
PHYSICAL REVIEW RESEARCH 1, 033193 (2019)

Observation of a large, resonant, cross-Kerr nonlinearity in a cold Rydberg gas
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We report the experimental observation of a cross-Kerr nonlinearity in a free-space medium based on
resonantly excited, interacting Rydberg atoms and electromagnetically induced transparency. The nonlinearity
is used to implement cross-phase modulation between two optical pulses. The nonlinear phase written onto
the probe pulse is measured to be as large as 8 mrad per nanowatt of signal power, corresponding to a
χ (3) of 10−8 m2/V2. Potential applications range from optical quantum information processing to quantum
nondemolition measurement of photon number.
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I. INTRODUCTION

Fantastically strong interactions between high-lying Ryd-
berg states combined with electromagnetically induced trans-
parency (EIT) are an extremely promising platform for non-
linear optics at the level of single photons. In the last decade,
Rydberg atoms have been used to demonstrate phase gates
[1], photonic switches [2], atomic logic gates [3,4], quantum
memory [5,6], the generation of single-photon Fock states
[7,8], and other nonclassical states of light [9–12]. What these
experiments share in common is that the nonlinear effects
observed saturate near one photon. This is in contrast to a Kerr
nonlinearity, where a medium experiences a linear shift in the
index of refraction proportional to the number of photons in
the medium. The Kerr effect has been studied extensively and
has well-known applications in optical quantum computing
[13,14] and in generating and measuring nonclassical states of
light [15,16]. In light of this, there have been several theoret-
ical studies endeavoring to harness the powerful interactions
of Rydberg atoms to implement a Kerr nonlinearity [17–23].
Noteworthy experimental results include the observation and
study of a large dissipative (imaginary) χ (3) [24–26] and
the first observation of an off-resonant, dispersive, self-Kerr
nonlinearity [26,27]. Notably, all experiments to date have
involved a single beam, whereas most applications, such as
photon number squeezing or quantum nondemolition mea-
surement of photon number, require a cross-Kerr effect in-
volving two beams.

We report an experimental observation of a dispersive
cross-Kerr nonlinearity based on resonant Rydberg EIT. We
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observe that the phase shift acquired by a resonant optical
pulse propagating through a cold cloud of atoms under EIT
conditions depends linearly on the intensity of a second
optical pulse. Our observations are consistent with a simple
theoretical treatment based on van der Waals (vdW) interac-
tions, which provides an intuitive explanation for the origin
and scaling of the cross-Kerr nonlinearity.

II. THEORY

In our scheme, the signal pulse [�s; see Fig. 1(a)] propa-
gates on resonance under EIT conditions created by a resonant
coupling beam (�c). Inside the medium, signal photons excite
Rydberg atoms, which interact via a vdW potential [28] of the
form

V (r) = −h̄C6(n∗)/r6, (1)

where C6(n∗) characterizes the strength of the vdW potential,
n∗ is the adjusted principal quantum number [29], and r is the
distance between two Rydberg atoms. Due to the interactions,
once an atom is excited to its Rydberg state, atoms in its
vicinity will experience a position-dependent shift in their
Rydberg levels, leading to a shift in the index of refraction
[see Fig. 1(b)] seen by the probe (�p). Assuming perfect
EIT (100% transparency on resonance and no dephasing) the
per-atom phase shift acquired by the probe is

φX (r) = − σ

2A × �EIT V (r)

�2
EIT + V (r)2

, (2)

where �EIT = �2
c/2� is the width of the EIT window and

σ/(4A) is the theoretical peak per-atom phase shift given by
the probe transition’s resonant cross section (σ ) divided by the
area (A) of the probe focus [see the Appendix for a derivation
of Eq. (2)]. From Eq. (2), we see that the phase shift acquired
by the probe is maximized when V (r) is comparable to �EIT,
and goes to zero in the limit of either V (r) → 0 or V (r) → ∞.
Considering a cloud of atoms with a small number of Rydberg
excitations distributed randomly, neither the subset of atoms
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FIG. 1. (a) EIT level scheme. (b) A typical spectroscopy scan
taken during the spectroscopy stage of our duty cycle (n = 49). From
fit to spectra (black thin line) we extract experimental parameters
such as EIT window width (�EIT), peak OD with the coupling beam
off, and φpk-pk. (c) Experimental setup. Dichroic mirrors (DM) are
used to overlap the probe and signal with the coupling beam on
top of the 85Rb magneto-optical trap (MOT). The probe and signal
counterpropagate and are separated by polarizing beam splitters
(PBS).

