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The fundamental properties of light derive from
its constituent particles (photons) that are mass-
less and do not interact with one another!. At
the same time, it has been long known that the
realization of coherent interactions between in-
dividual photons, akin to those associated with
conventional massive particles, could enable a
wide variety of unique scientific and engineer-
ing applications?3. Here, by coupling light to
strongly interacting atomic Rydberg states in a
dispersive regime, we demonstrate a quantum
nonlinear medium inside which individual pho-
tons travel as massive particles with strong mu-
tual attraction, such that the propagation of pho-
ton pairs is dominated by a two-photon bound
state* 7. We measure the dynamical evolution of
the two-photon wavefunction using time-resolved
quantum state tomography, and demonstrate a
conditional phase shift® exceeding one radian,
resulting in polarization-entangled photon pairs.
Unique applications include all-optical switching,
deterministic photonic quantum logic, and the
generation of strongly correlated states of light®.

Interactions between individual photons are being ex-
plored in cavity quantum electrodynamics, where a sin-
gle, confined electromagnetic mode is coupled to an
atomic system'® 2. Our approach is to couple a light
field propagating in a dispersive medium to highly ex-
cited atomic states with strong mutual interactions (Ry-
dberg states)!®'4. Similar to previous studies of quan-
tum nonlinearities via Rydberg states that were based on
dissipation® ! rather than dispersion®’, we make use of
electromagnetically induced transparency (EIT) to slow
down the propagation of light?! in a cold atomic gas. By
operating in a dispersive regime away from the intermedi-
ate atomic resonance (Fig. 1b), where atomic absorption
is low and only weakly nonlinear??, we realize a situation
where Rydberg-atom-mediated coherent interactions be-
tween individual photons dominate the propagation dy-
namics of weak light pulses. Previous theoretical studies
have proposed various scenarios for inducing strong inter-
actions between individual photons?323 and for creating
bound states of a few quanta®® 7?4, a feature generic to
strongly interacting quantum field theories. The first ex-
perimental realization of a photonic system with strong
attractive interactions, including evidence for a predicted
two-photon bound state, represents the main result of

this work.

Our experiment (outlined in Fig. 1a) makes use of an
ultracold rubidium gas loaded into a dipole trap, as de-
scribed previously'®. The probe light of interest is o©
polarized, coupling the ground state |g) to the Ryd-
berg state |r) via an intermediate state |e) of linewidth
I'/(2m) = 6.1 MHz by means of a control field that is de-
tuned by A below the resonance frequency of the upper
transition |e) — |r) (Fig. 1b). Under these conditions, for
a very weak probe field with mean incident photon rate
R; = 0.5 us~ !, EIT is established when the probe detun-
ing matches that of the control field (see Fig. 1¢ showing
the probe transmission and phase shift). However, the
Rydberg medium is extremely nonlinear: a probe pho-
ton rate of R; = 5 us~! saturates the medium due to
the Rydberg blockade??, yielding a probe spectrum close
to the bare two-level response. Given the measured sys-
tem bandwidth of about 5 us™!, this implies a substan-
tial nonlinear response with average pulse energies corre-
sponding to less than one photon per inverse bandwidth.
We perform our experiments on two-photon resonance
lg) — |r), where the transmission is approximately inde-
pendent of the probe photon rate for our experimental
parameters at |A| > I, yielding a purely dispersive non-
linearity. The linear dispersion at this point corresponds
to a reduced probe group velocity of typically v, = 400
m/s, while the group velocity dispersion endows the pho-
tons with an effective mass?® m ~ 1000w /c?, where w
is the optical frequency and c is the speed of light in
vacuum.

