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Abstract

We study the photon statistics of weak coherent pulses propagating through a cold atomic
ensemble in the regime of Rydberg electromagnetically induced transparency. We show
experimentally that the value of the second-order autocorrelation function of the transmitted light
strongly depends on the position within the pulse and heavily varies during the transients of the
pulse. In particular, we show that the falling edge of the transmitted pulse displays much lower
values than the rest of the pulse. We derive a theoretical model that quantitatively predicts our
results and explains the physical behavior involved. Finally, we use this effect to generate single
photons localized within a pulse. We show that by selecting only the last part of the transmitted
pulse, the single photons show an antibunching parameter as low as 0.12 and a generation
efficiency per trial larger than that possible with probabilistic generation schemes based on atomic
ensembles.

1. Introduction

Highly excited Rydberg atoms enable long-range controllable atom—atom interactions [1]. This property
has been used to demonstrate entanglement [2, 3] and quantum gates between individual atoms [4, 5] and
more recently quantum simulation in atomic arrays [6, 7]. Besides using individual atoms, another
approach currently investigated is to use collective Rydberg excitations in atomic ensembles, which on top
of providing a medium with long-range controllable interactions also allows for an efficient quantum
light—matter interface. Such an interface has led to remarkable demonstrations of optical nonlinearities at
the single-photon level [8—10] that can be used for quantum nonlinear optics [11, 12] and quantum
information applications, including single-photon level transistors and switches [13—15], ‘contactless’
photon—photon interactions [16] and gates [17]. Rydberg excitations can also be used to generate single
photons in a quasi-deterministic fashion [18—21], contrary to ground state ensembles that usually rely on
probabilistic or heralded schemes [22].

The use of electromagnetically induced transparency (EIT) with excited Rydberg levels [23] provides an
efficient way of mapping light onto Rydberg excitations, leading to the creation of strong optical
nonlinearities in the transmitted light thanks to the phenomenon of Rydberg blockade. Under EIT
conditions, probe photons (characterized by the field E,,) resonant with a ground-to-excited state transition
|¢) — |e) can coherently propagate within a narrow transparency window with the use of an additional
resonant control field (€2.) that couples |e) to a metastable state |r) (see figure 1(c)). In this process, the
probe photons are mapped onto dark-state polaritons, propagating with a group velocity vg much smaller
than the velocity of light in vacuum ¢. However, if |r) is a Rydberg level, the dipole—dipole interaction
between Rydberg atoms prevents the excitation of two atoms to the Rydberg state if they are closer than a
distance known as the blockade radius (r,) [1], which destroys the EIT transparency condition for two
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Figure 1. (a) Schematic representation of the experimental setup. A probe pulse (in red) in a focused Gaussian mode (shaded
red) is incident on the atomic ensemble at a 19° angle relative to the dipole trap. The control beam (in blue) is sent in a
counter-propagating direction relative to the probe, with both the probe and pump focused in the center of the dipole trap by
two aspheric lenses. (b) The transmitted probe photons are sent through a Hanbury Brown and Twiss setup consisting of a
beam-splitter and two single-photon detectors SPD; and SPD, to measure the second-order autocorrelation function. The
various symbols in the figure refer to E,,: probe field amplitude, £2.: control field Rabi frequency, DM: dichroic mirror. (c) Atomic
level scheme and transitions used in the experiment. (d) EIT transparency window measurement (points) and numerical
simulation (dashed line) presented in section 4.4.
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Figure 2. Photon statistics for a square pulse. (a) Normalized coincidences between the trial 0 and trial #1,. The first value,
corresponding to 714, = 0, shows the normalized coincidences in the same trial, which gives a value of

g(Az)z(O, 0) = 0.908 + 0.004. Inset in (a) shows the temporal distribution of the input (in orange) and the output pulse (in green).
The solid lines indicate the experimental values and the dashed lines the results of the numerical simulations presented in
section 4.4. The black lines delimit the temporal window with At = 1.6 us, longer than the output pulse duration.

(b) Normalized coincidences with a bin size of 2At = 10 ns, as a function of the delay time 7. The value at zero-delay time is
¢?(0) = 0.31 + 0.03. Error bars in the plots correspond to one standard deviation.

propagating probe photons within the distance r,. As a consequence, strong scattering and absorption
associated with a resonant two-level medium occurs, whereby the probability of detecting two photons at
the same time in the transmitted light mode is ideally reduced to zero. More concretely, the probability for
two photons within a distance r, to be transmitted decreases roughly as exp(—Dy,), where D, is the optical
depth per blockade radius.

The transmission of weak, continuous-wave (CW) coherent input states of light through an ensemble of
atoms under Rydberg EIT has been investigated theoretically [8, 24-27], and experimentally with the
demonstration of single-photon-level nonlinearities and strong antibunching of the output light [8, 10].
However, the use of CW light makes it challenging to efficiently generate single photons localized in time, as
required for some applications in quantum information science [28—30]. It has been shown that localized
single photons can be retrieved from collective Rydberg excitations, which can be created by using an
off-resonant two-photon excitation scheme [18, 20, 21, 31] or by storage of weak coherent light pulses
under EIT conditions [19, 32]. However, this represents an additional experimental complexity and source
of inefficiency. The use of transmitted pulses (without storage) in Rydberg EIT could therefore potentially
lead to the generation of localized single photons with higher efficiencies, but the quantum statistics of weak
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pulses traveling under Rydberg EIT conditions has not been well studied yet. Moreover, as shown in [18],
reaching low values of g (0) requires very high Rydberg levels and high values of Dy, which are
experimentally hard to achieve, and low values of ¢?(7) are only observed for a small value of 7 (~100 ns).
Thus, reaching low values of g?) for the entire pulse is challenging.