that are very far away from a Rydberg excitation nor the subset
that are very close impart phase shifts to the probe. Instead, it
is the small subset of atoms whose distance from a Rydberg
excitation falls within a shell, such that their Rydberg levels
are shifted by approximately �EIT, which is responsible for
shifting the phase of the probe. These are the atoms which
are about rb = [C6/�EIT]1/6 away from a Rydberg excitation,
where rb is the blockade radius [27,30,31]. The thickness of
the shell, or rather, the range of distances where the interac-
tion induces a shift comparable to �EIT in the two-photon
resonance, is determined (up to a numerical factor) by rb,
meaning that the fraction of atoms in the cloud that reside
in this shell, and therefore impart a significant phase shift to
the probe, is proportional to r3

b (and therefore to
√

C6/�EIT).
It is notable that this scaling is identical to the one observed
for off-resonant Rydberg nonlinearities [21,22,26,27], which
are dominated by a different subset of atoms: those which
reside within the volume r3

b . In contrast, for our resonant
Rydberg nonlinearity, the atoms which contribute reside in a
shell near rb with atoms close to r = 0 not contributing at all.
The thickness of this shell is on the order of rb, leading to the
same scaling behavior as in previous work.

The total phase shift accumulated by the probe as it prop-
agates through the medium can be found by summing up the
contributions of each Rydberg excitation in the cloud,

〈φX 〉 = (ρrydAL)
∫ ∞

0
φX (r)(4πr2ρ)dr, (3)

where ρ is the density of atoms, ρryd is the density of Rydberg
excitations, and L is the length of the medium [32]. The exact
result is

〈φX 〉 = − π

4
√

2
× OD ×

[
4

3
πr3

b ρryd

]
, (4)

where optical depth OD = ρσL. At low signal power, the
Rydberg density is linear in atom density and in the power
(Ps ∝ |�s|2) of the signal pulse:

ρryd ≈ ρ|�s|2/|�c|2. (5)

Substituting this into Eq. (4), the total cross-phase shift is

〈φX 〉 ≈ −OD

2

[
4

3
πr3

b ρ

] |�s|2
|�c|2 . (6)

Equation (6) is the main result of our theoretical treatment: the
phase shift written on the probe is proportional to the optical
depth of the interaction region, the power of the signal beam,
and the number of Rydberg atoms in a blockade volume. A
distinguishing property of this Kerr nonlinearity is its depen-
dence on r3

b , which in turn is proportional to
√

C6(n∗), making
the phase proportional to (n∗)5.5 when OD, �EIT, �c are
held constant. This scaling is dramatically different from what
would be expected from a nonlinearity due to the AC Stark
shift, which has no Rydberg level dependence, or superradiant
cascade decay, which scales as (n∗)2.5 [33]. Additionally,
our Kerr nonlinearity is cooperatively enhanced due to its
quadratic dependence on atom density. This cooperative en-
hancement is reminiscent of a superatom model of Rydberg
nonlinearity [34] and can be clearly seen in Eq. (6), where the
Rydberg nonlinearity is that of a typical noninteracting atomic
nonlinearity (〈φX 〉 ∼ −OD × I/Isat) enhanced by the number
of atoms in a blockade volume.

