitters may be induced by interactions, e.g., using
the Coulomb or Rydberg interaction [4—-6], or via exchange of
virtual photons in the case of small separations [7-13]. An
alternative route proposed for generating correlations among
emitters relies on the measurement of photons excluding
which-path information [14-17]. Erasing which-path infor-
mation has been realized by mixing the photons in a beam
splitter [18—22] or detecting them in the far field [23,24]. So
far, producing entangled states via projective measurements of
photons has been realized with ions [18,23,24], neutral atoms
[19,25], NV centers [20], and quantum dots [21,22].

Based on the direction of detection of a first scattered
photon, the generation of Dicke states has been suggested for
two atoms initially in the excited state [15,16]. Depending on
the parity of the Dicke state, either superradiant or subradiant
spatial emission patterns are predicted for the subsequently ra-
diated photon [26]. However, in all experiments so far, single
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spatial light modes have been picked out for the measurement
of the scattered photons, inhibiting the observation of genuine
spatial emission patterns of the emitted radiation. Here, we
report on experimentally projecting two distant ions, i.e., with
no direct optical interaction or electronic state coupling, onto
entangled Dicke states via photon detection followed by the
observation of the collective spatial emission patterns of the
subsequently emitted photon.

II. THEORY

Recording two photons scattered from an atomic ensemble
amounts to measuring the second-order photon correlation
function. For a pair of laser-driven two-level atoms, the
normalized second-order photon correlation function can be
derived from a master equation approach [15]. In the case of
coincident photon detection, the second-order photon cross-
correlation function reads

g2(r1, 1,7 =0)
3(r)—3
_ (1 +5)? cos? [2rdE)]
[1+4s+cosd(r)][l+s+cosdr)]

ey

Here, s denotes the saturation parameter of the atomic
transition |g) <> |e) and §(r) = k. T - d the optical phase ac-
cumulated by a photon recorded at position r if scattered by
atom 1 with respect to a photon scattered by atom 2, with d the
distance vector of the two atoms and k; the laser wave num-
ber. Note that g (r;, r», T = 0) depends on both the phase
accumulated by the first photon detected at r; and the phase
of the second photon recorded at r,. Here, g(z)(rl, r,t=0)
varies with §(r,) if the second detector at position r; is moved
along an axis parallel to the interion distance vector d, with an
initial phase depending on §(r;). In addition, g(z)(rl , I, T =
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FIG. 1. (a) Level scheme of the two-ion system in the Dicke
basis. Starting from |e, ¢) and measuring a spontaneously emitted
photon (gray) in the far field at r; such that 6(r;) =n2z, n €N,
the two-ion system is projected into the symmetric Dicke state |s) =
[exp (—id) le. g) + exp (i) |g, €)]/~/2. with ¢ = (K - d)/2. From
there, it emits a second photon with a spatial pattern corresponding
to spatial superradiance (blue). Contrary, measuring a photon at r;
with §(ry) = (2n 4+ 1)z, n € N, the system is projected into the anti-
symmetric Dicke state |a) = [exp (—i¢) |e, g) — exp (ip) |g, e)]/ﬁ,
and the second photon is emitted with a spatial distribution corre-
sponding to spatial subradiance (red). Laser light (black) couples to
symmetric Dicke states |g, g), |s), and |e, e) only; hence, for low laser
saturation, essentially |g, g) and |s) are populated, whereas |e, ) is
hardly occupied (yellow circles). (b) Relevant levels and transitions
of “°Ca™, driven by a red-detuned laser ~397 nm and a resonant
laser ~866 nm to obtain continuous fluorescence and laser cooling.
(c) Two “°Ca™ ions are trapped and continuously excited on the
S1/2-Py)» transition while the scattered light is collected by a lens
and, after passing a polarization filter, fed into a Hanbury-Brown
and Twiss setup using two microchannel plate (MCP) cameras to
measure g2 (x|, 15, 7). The sphere around the two ions sketches the
spatial pattern of g®(r;, r,, T = 0) as a function of r, for 8(r;) =
0.1m.

0) predicts a maximum detection probability for the second
photon at §(rp) = 0 if the first photon has also been recorded
at 6(r;) = 0, corresponding to spatial superradiance [17,26].
Oppositely, g?(ry, rp, T = 0) features at §(r,) =0 a mini-
mum detection probability for the second photon if the first
photon has been recorded at §(r;) = 7, corresponding to spa-
tial subradiance [see Fig. 1(a)].