In this paper, we study experimentally and theoretically the propagation of weak coherent input pulses
through a Rydberg EIT window. We measure the second-order autocorrelation function gg)t for short time
windows At inside the pulse for various input pulse shapes. We show that the values of gg)t strongly vary
during the transient phases, leading to very low values for the trailing edge, while the value for the full
output pulse is much higher. Similar behavior of ¢? during the EIT transients has also been observed
recently in reference [33]. Here, we perform a systematic experimental and theoretical investigation to
better understand the underlying physics. We develop a theoretical framework that can quantitatively
predict our experimental results and explain the physical behavior involved. In addition, we investigate the
use of the transient regime for the production of higher quality narrowband single photons by measuring
g(Az)t as a function of the photon generation efficiency and comparing the results with the single photons
obtained via storage in the Rydberg states.

2. Experiment

Figure 1 shows a scheme of the experimental setup. A cloud of cold 8’Rb atoms is loaded in a dipole trap,
with an atomic peak density of ~ 4 x 10! cm™ and a transverse size of 34 um. The experimental sequence
is the following: we start by loading a magneto-optical trap (MOT) for 2 s, followed by a compression of the
MOT and a molasses period; the dipole trap is switched on 500 ms after the beginning of the MOT and it is
switched off during the excitation of the atoms to the Rydberg level, to avoid losing atoms and remove AC
stark shifts. This is done by modulating the dipole trap with a period of 16 us, which leaves a time of less
than 8 ps to perform one experimental trial. Each trial consists of a Rydberg EIT experiment. That is, every
time the dipole trap is switched off, we send a probe pulse together with the control beam and measure the
output photons. This is repeated 13 000 times during the dipole trap lifetime, which gives a total
experimental rate of 5.73 kHz.

The atoms are initially prepared in the ground state [g) = |5S;/,, F = 2) and resonantly coupled with the
state |e) = [5P;), F' = 3) by a weak probe field of 780 nm. The excited state is also resonantly coupled with
the Rydberg state [r) = |90S, /,) using a counter-propagating control beam at 479.4 nm (see figure 1(c)).
The probe beam is sent with an angle of 19° with respect to the dipole trap beam (see figure 1(a)) and
propagates through the medium with an optical depth of D ~ 10.6. It is focused in the center of the atomic
medium with a beam waist of w, ~ 6.5 pum. Figure 1(d) shows the transmission spectrum of Rydberg EIT
in our cloud, for an input photon rate R, ~ 0.3 MHz. The other relevant parameters of the system are the
spontaneous emission rate of the excited state |e), given by I' ~ 27 x 6 MHz [34], a control field Rabi
frequency of 2€). ~ 2w x 6.4 MHz, and a dephasing rate of the Rydberg level of 7, ~ 27 x 0.8 MHz. The
resulting EIT bandwidth, giving the full width at half maximum of the resonant transmission peak, is
dgrr &~ 21 x 2.3 MHz, while the EIT group velocity is vg ~ 200 ym ps~' and the EIT delay time for a pulse
to propagate through the medium is 7gr &~ 0.5 ps. Thus the average number of input photons in the
medium during this propagation time is no more than Ri,7grr = 0.15. For such low photon numbers,
nonlinear effects associated with Rydberg interactions have negligible effect on the transmission spectrum,
and the deviation from unit transmission on EIT resonance in figure 1(d) is attributable to the dephasing
rate of the Rydberg state ~,. The blockade radius for our experimental parameters is 7, &~ 13 pum, which is
larger than the probe beam waist and thus restricts photon interaction dynamics to the same transverse
mode. The optical depth per blockade radius is Dy, ~ 0.9.

We characterize the quantum correlations of the output light via the second-order autocorrelation
function, defined as:

(E'()E'(t + 7)E(t + T)E(1))
(ET(t)E(t)) (ET(t + T)E(t + 7))’

where E(t) is the electric field operator for the transmitted light at time t. We measure the second-order
autocorrelation function by sending the output pulses through a Hanbury Brown and Twiss setup, which
consists of a beam splitter and two single-photon avalanche detectors (SPDs), as shown in figure 1(b). The
arrival times of the photons for each detector, together with trigger times for each trial, are saved in a
time-stamp file.

g2, 7) = (1)

Experimentally, we estimate the idealized definition of the autocorrelation function in equation (1) by
first selecting a detection time window At. Then, gg)t(t, T) is obtained from the equation

Poa(t,t+7)

Qt,7) = , (2)
8at Piad(t)Pons(t+7)
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Figure 3. Transient photon statistics for a square pulse. The counts per trial (right y-axis) of the input (orange) and output
(green) pulses are shown with respect to the arrival time at the photodetector. An example of the At = 200 ns window that we
take to calculate g7 (¢) is shaded in green. The measured second-order autocorrelation function (blue points, left y-axis) is
shown for different starting times ¢ of the 200 ns window along the output pulse. The highlighted point (larger blue data point)
corresponds to the shaded region. The dashed blue line shows the second-order correlation function obtained from the
numerical simulation of g (¢) presented in section 4.4, which corresponds to the case of At — 0. For comparison, in the
top-right inset we show that the average ss experimental value g(AZ)t(tSS) tends to the theoretical g2 (f) ~ 0.3 for smaller At (the
dashed orange line is a linear fit to guide the eye). Note that there are a number of fine temporal features in the theoretically
calculated g (#), which are not observed experimentally. This could be due to the relatively large values of At used in the
experiment, which would smooth out such features. The error bars correspond to one standard deviation.