An important assumption made in the derivation of Eq. (6)
is ideal EIT. In our experiment, we observed between 50%–
75% transparency on two-photon resonance [see Fig. 1(b)]
for several reasons, including frequency instability of the
lasers used, partial overlap of the probe and coupling beams,
and broadening and dephasing caused by Rydberg-Rydberg
interactions. We can relax this assumption by replacing OD/2
in Eq. (6) with a measured quantity φpk-pk, which we extract
from φ(�p), the EIT spectrum [see Fig. 1(b)]. The main
remaining approximation under which Eq. (6) is valid is that
ρryd � [ 4

3πr3
b ]−1. This guarantees that the Rydberg density

remains linear in the signal power and ensures that nonlinear
absorption due to Rydberg blockade can be neglected (loss is
instead dominated by imperfect EIT). Maintaining a low Ry-
dberg density requires low signal power (�c � �s), but also
low probe power (�c � �p). This second constraint arises
because probe photons can also excite atoms to the Rydberg
state. Because we are only sensitive to cross-phase shifts, we
cannot directly measure the presence of these background
Rydberg atoms. However, they still interact via vdW forces,
or decay to nearby nP states and interact via stronger dipole-
dipole forces [35], resulting in degraded electromagnetically
induced transparency, reduced φpk-pk, and smaller cross-phase
shifts.

III. EXPERIMENT AND RESULTS

The experimental scheme is shown in Fig. 1(c). We pre-
pare a gas of about 107 85Rb atoms in a magneto-optical
trap (MOT) at a temperature of 60 ± 10 μK. The MOT
size is about 0.25 mm3 and the typical density is ∼4 ×
1010 atoms/cm3. The atom duty cycle consists of 7.5 ms of
MOT trapping, molasses, and free expansion, followed by
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a 1.2 ms measurement stage during which the phase and
amplitude of the probe are measured via comparison to an
off-resonant “reference” beam using beat-note interferometry
[36]. The probe is at 780 nm and is resonant with F = 3 to
F ′ = 4. The reference is derived from the same master laser
and is blue-detuned 2π × 100 MHz from the same transition.
The signal counterpropagates (see Fig. 1) with the probe and
reference with orthogonal polarizations and is also resonant
with F = 3 to F ′ = 4. Setting the signal on resonance is
particularly important in order to avoid the possibility of AC
Stark shifts imparting an additional phase shift to the probe
[37]. The typical resonant probe power is approximately 1
nW and the off-resonant “reference” probe is about 10 nW.
The coupling power varies from 10–200 mW depending on
the Rydberg level and the signal power is varied between
10 pW to 100 nW. The probe and signal are focused to
20 ± 4 μm to ensure a constant waist over the length of
the cloud (L ≈ 0.5 mm). The coupling beam is locked on a
5P → nS resonance using EIT locking [31] and is focused to
approximately 45 μm in order to ensure a homogeneous cou-
pling Rabi frequency across the transverse extent of the probe.
The coupling Rabi frequency is typically 2π × (7 ± 2) MHz,
and the MOT OD is around 1–2. During the first 300 μs of the
measurement stage, the transmission and phase of the probe
are measured while the frequency is scanned across resonance
three times (with no atoms, with atoms but no coupling beam,
and finally with atoms and the coupling beam on). Figure 1(b)
depicts the result of a frequency scan for n = 49. The optical
depth as a function of probe detuning, calculated from the
transmission of the probe during the frequency scans, is fitted
to theoretical absorption curves for two- and three-level atoms
[thin black line in Fig. 1(b)] to extract the peak optical depth
without EIT (OD), φpk-pk, and the EIT window (�EIT). For the
remaining 900 μs, the coupling and probe are left on and a
signal pulse train consisting of 375 pulses, each 600 ns long
and separated by 2.4 μs, is turned on. In order to isolate the
effect of the signal pulse on the phase of the probe from other
slow drifts, the phase is measured before, during, and after
each signal pulse. This guarantees that we are only sensitive
to cross-phase shifts.