III. EXPERIMENT

We employ a pair of “°Ca™ jons to investigate such col-
lective emission behavior in free space, held in a segmented
linear Paul trap with trap frequencies wx, radi, rad2)/27 =
(0.76, 1.275, 1.568) MHz for the axial and the two radial
modes, respectively. The trapped ions are continuously ex-
cited and laser-cooled by laser light near the S;,-Pi)»

transition at 397 nm, whereas a laser ~866 nm is pumping out
of the long-lived D3, state, see Fig. 1(b). A quantization axis
is defined by a magnetic field B = 0.62 mT oriented vertical
to the detection plane and coinciding with the polarization
direction of the exciting laser. A f/1.6 lens system collects
2.5% of the photons scattered by the ions on the S;/-Py),
transition. After passing a polarization filter, vertical to the
detection plane to ensure indistinguishably of the scattered
photons, they are fed into a Hanbury-Brown and Twiss setup
consisting of a nonpolarizing 50/50 beam splitter and two
synchronized microchannel plate (MCP) camera detectors
with 1000 x 1000 virtual spatial bins and a timing resolution
of 50 ps, thus combining both high spatial and high temporal
resolution, see Fig. 1(c). As each of the MCPs has a dead
time of 600 ns, we use two of these detectors to resolve
g (ry, ry, T) to better than the coherence time of the ion given
by tp,,, = 6.9ns [27].

We record the photon stream from the ion pair in the
far field on the MCP cameras. At a single photon count
rate of ~7 kHz for the first detector and ~8.5 kHz for the
second one, leading to a coincidence rate of ~68 mHz per
bin, we record data for ~205 h net. The total count rate of
~15.5 kHz is ~30% lower than theoretically predicted, where
the discrepancy results from experimental artifacts like sur-
face reflections, abberations, misalignments, and overfilling
of the detector area. To increase the statistics per bin, the
two-dimensional 1000 x 1000 spatial dataset of each frame of
each MCP camera is reduced to 1 x 96 bins, taking advantage
of the fact that the relevant spatial modulation of g*(r;, r;, )
occurs in one dimension only, i.e., parallel to the ion distance
vector d. We choose time bins of 2.5 ns, shorter than tp, ,
but significantly longer than the time resolution of the MCP
cameras, for again increasing the statistics per bin. Finally,
the two-photon correlation is stored in a data structure with
96 x 96 x 38 bins, encoding the position of the first (the sec-
ond) photon detection event at ry (at ry) and the photon arrival
time difference 7, with each entry of the data structure filled
on average by ~20 photon correlation events. From these
data (available online [28]), we compute the spatiotemporal
correlation g2 (ry, s, T)

IV. RESULTS

Let us now discuss the rich spatial and temporal phenom-
ena in the collective light emission of the two correlated
ions as measured by the two-photon correlation function
g?(ry, ry, 7): Selecting from the total dataset four different
values for the first photon emission direction, i.e., §(r;) =
0.17,0.7m, 1.0, 1.4, the correlation function is measured
as a function of the direction of emission of the second photon
8(ry), see Figs. 2(a)(i)—2(a)(iv). The plots demonstrate that,
depending on the direction of emission of the first photon,
different phases of Dicke states are projectively prepared,
which is proven by the altered emission for the second pho-
ton. The field of observation for the second photon, given
by the size of our Hanbury-Brown and Twiss camera active
area, captures ~10 periods of §(r;), i.e., 10 modulations
of g (ry, s, 7). Note that the contrast of the modulations
is most pronounced for photon emission events with small
photon arrival time differences 7 >~ 0, due to the short
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FIG. 2. (a) Histograms of the spatiotemporal photon (cross-)correlation function g®(r, r;, T) as a function of §(r,) (horizontal axis)
and photon arrival time difference t (vertical axis) for different directions of the first photon detection event (indicated as doted lines): (i)
8(r;) = 0.17, (ii) §(r;) = 0.77, (iii) 6(r;) = 1.0z, and (iv) §(r;) = 1.47. (b) Cuts of the histograms at T = 0, binned to §(r,) € [—27, +27]:
(i) spatial superradiance (blue dots) and subradicance (red dots) observed in the direction §(r,) ~ 0 in the case that §(r;) = 0.17 and §(r)) =
1.05 7, respectively. The asymmetry of the curve with 8(r;) = 0.1 results from the finite spatial binning, not allowing to select from the data
a bin with precisely 8(r;) = Or; and (ii) intermediate regimes between spatial superradiance and subradiance for the second spontaneously
scattered photon in the case that §(r;) = 0.7z (yellow dots) and §(r;) = 1.4 (green dots). Fitting the histograms by use of Eq. (2) leads
to the four correlation functions displayed as solid lines (in blue, red, yellow, and green, respectively); the position of the corresponding
first photon detection is indicated in (i) by dashed vertical lines. (c) Temporal autocorrelation function g (z): (i) Photon antibunching with
g?(r) = 0.29(6) is observed for 8(r;) = 8(r,) = 0.1 [at blue vertical dotted line in (b)(i)]; and (ii) photon bunching with g () = 1.42(16)
is measured for §(r;) = §(r;) = 1.0z [red vertical dotted line in (b)(i)]. Error bars correspond to one statistical standard deviation for all