where ¢ is the starting time of the detection window in the detector SPD; and f + 7 is the starting time in
the detector SPD,, both measured with respect to the trigger time. Piy a((t, t + 7) is the coincidence
probability between the two detectors and Py a((f) and P, a((t + 7) are the detection probabilities in
detector SPD; and SPD,, respectively. The normalization factor Py a.(t)P2,a((t + 7) is obtained by averaging
the number of coincidences between photons arriving to the first detector in one trial and the photons
arriving to the second detector from the 5th to the 20th following trials, where there is no correlation (see
figure 2(a)). The correlation between the first five trials can be explained by the creation of long-lived
pollutants [35, 36]. The transmission efficiency from the ensemble to the first detector is 0.23 £ 0.02, taking
into account all the optical elements, and the SPD; detection efficiency is 0.43 £ 0.04.

3. Time-resolved photon correlation

First, we study the photon statistics for the case of a square pulse with a temporal length of 1 us and a mean
number of photons of & 1.5, propagating through the Rydberg medium under EIT conditions. This
corresponds to a mean number of photons in the medium at a time of 0.8. In the inset of figure 2(a), we
plot the temporal shape of the input and output pulses, showing an EIT transmission efficiency of

1 = Nout/Nin = 0.285 £ 0.016, where Noyin) is the total number of counts in the output(input) pulse.
Figure 2(a) shows an example of the autocorrelation measurement for At = 1.6 us, sufficiently large to
include the whole output pulse (see the detection window delimited by the black dashed lines of the inset).
The normalized coincidences for the trial number 7, = 0 lead to gX)t(O, 0) = 0.908 = 0.004, which shows
that while the full output pulse displays quantum statistics, it is still far from being a single photon.

We then select a small detection window of At = 5 ns and integrate the numerator and denominator of
gg)t(t, T) (see equation (2)) over all the possible values of ¢ within the pulse duration. We refer to this
quantity as g(z) (7). The results are shown in figure 2(b). For 7 = 0, we obtain ¢*(0) = 0.31 4 0.03,
demonstrating the single-photon nature of the output light, as shown previously in [8, 13—-15, 19].
However, we see that g(z)(T) quickly increases to 1 for 7 > 350 ns, much shorter than the pulse duration.
We note that a time of 7 = 350 ns corresponds to a spatial distance of 70 pm >> r, given the EIT group
velocity vg,. The fact that the distance exceeds the blockade radius can be explained by a diffusion effect that
arises due to the narrow spectrum of the EIT transparency window [8].

To get a better understanding of the dynamics of Rydberg polaritons, we perform a more detailed study
of the second-order autocorrelation function within a pulse. To this end, we select a detection window At
much shorter than the pulse duration and we measure the zero-delay autocorrelation function g'2)(t,0) as a
function of the starting time of the detection window t. For simplicity, gX)t(t, 0) = gX)t(t) henceforth. An
example is shown in figure 3 where we show the gX)t(t) (blue points), obtained by taking a window of
At = 200 ns (green shadowed region), for different positions of this window throughout the output pulse.
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Figure 4. Transients for triangular pulses. Second-order autocorrelation function (in blue) for a detection window At of 200 ns
along the output pulse, along with the temporal distribution of the input (in orange) and output (in green) counts for triangular
shape pulses with negative (a) and positive (b) slope. The error bars correspond to one standard deviation. The dashed blue line
shows the second-order correlation function obtained from the numerical simulation of g (¢), which corresponds to the case of
At — 0. The dashed lines in the top-right insets indicate the simulated input and output intensities. The details of the numerical
simulations are presented in section 4.5.

One of our main results is that we find that the second-order autocorrelation function is not constant
throughout the pulse duration, but decreases towards the end of the pulse. In fact, we observe three
different regimes. For early times (# < 0.4 ps), a first transient associated with the rapid turn-on of the
pulse is observed, exhibited by a decrease in gg)t(t) and an increase in the output intensity over time. We
measure gg)t(t) =0.8+0.1fort=0and gg)t(t) = 0.53 £ 0.02 for t = 0.3 ps. In the steady-state (ss) region
(0.4 us < t < 1 us), both gx)t(t) and the output intensity are constant over time. Note that in this region,
the value of gx)t(t) decreases as we decrease the time window At, as shown in the top-right inset of figure 3.
This is because lowering At effectively narrows the range of possible delay times 7 between two photons
(see figure 2(b)), while Rydberg blockade makes the detection of directly overlapping photons in time
improbable. Finally, when the input pulse is switched off (¢ > 1 us), a second transient is observed.
Although a decrease in the output intensity is expected, g(Az)t(t) follows the same behavior in the same time
range, decreasing until reaching a value as low as g(Az)t(t) = 0.12 £ 0.05 for t = 1.4 us. These distinct
behaviors of gg)t(t) during the turn-on, steady state, and turn-off periods can be understood theoretically,
as we will describe in the section 4.