The measured shift in the phase of the probe is plotted in
Fig. 2 as a function of signal power for seven different S-state
Rydberg levels (49, 54, 58, 62, 65, 68, and 70). The phase shift
is linear up to 2–10 nW, depending on the Rydberg level, be-
yond which it saturates (data not shown). The slopes represent
per-nanowatt cross-phase shifts and generally increase with
Rydberg level, with the largest slope at n = 68 (due to a larger
OD used for this Rydberg level), where approximately 8 mrad
phase shifts were induced by 1 nW of signal power. In order to
compare our experiment with our theoretical treatment we use
the following parameters: 1 nW → |�s|2/|�c|2 ≈ 0.01–0.02,
4πr3

b × ρ/3 ≈ 15–45 for n = 68, and φpk-pk ≈ 0.05 rad. Sub-
stituting these into Eq. (6), we predict a cross-phase shift
with a magnitude of 8–45 mrad/nW, which is consistent with
our results. Additionally, linear cross-phase modulation was
observed across 2–3 orders of magnitude, persisting at signal
powers as low as ∼20 pW as shown in the inset in Fig. 2. Here
20 pW corresponds to 47 photons in a 600 ns pulse, <1 pho-
ton in the medium at a time, based on our estimate of the inter-
action time, which we extract from the spectrum [Fig. 1(b)].

FIG. 2. The cross-phase shift acquired by the probe is plotted
versus signal power for seven different Rydberg levels. In the inset,
n = 68 is isolated to show that the phase shift is measured down to
powers as low as ∼20 pW. Lines of best fit are plotted on top of the
data for each Rydberg level.

Next, we study the dependence of the cross-phase shift
on probe power. We observe reduced electromagnetically in-
duced transparency as we increase the probe power, a problem
which is exacerbated for higher Rydberg levels. In Fig. 3,
we vary the probe power and measure the cross-phase shift
generated by 0.9 nW of signal power for one of the higher
Rydberg levels studied (n = 68). We observe a clear inverse
relationship between the size of the cross-phase shift and the
probe power which we attribute to background Rydberg exci-
tations created by the probe beam rather than the signal beam.
The number of Rydberg excitations in the interaction region
grows with the total input photon number (signal and probe)
and once ρryd approaches [ 4

3πr3
b ]−1, the interaction region is

effectively saturated. Because the medium is blockaded, the
signal beam cannot create additional Rydberg excitations and
does not induce any cross-phase shift on the probe. Based
on our focus size (A), saturation of the cross-phase shifts
is expected to occur when the incident probe power reaches

FIG. 3. The cross-phase shift acquired by the probe in the pres-
ence of 0.9 nW of signal power is plotted as a function of on-
resonant probe power for n = 68. The coupling Rabi frequency is
2π × (5.5 ± 0.5) MHz.
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FIG. 4. 〈φX 〉 /Ps/φ̄pk-pk as a function of the adjusted Rydberg
level. Here, n∗ = n − δ, where δ is the quantum defect and is
approximately equal to 2.6 [29]. The original error bars are shown
in orange (circles) and the revised (rescaled by

√
χ (2)) error bars in

green (triangles). The inset shows the same data on a log scale. The
data are fitted [green (blue) line] to a power law and the resulting
fit has an exponent of 5.7 ± 1.3. The green (blue) shaded region
indicates fits within one sigma of this estimate (4.4–7).

several nanowatts (when ρryd become comparable to
[ 4

3πr3
b ]−1), which is consistent with Fig. 3. In our experi-

ment, self-phase modulation due to background probe-excited
Rydberg atoms constrained the probe power to 1–2 nW and
limited the signal-to-noise ratio (lower probe powers were
not used due to diminishing signal-to-noise). One possible
way to mitigate self-phase effects in the future would be to
address distinct Rydberg levels with the signal and probe
and use a Förster resonance [38,39] to tune van der Waals
interactions (self-phase) and dipole-dipole interactions (cross-
phase) separately.