subplots.

natural lifetime of the P/, exited state. Moreover, the phase
of the modulations changes with §(r}), i.e., depending on the
emission direction of the first photon, compare Figs. 2(a)(i)—
2(a)(iv). We further dwell into the spatial characteristics of
the collective emission by plotting cuts of the histograms
at the value of v =0, binned to only two periods 4(ry) €
[-2m, 4+27], see Fig. 2(b). The photon correlations show
distinct spatial emission patterns for the second spontaneously
emitted photon depending on 4(r;), i.e., the position of the
first photon detection event and thus the corresponding Dicke
state parity. We recognize a pattern with maximum emission
probability for the second photon in the direction §(r;) ~ 0
in the case that the first photon has been recorded at §(r;) =
0.1 [blue dots in Fig. 2(b)(i)]. For this setting, the two-ion
system has been projected approximately into the symmet-
ric Dicke state |s) = [exp (—i¢) |e, g&) + exp (ip) |g, e)1/v2,
with ¢ = (k; - d)/2, i.e., we observe the regime of spatial su-
perradiance [15,17,26]. By contrast, a pattern with minimum
emission probability in the direction 6(r;) ~ 0 is obtained if
the first photon has been recorded at §(r;) = 1.0 7 [red dots
in Fig. 2(b)(1)]. In this case, the two-ion system has been

projected approximately into the antisymmetric Dicke state
|a) = [exp (—i¢) |e. g) — exp (i¢) |g. €)]/~/2, corresponding
to the regime of spatial subradiance (see also Fig. 1). Note that
the slight deviation of 6(r;) from the more transparent value
3(r;) = 0 results from the spatial binning process outlined
above, see blue dots in Fig. 2(b)(i). However, this does not
impair the clear experimental observation of largely different
emission patterns for the second photon, depending on the
detection position of the first photon §(ry).

To model the experimentally measured data, we extend
Eq. (1) by including the Debye-Waller factor fJg, which
describes the residual motion of the trapped ions as well
as the momentum transfer induced onto the two-ion sys-
tem by the absorbed and emitted photons. Additionally, we
consider an offset of A ~ 0.2, resulting from dark counts
and events when the ions decay into the metastable D3/,
state and are pumped back into the fluorescence cycle by
the laser ~866 nm [29] (~6.5 % of the deexcitations). The
offset also includes a loss of contrast due to the convolu-
tions in the temporal and spatial binning process outlined
above. Thus, from Eq. (1), we find the theoretical model
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function:

2 [d(r)—6
a +S)2 cos [ (l'l)2 (l‘z)] IS{NF IS%VF

(2)(1- , I, T :O): + A, (2)
& [14 54 cos8(ry) fhwe][1+ 5 + cos 8(r2) fiye]
where fliy is given by [30]
. hig?(r;) 1\ hgir) 1\ 7ig(r:) 1
T — —— (N, -] N =)= N, Y : 3
JowF exp|: Moroc, (Nroc,) + ) Mo, (Nroc,) + ) may (Np) + ) 3)