To show the dependence of these transients with the shape of the input pulse, we also study the
propagation of triangular pulses (see figure 4), following the same method described above. For this set of
measurements, D & 5.5, 2Q0. ~ 27 x 6.0 MHz, vy, ~ 27w x 1.0 MHz, and the mean number of photons per
pulse is < 0.5. In the case of a triangular shape with a negative slope (see figure 4(a)), the probe field is
switched on abruptly but slowly switched off. Here, we observe that gg)t(t) starts with a value close to 1, but
then it decreases rapidly towards smaller values, remaining nearly constant at the end of the pulse with
g(Az)t(t) = 0.52 £ 0.13 for the last point (# = 0.8 us). For a triangular shape with a positive slope
(see figure 4(b)), i.e. slowly switched on and abruptly turned off, we only observe a clear transient at the
end of the pulse, since gX)t(t) starts to decrease when the input pulse intensity goes to zero (¢ > 1 us). A
value of gX)t(t) = 0.05 + 0.04 is obtained for the last point (t = 0.8 yus), which is much lower than the
observed value for the triangular shape with negative slope.

These results show that the appearance of the transients depends on how the input pulse varies over
time. Specifically, very low values of gg)t(t) are observed at the end of the pulse only if the decrease in
intensity of the input pulse is fast enough.

4. Theoretical model

Here, we numerically analyze the transient behavior observed experimentally and also provide an intuitive
model that elucidates the underlying physics in the simplest case of a fully blockaded medium. Afterward,
we use this model to understand the experimental results. We first briefly discuss our numerical ‘spin
model’ technique. The features of the output field are expected to only depend on the control field €2, on
the optical depth D of the entire medium and on the optical depth Dy, per blockade radius, but not on the
total number of atoms or on the per-atom coupling efficiency of the probe mode separately. Taking
advantage of this observation, it is then possible to investigate an artificial, quasi-one-dimensional system of
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Figure5. Analysis of the dynamics of a weak square input pulse for a control Rabi frequency of Q. = I'/2, D = 3.6 and a fully
blockaded system. (a) The normalized output intensity I(¢) as a function of time (yellow) and the correlation function G (1)
(green). The intensity of the input pulse E,, (normalized to unity) is also shown in black for reference. Three distinct regions in
the dynamics can be observed, turn-on (T-ON), steady state (SS) and turn-off (T-OFF). (b) Normalized second-order
correlation function g (¢) (red), output intensity I(¢) (yellow) and G2 (t) (green) in the turn-on stage, with the input again
shown for reference (black). (c) g (¢) (red), I(t) (yellow) and G®(¢) (green) in the turn-off stage.

a much smaller, tractable number of atoms with increased coupling efficiency to the probe, while
maintaining the same D, Dy, of the experiment. In all subsequent numerical simulations, we fix the optical
depth per atom on the |g)—|e) transition (absent EIT) to be Dyiom =~ 0.36 and vary the number of atoms to
tune D. Furthermore, the dynamics of the atomic internal degrees of freedom (‘spins’) are encoded in an
interacting spin model, whose solution can be used to re-construct all field properties via an input—output
formalism. Details of this formalism can be found in references [37, 38] and its previous application toward
modeling Rydberg EIT experiments is described in reference [35]. Our numerical calculation truncates the
Hilbert space to two total atomic excitations (in the states |¢) and/or |r)) and ignores quantum jumps,
which is valid in the regime of weak probe light [37]. Moreover, we will restrict ourselves to the case where
the probe field and the control field are resonant with the |g)—|e) and |e)—|r) transitions, respectively.
Analytically, we consider the simplest model where similar transient behavior can be observed,
consisting of the limit where the probe input field E, () approaches a square pulse with amplitude E,, when
turned on and where the system is fully blockaded, so that two atoms cannot simultaneously be in the
Rydberg state |r). We consider a square pulse long enough that all observables equilibrate to a ss value at
some point during the period where the pulse is turned on, and we assume that the dephasing of the
Rydberg state is negligible. We note that the calculated transmittance and second-order correlation
functions are independent of the specific value of E,; used in the simulations, provided that we restrict to a
‘weak driving regime’ where the two-excitation population is negligible compared to the single-excitation
one. In figure 5 we show a representative plot versus time of the normalized output intensity
I(t) = (|E"(+)E(t)|4)/E2,, the normalized ‘two-photon intensity’ G® = (y|E™()E*(t)|v)) /E}, and the
normalized second-order correlation function at zero delay g(z)(t, 0) = GA(t) / (1) = g(z) (t). We can
clearly identify three separate regimes of behavior: the initial turn-on, the steady state and the final turn-off.
Below, we analyze each regime separately in more detail.

4.1. Steady state

We begin with the ss properties, which have already been extensively studied in reference [8]. First, we note
that in the weak driving regime, the output intensity is predominantly dictated by the single-excitation
component of the atomic system (since the one- and two-photon populations of the incoming pulse scale
like ElzJ and E;, respectively). As the single-photon component does not experience Rydberg nonlinearities
and sees perfect transparency associated with EIT, it results that the normalized intensity I(t) ~ 1 in the
steady state (yellow curve in figure 5(a)). On the other hand, the two-photon intensity G? is efficiently
attenuated due to the destruction of the EIT transparency condition by the Rydberg blockade. For a fully
blockaded medium, the ss value of the output second-order correlation function was proved to be
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Figure 6. Schematic representation of the atomic level scheme for a fully blockaded medium in the weak driving regime. Within
the single-excitation manifold, one atom can either be in the excited state |e) or in the Rydberg state |r), as represented by the
subspaces [1),,), respectively. Similarly, in the two-excitation manifold, either one atom can occupy the state |e) while another
one the state |r), or two atoms can simultaneously occupy the state |e). The pathways by which the subspaces can become excited
by either the probe (E,) or by the control field (£2.) are indicated by dashed arrows, while the free-space emission rates due to
decay of the excited state |e) by green wavy arrows.

decreasing with D and increasing with (2. and to admit the following approximate expression in the limit of

. . L 2) 1+(QC/F)2 -D
high optical depth: g{?) ~ 4——F5— exp (0T [8].