We now turn to the Rydberg-level dependence of the
cross-phase shift. The size of the Kerr nonlinearity, 〈φX 〉 /Ps,
generally increased with Rydberg level. φpk-pk was also ob-
served to vary strongly with Rydberg level, decreasing by
roughly a factor of 2 between n = 49 and n = 70. This is
likely due to background Rydberg atoms created by the probe,
which saturate a fraction of the cloud that increases with
r3

b , contributing, among other things, to a smaller φpk-pk.
We fit lines to 〈φX 〉 /OD versus signal power data for each
Rydberg level. The fits, rescaled by φpk-pk/ŌD to eliminate
spurious Rydberg-level dependence on φpk-pk, are plotted as
a function of Rydberg level in Fig. 4 (overbar indicates an
average value over all trials for a given Rydberg level). The
same data are inset on a log-log plot and fitted to a line.
The error bars are calculated from the statistical uncertainty
of the linear fit (ranging between 2%–10%), systemic uncer-
tainty introduced by slow power drifts (estimated to be 10%),
and the uncertainty on φpk-pk (estimated to be 5%–10% based
on noise in the measured spectra). The fit yields a power law
with an exponent of 5.7, which is consistent with the predicted
power law scaling, but the reduced χ2 is 11.

We attribute this large χ2 to fluctuations of other ex-
perimental parameters not accounted for by φpk-pk between
runs performed for different principal quantum numbers. For
example, �EIT, whose impact on the cross-phase shifts is only

TABLE I. Comparison of selected Kerr nonlinearities (* = hol-
low core fiber, � = not directly measured).

Description χ (3) (m2/V2) |φ0| (μrad/photon) Ref.

Fused silica 2.5 × 10−22 [40]
EIT, BEC 5 × 10−7 [42]
Rydberg, self-Kerr i × (5 × 10−7) [25]
Rydberg, cross-Kerr 1 × 10−8 250� This work
Rydberg, self-Kerr 5 × 10−9 [27]
N-scheme MOT 2 × 10−9 13 [43]
N-scheme HCF* 1 × 10−12 300 [41]

partially accounted for by φpk-pk, had a fractional variation
of approximately 20% across all Rydberg levels. To take
into account the high reduced χ2 and attempt to adequately
estimate our uncertainties including the effects of these other
fluctuations, we revise our estimate of the uncertainty of φpk-pk

upward by a factor of
√

11, arriving at a fit parameter of
5.7 ± 1.3. This result leads us rule out the AC Stark shift
and other non-Rydberg-based nonlinearities and to conclude
that vdW-based interactions are the best explanation for the
observed cross-Kerr nonlinearity.

IV. DISCUSSION

Finally, we compare the size of our Rydberg-based cross-
Kerr nonlinearity to those observed in other systems. The
maximum χ (3) observed was ∼1 × 10−8 m2/V2 for n = 68.
This is much larger than the Re[χ (3)] available in conventional
materials like fused silica [40], and similar in magnitude to the
Re[χ (3)] reported in Ref. [27] (see Table I), in which Parigi
et al. studied a cavity-enhanced self-Kerr effect based on off-
resonant Rydberg EIT. While larger nonlinearities have been
observed in interacting Rydberg gases, for example [25], they
were dissipative (the measured χ (3) was imaginary), which
makes them unsuitable for application to quantum state gen-
eration and quantum nondemolition measurement of photon
number. Going beyond Rydberg-based Kerr nonlinearities,
our Re[χ (3)] is 5000 times larger than the nonlinearity used
by Venkataraman et al. [41] to observe cross-phase modu-
lation in a hollow core fiber loaded with ultracold rubidium
atoms. In fact, our Re[χ (3)] is only 50 times smaller than the
record Re[χ (3)] observed in slow-light experiments at BEC
densities despite the fact that our experiment was performed
in a magneto-optical trap with 100 times lower density [42].
Finally, our measured Re[χ (3)] is 5 times larger than the
Re[χ (3)] measured by Feizpour et al. based on EIT and AC
Stark shifts (N-scheme) [43].