Here, q,(r;), i = 1,2, describes the projection of the mo-
mentum transfer vector q(r;) = k; — k. f; onto the basis axis
o = x, Y, z of the underlying vibrational modes w, occupied
by (N,) phonons, where w, are the frequencies of the relevant
vibrational modes x = roc,, roc,, b. Note that, for the investi-
gated two-ion system, out of the six possible modes, only the
contrast-reducing modes have to be considered, namely, the
breathing mode wj, affecting the interion distance, and the two
rocking modes o, and @y, , acting perpendicular to the ion
distance vector d and describing the shear movement of the
ions along two orthogonal axes. For the investigated two-ion
system, the Debye-Waller factors calculate to fiwr ~ frwp =
0.51, considering the chosen angle of o &~ 135° between the
laser wave vector k; and the detector positions r;, i = 1, 2,
as well as the residual phonon numbers (N,) ~ 15, (Nroc,) &
9, and (Nio,) ~ 7 after cooling the two-ion system to the
Doppler limit. The saturation parameter of the cooling laser is
determined to s = 0.65, derived experimentally independently
from the Rabi oscillations of the autocorrelation function
g? (1) using a single trapped ion for different laser powers
[31]. With those values fixed, the only adjustable parameter
of the model function remains the phase 6(r;) of the first
recorded photon which is determined by a least square fit.
The corresponding results for gm(rl, r>, T = 0) for each of
the four phases §(r;) with A = 0.2 display remarkably good
agreement to the data, see Fig. 2(b).

Turning now to the discussion of the temporal features in
the measured photon correlation function g(z), we observe
that the photon autocorrelation function g®(ry,r;, T = 0)
displays antibunching for §(r;) = §(r) = 0.1 7 and bunch-
ing for §(r;) = &(rp) = 1.0m, see Fig. 2(c). Such spatial
variation of the photon statistics stems from the fact that laser
light couples only the symmetric states |g, g), |s), and |e, e) of
the two-ion system, not the antisymmetric state |a) [15]. Thus,
for low saturation of the two-ion system, essentially only the
two-ion ground state |g, g) is occupied, whereas the state |s)
is much less populated and the state |e, ¢) hardly at all. For
the spatial direction §(r;) = §(r2) = 0, i.e., when the photons
decay along the symmetric decay channels |e, e) — |s) or
|s) — |g, g), a recorded photon will thus in most cases orig-
inate from the transition |s) — |g, g), see Fig. 1. Hence, after
detection of a photon, the system must first be reexcited to the
state |s) before the next photon can be recorded. The resulting
time lag leads to antibunching of the photon stream [32]. By
contrast, for the two detectors located at §(r;) = §(rp) ~ m,
the autocorrelation g(z)(rl, r;, T) measures only photons
decaying along the antisymmetric decay channel |e, ) —
la) — |g, g) (see Fig. 1), giving rise to two consecutive photon
emissions and therefore to bunching of the scattered photons
[32]. Combining both the spatial and the temporal aspects

(

of the collective light emission of the two-ion system, we
recognize that the maximum of superradiance observed at
a position 8(ry) = 8(r;) &~ 0 is accompanied by photon
antibunching, whereas the maximum of spatial subradiance
appearing at 6(r) = 8(r;) & 7 goes together with bunching
of the photon stream.

V. CONCLUSION

We conclude that the collective spontaneous emission be-
havior of a correlated atomic array in free space features a
variety of astonishing properties, i.e., spatial superradiance
and subradiance accompanied by photon antibunching and
bunching, respectively. We observe these genuine features of
collective spontaneous emission with the most elementary
building block of photon emitters, a pair of noninteracting
trapped ions. Already, this conceptually simple setup leads to
a great wealth of spatiotemporal emission phenomena which
we experimentally characterized by measuring the second-
order photon correlation function g?(ry, r», 7). Neglecting
the phase dependency and focusing only on the spatial fre-
quency of g?(ry, r, T = 0) in the case of coincident photon
detection allows moreover the determination of the orientation
and separation of the two ions, i.e., imaging of the sample
[33]. By use of our simple and versatile model system of
two ions, we can trace back how quantum cooperativity is
established via projective measurements. We model the ob-
served behavior via a master equation approach, considering
independently derived experimental parameters. In the future,
we will explore collective spontaneous emission for crys-
tals with a larger number of ions, eventually extending to
two-dimensional arrays, aiming for projective preparation and
imaging of long-lived entangled states.

Source data for the plots shown are provided online [28].
The experimental data that support the findings of this study
are available from the corresponding author upon reasonable
request.
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