4.2. Turn-on

Once we switch the probe field suddenly on at t = 0, the system evolves toward the ss configuration. In
figure 5(b), we show a representative plot of g(z) (t) during this transient period. To further understand the
behavior, it is convenient to utilize an input—output relation, which formally allows one to express the
output field operator as a sum of the input field and the field re-emitted by the atoms. In a
quasi-one-dimensional propagation problem, this takes the form [37, 38]:

N
T .
E=E,(t) — i/ %D > el (3)
h=1

Here, Ué‘e = |gn)(en| is the atomic lowering operator associated with atom , |g,,, e) are its ground and
excited states, respectively, zj is the position of atom /, and k, = w,g/c is the probe beam wavevector, where
cis the speed of light in vacuum. We have normalized the field such that E'E has units of photon number
per unit time and I'yp is the emission rate of atoms into the Gaussian mode defined by the input probe
beam. The spontaneous decay rate " of the excited state is decomposed into the sum of I';p and I”, where
I is the decay rate into noncollectable directions and represents the losses. The optical depth reads

D = 2N log (EU}T—F) , and in our spin model simulations we fix I';p /T = 0.2, so that the optical depth

per atom results to be Dyiom = 0.36. Since the atoms are initially in the ground state and the atomic
properties must evolve continuously, one finds agew(t =07)) = 0 ata time t = 0" immediately after the
turn-on of the pulse. From equation (3), this implies that the output field is the same as the input field
immediately after turn-on, and in particular, g(z)(0+) = 1 reflects the coherent-state statistics of the input
field. This also causes the first peak in the transmitted intensity immediately after turn-on, shown in
figure 5(b), which can alternatively be thought as arising from frequency components of the input field
during the turn-on that are too far detuned to interact with the atoms.

We now characterize the time scale 7 over which g () is expected to approach its ss value,
g9 (1) ~ g!?). To do so, it is helpful to draw a schematic of the possible atomic levels that can be excited in
the weak-probe limit (up to two excitations), as indicated in figure 6. Here, we denote |1}, ,) as the manifold
of states where only one atom is excited to states |e), |r), respectively. Similarly, |¢,, ,,) denote the manifold
of states where one atom is in |e) while another is in |r), or two atoms are in the state |e) (recall that we
consider a fully blockaded medium, so two atoms cannot occupy state |r)). We denote with dashed arrows
the possible paths by which these states can be excited by the probe and control fields. We have also
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depth D in simulations from 1.8 to 9.1 and the control field €2 from I'/100 to I"/2. The values of 2. are indicated by the
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indicated by the wavy green arrows the rates of dissipation of these states due to spontaneous emission into
4.

In the limit of a weak probe beam, the population of the two-excitation manifold is sufficiently small
that its back-action onto the evolution of the single-excitation manifold can be neglected. Furthermore,
since the coupling of the probe and control fields between the ground state and the single-excitation
manifold behave as if they were undergoing EIT in the linear optics regime, their dynamics are
straightforward to analyze. In particular, the square pulse should propagate through the system at the
reduced EIT group velocity vg, and its leading-edge should reach the end of the medium in a time
Terr = L/vg = pr’ /492, The single-excitation manifold effectively acts as a source to populate the
two-excitation one (see figure 6), and the two-excitation manifold should reach the steady state within a
time ~ I'""! of the single-excitation manifold doing so, due to the spontaneous emission rate of states
within this manifold (see wavy green arrows in figure 6). As this time scale is negligible, we then expect that
To ~ TEIT-

In figure 7, we confirm this scaling numerically. In particular, we vary both the control field amplitude
Q. and optical depth D over a large range of values. We further define 7 as the time in which the
numerically obtained fractional difference between the transient value of the second-order correlation
function and its ss value |g® (7p) — g?|/g? drops below 0.005. We see that 7y = 77 over the entire range
of parameters studied, and independent of the specific values of D and €2, separately.

4.3. Turn-off

In figure 5(c) we show the output I, G and ¢® when we switch the probe field suddenly off, starting from
a ss initial condition. The dynamics exhibits two notable features. First, discontinuities can develop in the
observables immediately after the shutoff. Second, one sees that the second-order correlation function

g (t) approaches zero at sufficiently long times, indicating a stronger antibunching than the one realizable
in the steady state. We begin by analyzing the dynamics in the vicinity of the shutoff of the probe, which we
define to occur at the time .