For many of the applications of strong single-photon-level
nonlinearities a more important figure of merit than Re[χ (3)]
is φ0, the phase shift per photon. Several of the experiments
discussed here observed phase shifts per photon that ranged
from 13 μrad/photon [43] to 300 μrad/photon [41]. Because
our experiment was performed with long signal pulses, we
did not directly measure the phase shift per signal photon.
However, we did measure the spectrum and can therefore
estimate the interaction time, allowing us to infer the average
number of photons in the atomic medium at one time. In this

033193-4



OBSERVATION OF A LARGE, RESONANT, CROSS-KERR … PHYSICAL REVIEW RESEARCH 1, 033193 (2019)

way, we can indirectly estimate the per-photon phase shift to
be ∼−250 μrad/photon.

In conclusion, we observed strong cross-phase modulation
at low light levels generated by a resonant cross-Kerr non-
linearity based on Rydberg interactions and EIT. We directly
measured cross-phase shifts and estimate the Re[χ (3)] to be
10−8 m2/V2. We varied the Rydberg level and observed a
scaling with the principal quantum number consistent with
the (n∗)5.5 expected for a vdW-based nonlinearity. This is
an experimental demonstration of a cross-Kerr nonlinearity
between two beams based on Rydberg interactions. Future
experiments will explore ways to reduce self-phase interac-
tions, which, when combined with higher density and higher
Rydberg levels, should enable even larger single-photon level
dispersive nonlinearities with important applications in quan-
tum optics and quantum information.
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APPENDIX: DERIVATION OF THE PER-ATOM
PHASE SHIFT

We start by considering an atom illuminated by two laser
beams denoted with the subscript p for probe and c for
coupling in a ladder configuration [see Fig. 1(a)]. The standard
result for the steady state coherence (ρeg) for a three-level
atom in a rotating wave frame and under a rotating wave
approximation is [44]

ρeg = i�p

2
(

�
2 − i�p + �2

c
4[γ−i(�c+�p)]

) . (A1)

Here, � is the natural linewidth of the intermediate state (|e〉),
�p is the detuning of the probe beam from resonance, �c

is the detuning of the coupling beam from resonance, �c is
the Rabi frequency of the coupling beam, �p is the Rabi
frequency of the probe beam, and γ is the natural linewidth
of the Rydberg state (|r〉). For simplicity we start by setting
γ = 0 and �p = 0. This is equivalent to assuming that the
probe is always on single-photon resonance, and that the
Rydberg lifetime is much longer than the timescales we are
interested in. Under these assumptions ρeg simplifies to

ρeg = i�p�c/�

(�c + i�EIT)
, (A2)

where �EIT = �2
c/(2�) is the width of the transparency win-

dow. The phase shift a cloud of atoms imparts to the probe

laser as it propagates through is

φ = Re[�n]kL, (A3)

where �n is the change in the index of refraction due to
the atoms being present, k is the wave number of the probe,
and L is the length of the medium. The change in the index
of refraction due to the atoms is the electric susceptibility,
�n = χ , which is related to the steady state coherence,

ε0χ 〈E〉 = Ne 〈x̂〉 = Nex0 ρeg, (A4)

where ε0 is the vacuum permittivity, N is the atomic density, e
is the charge of an electron, x0 is the transition matrix dipole
element, and 〈E〉 is the time-averaged electric field amplitude
of the probe, related to the probe Rabi frequency,

�p = ex0 〈E〉
h̄

. (A5)

Substituting �p for 〈E〉, the electric susceptibility is

χ = N
e2x2

0

ε0h̄

ρeg

�p
, (A6)

and the phase shift imparted to the probe is

φ = NL
e2x2

0ω

ε0h̄c

Re[ρeg]

�p
, (A7)

where k has been substituted for ω/c. The atomic cross section
σ is defined such that

�

2
σ = e2x2

0ω

ε0h̄c
. (A8)

We can substitute Eq. (A2) into Eq. (A1) to simplify the phase
shift (substituting OD = NσL),

φ = OD
�/2

�p
Re[ρeg]. (A9)

Taking the real part of ρeg and substituting into Eq. (A3), the
phase shift acquired by the probe is