Using the input—output relation of equation (3), one sees that the output field operator E evolves
discontinuously. In particular, the outgoing intensity at a time ™ immediately following the shutoff,
(E'(£7)E(tT)), will only be due to purely atomic emission and jump from its value at £~ immediately before
the shutoff. Furthermore, since this intensity is dominated by the single-excitation component for weak
driving, and as the |e)-state component of this manifold is unpopulated (]1,) = 0) due to perfect EIT, the
atoms are not able to emit light instantaneously and one finds I(f") ~ 0. Conversely, the normalized
two-photon intensity G experiences a discontinuous increase. In ss conditions and high optical depth, its
value G < 1 can be understood from equation (3) as nearly perfect destructive interference between the
incoming field and the field re-emitted by the atoms, since two photons cannot be efficiently transmitted
due to the Rydberg blockade. Therefore, if the input field is instantly extinguished, the two-photon
outgoing intensity is due to a purely atomic emission which, for large D, is almost equal in amplitude
(but opposite in phase) to the incoming field. As a consequence, one expects that G? (7t) — 1 and
g (tT) — oo in the square pulse limit. For a continuous switch off, a flash of bunched output light can still
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Figure8. Analysis of the single-excitation dynamics in the turn-off regime. (a) Representative plot of the normalized output
intensity I(t) for D ~ 23 and Q. = I'/5. The single-excitation characteristic time 7y is defined as the amount of time needed,
following the turn-off (occurring at time 7 ), for the normalized intensity to drop to half of its ss value, I(f 4+ 7;) = 0.5. (b) Detail
of the short times dynamics. (c) Relationship between 7; and the EIT propagation time 7 sampled by varying D form 9.1 to
27.3 and 2, from I' /100 to I"/2. The values of Q. are indicated by the different colors, as represented in the colorbar to the right.

emerge if the time scale of the shutoff is faster than the time needed by the atoms to react, which is roughly
~T7"[33].

The analysis of the transient dynamics following the instant shutoff of the probe is made easier by
noting that the single- and the two-excitation components of the atomic system become decoupled when
E, = 0 (see figure 6) and we can thus investigate the dynamics in each manifold separately. Immediately
following the shutoff, any atomic excitation in the single-excitation manifold takes the form of a spin wave
in the Rydberg state |1, (1)) = [1b§*) ~ >, €7 |r,) due to the perfect EIT condition. This makes the
subsequent dynamics equivalent to the retrieval of a stored spin wave in an EIT-based quantum memory.
We will restrict ourselves to the regime of reasonably high D and small €2, such that the retrieved field takes
a similar spatial form as the spin wave itself (in contrast when . > T, the outgoing pulse can oscillate due
to Rabi flopping dynamics between |e) and |r)). In figure 8(a), we show a representative plot of the output
intensity as a function of time following the shutoff, for D &~ 23 and Q./T" = 0.2. Due to the finite
bandwidth of the EIT transparency window, the shape of the retrieved output intensity is smoother than the
flat rectangular shape of the ss spin wave itself. We define a characteristic time 7} as the amount of time
following the shutoff for the normalized outgoing intensity to reach half of its ss value, I( + 71) = 0.5. We
expect that 71 & Tgir, i.e. 71 should approximately coincide with the time needed to propagate across the
medium at the reduced EIT group velocity. In figure 8(c), we plot the numerically extracted 7| over a broad
range of optical depths and control field amplitudes and see a good agreement with the expected result.
Finally, we remark that at short times following the shutoff, the outgoing intensity can exceed the ss
intensity of the original square wave input, I(t) > 1, as illustrated in figure 8(b). Physically, at short times,
the control field can drive the original spin wave stored in the state |r) into a ‘bright’ spin wave
~ >, €ke7|e,). Tt is known that such a spin wave experiences collectively enhanced or superradiant
emission into the forward direction [39, 40], at a rate ~ I'D/4, which physically arises from the constructive
interference between the light emitted by different atoms in this direction due to their relative phases
~ eikpzh‘

We now turn to the two-photon intensity. In figure 9(a) we show a representative plot of the output
G@ (1) at the turn-off. One sees that at short times it rapidly decays to zero with a hump-like profile, while
at long times it exhibits slower oscillating features. We define a characteristic temporal length of the short
time behavior, 7, as the amount of time for the normalized two-photon intensity to reach half of its value
immediately after turn-off, G (t+mm) = G@ (t)/2. Numerically, we find that 71y scales like 1/D, as shown
in figure 9(b). This can be understood as both the er and the ee components of the two-excitation ss wave
function |¢5°) are phase-matched and emit in a collectively enhanced fashion immediately after turn-off.
However, as [¢$*) is not an eigenstate of the system, it can undergo spatio—temporal evolution. At long
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e T for reference (dashed yellow line).

times, the emitted two-photon intensity will thus no longer be collectively enhanced but will decay at a rate
~ I' comparable to the single-atom decay rate. This behavior can be seen in figure 9(c), by comparing the
envelope of G2 at long times with ¢~

We can now finally understand why g(z)(t) = G(¢) / I(¢)? decreases below its ss value at long times after
the turn-off. In particular, with increasing optical depth, the numerator G?(¢) describing the
two-excitation component rapidly decays on a time scale 71 o 1/D due to collective enhancement (with a
small residual component decaying at the single-atom rate ~ I'), while the denominator persists for a
longer time 71 < D due to the slow retrieval dynamics of the single-excitation component.

4.4. Simulation of the experiment—rectangular pulse

To reproduce the experimental measurements of the square pulse dynamics, we add the motional dephasing
7, of the Rydberg atoms to the numerical simulation, incorporating it into an effective decay rate of the
states |r). By setting D, 2, T, and +, to the values given in section 2, the numerical results obtained for the
linear transmission are in good agreement with the experimental EIT transmission and with the output
counts, shown in figures 1(d) and 2 (a), respectively. Moreover, we remove the fully blockaded hypothesis
and model the finite blockade with an interaction potential of the form V, = V; (rb / r) 6, where r, is the

) —1/2
blockade radius and Vy = 293 [FlD (ZF + FID)} is the single-atom bandwidth. By setting D), to the

value in section 2, one finds g!?) ~ 0.3, which is in agreement with the 7 = 0 value of figure 2(b). In

figure 3, the resultant pulse analysis is shown, and it is worth noticing how the measured gX)t(t) tends
towards the numerically predicted g (£) as one decreases the length of the detection window At (as shown
in the top-right inset of figure 3).

In order not to affect the validity of the truncation of the Hilbert space to the double-excitation
manifold, the maximum input field amplitude E, in the simulations must be small enough to keep the
two-excitation population negligible compared to the single-excitation one. In our simulations, it has been
set E,, = 107*I'\/2/I"1p. Again, as long as we are in the weak driving regime, the transmitted intensity and
second-order correlation functions are independent of this specific choice.

4.5. Simulation of the experiment—triangular pulse

Analogously, to quantitatively reproduce the triangular pulse dynamics in figure 4, we add the motional
dephasing v, of the Rydberg atoms to the spin model and consider finite blockade. We set D, Dy, €2, and 7,
to the values given in section 3 and reproduce well the measured output intensity of the system, as shown in

10
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Figure 10. Numerical analysis of the photon statistics for triangular pulses of different slopes. (a) The system begins in the steady
state and the input field is decreased linearly. (b) The system is in the ground state and the input field is increased linearly up to
E,, (ie. Ij, = 1).~D, Dy, 7,, and €2 are set to the experimental values of section 3. The time-dependent input intensity, I;, (¢),
output intensity Ioy(t), and second-order correlation function g (¢) are denoted by the solid orange, green, and blue curves,
respectively. The middle panels exhibit almost the same slopes of the triangular pulse as the experimental pulses in figure 4.

the insets of figure 4. Our numerically simulated second-order correlation functions g (£) also qualitatively
agree with the detected gX)t(t). The peak amplitude value E, has been set to 10~ *I"y/2/T"1p in the
simulations.

To better understand the dynamics for the triangular pulse with negative slope, numerically we can
consider a related situation, where a pulse of constant amplitude is sent in until the system reaches steady
state, before the input pulse is then gradually shut off in a triangular fashion. In figure 10(a) we show the
simulated output field properties, varying the slope in the three panels from a fast decrease to slow. Here,
we have set the system parameters D, Dy, 7,, and ). to the experimental values listed in section 3, while the
slope in the middle panel closely corresponds to that in figure 4(a). For the fast decreasing slope, the atomic
medium cannot equilibrate with the decreasing pulse amplitude, and thus a gradual decrease of g (¢) is
clearly visible, similar to the transient behavior following the turn off of a square pulse presented in
section 4.3. For the slowest decaying slope, g (1) is essentially constant in time and identical to the steady
state value. It can be seen that the negative slope closely matching the experimental situation (middle panel
of figure 10(a)) corresponds to an intermediate situation, which exhibits both a temporal region where
¢?(t) remains close to its ss value, while exhibiting a transient decrease later.

We then perform a similar analysis, simulating an atomic system that begins in its ground state and a
triangular input field of different slopes is turned on. The results are plotted in figure 10(b), again varying
the slope from fast to slow. In all cases considered, the second-order correlation function g(2> (t) exhibits a
transient behavior right at the turn on, before settling to its ss value even as the pulse continues to increase.
We observe that the initial transient occurs during a comparable time scale as the instantaneous turn-on
case analyzed in figure 7.

5. Single-photon generation and storage

The turn-off transient, where gg(t) strongly decreases, opens the way for possible applications related to
narrowband single-photon generation. For that purpose, we could cut the output pulses and exploit the
single photons arriving in the last part of the pulse. To analyze this proposal, we select a temporal window
at the end of the pulse when looking for detection counts and coincidences. Then, we measure the ggi(t)
values of the photons arriving inside this window and their corresponding detection and generation
probability. The generation probability is inferred as P, = Ny /74, where N is the number of counts per
trial arriving to SPD; in the selected time window and 7, is the detection efficiency, including fiber
coupling, transmission through all the optical elements and single-photon detector efficiency. Figure 11
shows an example of the single-photon generation for a time window At = 500 ns and ¢t = 1.2 ps (see inset
plot). When measuring the normalized coincidences for consecutive pulses (see figure 11(a)), we get a value
of g(Az)t = 0.218 £ 0.015 significantly lower than for At = 1.6 us. Moreover, the time resolved measurement
within one pulse (see figure 11(b)) shows that the values of ¢ (7) remain low for the full window, showing
the generation of a localized single photon.
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Figure 11. Single-photon generation: example of single-photon generation with At = 500 ns. (a) Normalized coincidence
counts between different trials, leading to a value of g(AZ), = 0.218 4 0.015 for 1 = 0. (b) Time-resolved measurement of g (7)
leading to a zero-delay value of g (0) = 0.15 + 0.03. Error bars correspond to one standard deviation.