φ = OD

2

�EIT�c

�2
c + �2

EIT

. (A10)

We define an average “per-atom” contribution, σ/A, by divid-
ing the OD by N , the number of atoms,

OD

N = NσL

N = NσL

NV
= σ

A , (A11)

where V = AL is the volume of the interaction region, A
is the area of the probe waist, and L is the length of the
interaction region. The per-atom phase shift imparted to the
probe by the atoms is therefore

φ = σ

2A
�EIT�c

�2
c + �2

EIT

, (A12)

which is the result used in Eq. (2) in the main body of the
paper, where the coupling beam is assumed to be on resonance
and so any detuning from the Rydberg level is due to van der
Waals interactions with a nearby Rydberg excitation [�c =
V (r)].

033193-5



JOSIAH SINCLAIR et al. PHYSICAL REVIEW RESEARCH 1, 033193 (2019)

[1] D. Tiarks, S. Schmidt-Eberle, T. Stolz, G. Rempe, and S. Dürr,
A photon-photon quantum gate based on Rydberg interactions,
Nat. Phys. 15, 124 (2019).

[2] S. Baur, D. Tiarks, G. Rempe, and S. Dürr, Single-Photon
Switch Based on Rydberg Blockade, Phys. Rev. Lett. 112,
073901 (2014).

[3] M. Müller, I. Lesanovsky, H. Weimer, H. P. Büchler, and
P. Zoller, Mesoscopic Rydberg Gate Based on Electromag-
netically Induced Transparency, Phys. Rev. Lett. 102, 170502
(2009).

[4] T. Keating, R. L. Cook, A. M. Hankin, Y.-Y. Jau,
G. W. Biedermann, and I. H. Deutsch, Robust quantum
logic in neutral atoms via adiabatic Rydberg dressing,
Phys. Rev. A 91, 012337 (2015).

[5] E. Distante, A. Padrón-Brito, M. Cristiani, D. Paredes-Barato,
and H. de Riedmatten, Storage Enhanced Nonlinearities in a
Cold Atomic Rydberg Ensemble, Phys. Rev. Lett. 117, 113001
(2016).

[6] D. Maxwell, D. J. Szwer, D. Paredes-Barato, H. Busche, J. D.
Pritchard, A. Gauguet, K. J. Weatherill, M. P. A. Jones, and C. S.
Adams, Storage and Control of Optical Photons Using Rydberg
Polaritons, Phys. Rev. Lett. 110, 103001 (2013).

[7] Y. O. Dudin and A. Kuzmich, Strongly interacting Rydberg
excitations of a cold atomic gas, Science 336, 887 (2012).

[8] F. Ripka, H. Kübler, R. Löw, and T. Pfau, A room-temperature
single-photon source based on strongly interacting Rydberg
atoms, Science 362, 446 (2018).

[9] O. Firstenberg, T. Peyronel, Q.-Y. Liang, A. V. Gorshkov,
M. D. Lukin, and V. Vuletic, Attractive photons in a quantum
nonlinear medium, Nature (London) 502, 71 (2013).

[10] T. Peyronel, O. Firstenberg, Q.-Y. Liang, S. Hofferberth, A. V.
Gorshkov, T. Pohl, M. D. Lukin, and V. Vuletic, Quantum non-
linear optics with single photons enabled by strongly interacting
atoms, Nature (London) 488, 57 (2012).

[11] J. D. Thompson, T. L. Nicholson, Q.-Y. Liang, S. H. Cantu,
A. V. Venkatramani, S. Choi, I. A. Fedorov, D. Viscor, T. Pohl,
M. D. Lukin, and V. Vuletic, Symmetry-protected collisions
between strongly interacting photons, Nature (London) 542,
206 (2017).

[12] Q.-Y. Liang, A. V. Venkatramani, S. H. Cantu, T. L. Nicholson,
M. J. Gullans, A. V. Gorshkov, J. D. Thompson, C. Chin, M. D.
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