To further study the effect of the temporal window, we then vary Af, while keeping the final time
t+ At = 1.7 ps fixed. Figure 12 shows the results for different duration of the temporal window, for
Gaussian and square input pulses. When we increase the time window, the probability to have a detection
count increases, but at the expense of reducing the quality of the single photons. For the previously studied
square pulse, g(Az)t(t) = 0.48 £ 0.01 is obtained for At = 0.68 us and a generation probability of
0.145 £ 0.014, while gg)t(t) = 0.147 £ 0.017 is obtained for At = 0.45 us and a generation probability of
0.046 £ 0.004. We compare the results for the square pulse with the case of a Gaussian input pulse. We see
that the Gaussian pulse leads to a higher value of gg)t(t), for all generation efficiencies, compared to the
square pulse. This confirms that a fast shutoff of the input pulse is beneficial for the production of single
photons.

We also compare the results with the strategy consisting of storing the input Gaussian pulse in the
Rydberg state [19, 41-43]. This can be made by switching off the control beam (£2. — 0) when polaritons
are traveling inside the medium. After a storage time of g = 500 ns, we can retrieve the output pulse by
switching on again the control beam. This method allows for an increase in the quantum character of the
output pulse without changing the experimental conditions. Due to our limited D, the entire input pulse
cannot be compressed inside the medium and only a part of the pulse can be stored as Rydberg excitations,
importantly reducing the output efficiency. In figure 12, we show the g(Az)t obtained after storage and
retrieval (in green), for At taking into account the whole retrieved pulse (see figure 12(a)). As we can
observe, the ¢') in the storage case is similar to that obtained in the turn-off transient of the transmitted
square pulse, for the same generation probability (see green and orange points of figure 12(b)). However,
for lower quality of the output photons, i.e. higher values of gg)t, the generation probability in the transient
case importantly increases.

Finally, in figure 12(c) we plot gg)t as function of the inverse of At, which is proportional to the photon
bandwidth. Values of g (At) < 0.2 can be achieved for 1/At ~ 2 MHz, showing that high quality,
narrowband single photons can be generated with this technique.

As shown in section 4, increasing the optical depth and reducing the Rabi frequency of the control field
results in a better separation between the two-photon dynamics and the single-photon one and therefore
leads to a smaller value of gg)t in the turn-off transient. However, the single-photon generation efficiency is
currently affected by the low value of the transmission in the EIT transparency window, which is likely
limited by the decoherence rate of the |g) to |r) transition, which also enforces a lower bound in the choice
of Q.. We expect that reducing the laser linewidths by active stabilization on an optical cavity would yield a
significant increase in the EIT transmission and also make lower choices of the Rabi frequency of the
control laser possible. Moreover, a larger value of Dy, would allow a more efficient compression of the pulse
within a blockade radius. The current values of generation efficiency achieved (around 10%) are
comparable with the values reported in single-photon generation experiments using off-resonant (Raman)
excitation to the Rydberg states with cold atomic ensembles [18]. It is informative to compare this efficiency
with probabilistic techniques of single-photon generation with atomic ensembles, such as e.g. the
Duan—-Lukin—Cirac—Zoller scheme [22]. This scheme generates probabilistically photon pairs in a
two-mode squeezed state with a probability per trial p, where one of the photons is stored as a collective
atomic spin excitation in the ensemble. Upon detection of the first photon which provides a heralding
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Figure 12. Single-photon generation. (a) Temporal distribution of a Gaussian pulse after propagation through EIT (in blue) and
after storage (in green) and that of a square pulse after propagation through EIT (in orange). The temporal window is varied in
plots (b) and (c) for the slow light case, as indicated by the arrow. (b) g(Az)t(t) as a function of the number of counts per trial in
SPD; (bottom axis) and the probability to have a photon at the output of the cloud (upper axis), for an input Gaussian pulse (in
blue), the previously shown square pulse (in orange) and after storing for 500 ns (in green). The generation probability is
increased by taking the same final time of the temporal window but changing the starting time to increase At, as we can see in
plot (a). (c) g(AZ)t(t) as a function of the inverse of the temporal window, for the same cases as before. Vertical error bars
correspond to one standard deviation.

signal, this collective spin excitation can then be efficiently transferred into a single photon in a well-defined
spatio—temporal mode with an efficiency 7. The probability to generate a single photon per trial is
therefore given by Ppicz = pnpng where 17 is the probability to detect the first photon. For a perfect
two-mode squeezed state and for p < 1, the second-order autocorrelation of the retrieved photon is

¢?(0) = 4p. In the best-case scenario (i.e. with unity detection and read-out efficiency), a DLCZ source
could generate a photon with ¢?(0) = 0.1 with a probability of Ppjcz = 0.025 per trial. In practice, with
finite detection and read-out efficiencies, this value will be even lower. Therefore, even though the
single-photon generation efficiency demonstrated in this paper is quite modest and could still be largely
improved, it compare favorably to probabilistic schemes.

6. Conclusions

In this paper, we investigated the propagation of weak coherent pulses in a cold atomic ensemble in the
regime of Rydberg EIT. We found experimentally that the second-order correlation function of the output
pulse depends on the time throughout the pulse and varies during the transients of the pulse. In particular,
the value of gg)t strongly decreases towards the end of the traveling pulse. Through a theoretical analysis, we
were able to quantitatively predict the measured pulse dynamics, both at the linear and nonlinear level, and
to provide a simple explanation, in the case of a perfectly square pulse propagating in a fully blockaded
medium. Taking advantage of this behavior, we explored the possibility to generate localized single photons
and showed that it has better efficiency than a probabilistic DLCZ-like source.
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