In order to explore the quantum dynamics in the prop-
agation of photon pairs, we measure time-dependent two-
photon correlation functions of the transmitted light (see
Fig. 1a). To determine both amplitude and phase of the
oT-polarized probe field, we prepare input coherent light
in a linearly polarized state |V) = (joF) +|07)) /V2,
where the 0~ component (approximately non-interacting
due to the 15-fold smaller transition strength) serves as
a phase reference. To analyze the properties of photon-
pairs, we measure two-photon correlation functions ggﬁ)
in different polarization bases «, 8 (Fig. SI3). The com-
ponent gfl directly gives the probability density of the
oT-polarized interacting photon pairs. Figure 1d shows
gf}r for a control detuning A/(27) = 14 MHz as a func-
tion of the time separation 7 = t; — t5 between the pho-
tons detected at times t1,t2, converted into a relative
distance in the medium via the group velocity vy. A
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FIG. 1: Photons exhibiting strong mutual attraction in a quantum nonlinear medium. a,b, A linearly polarized
weak laser beam near the transition |g) — |e) at 780 nm is sent into a cold rubidium gas driven by a control laser near the
transition |e) — |r) at 479 nm. Strong nonlinear interactions between ot-polarized photons are detected via photon-photon
correlation functions of the transmitted light for a set of different polarization bases, as determined by a quarter-waveplate
(QWP), a half-waveplate (HWP), and a polarizing beam-splitter (PBS). Here o~ photons serve as a phase reference. c,
Transmission spectra (top) and phase shift (bottom) for ¢ photons with incoming rate of R; = 0.5 us™" (blue squares) and
R; =5 ps~! (green circles), for a control field red-detuned by A/(27w) = 15 MHz (blue line is theory). The spectrum at high
probe rate approaches that of the undriven two-level system (dashed gray; see also Fig. SI2). The solid vertical line corresponds
to the EIT resonance. d, Photon bunching and two-photon bound state. Theoretically predicted photon-photon correlation
function in the Schroedinger-equation approximation (top, blue line) for A/(27) = 14 MHz, with a potential well of width 2rp
(bottom, green line). The bound state (bottom, red) and the superposition of scattering states (bottom, black) form the initial
wave function ¢ = 1 (bottom, dashed blue). The two-photon bound state results in the observed bunching in the correlation
function gf}r ~ |1/)|2 (top, gray circles), where time has been converted into distance via the group velocity vy. The boundary
effects resulting from the finite extent of the atom cloud become important for |r| > 5 rp.

prominent feature is the cusp at r = vy7 = 0, which is tons, i.e. an increased probability for photons to exit

characteristic of a predicted two-photon bound state®”,
as discussed below.

The measured gl(fﬁ) allow us to reconstruct the two-
photon density matrix p using quantum state tomog-
raphy via a maximum-likelihood estimation®”?8, from
which we define an interaction matrix p by factoring out
the linear response, such that p directly quantifies the
nonlinearity (see Methods). The density matrix approach
is necessary to account for decoherence and technical im-
perfections. The probability density of two interacting
o1 photons, gfj_ = P4+, ++, and the nonlinear phase,
acquired by the oo™ pair relative to a non-interacting
0”0~ pair, ¢ = arg [p++,_—]|, are shown in Figs. 2a,b for
A/(2r) = 14 MHz. The time dependence allows us to
extract the nonlinear phase as a function of the photon-
photon separation. Clearly visible is the bunching of pho-

the medium simultaneously (¢; & t2), and a substantial
nonlinear two-photon phase shift of —0.5 rad in that re-
gion. Figure 2c shows the intensity correlation in the
dissipation-dominated antibunching regime'® at A = 0
and in the dispersive regime at |A| > I" exhibiting bunch-
ing, and Fig. 2d displays the nonlinear phase for two dif-
ferent detunings. The transition from the dissipative to
the dispersive regime is summarized in Figs. 3a,b. In the
dispersive regime, the nonlinear phase shift ¢(7 = 0) can
reach (—0.32 £+ 0.02)7, at a detuning A/(27) = 9 MHz
and a linear transmission of order 50%. The observed
signal exhibits asymmetries under a sign change of the
detuning A from the intermediate atomic |e) state, par-
ticularly in the nonlinear phase ¢.

The origin of the quantum nonlinearity underlying
these observations is explained by the following sim-
ple model. The repulsive Van-der-Waals interaction be-
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FIG. 2: Propagation of interacting photon pairs. Measured second-order correlation function (a) and nonlinear phase
shift (b) of interacting photon pairs at A = 2.3I". The photons are detected at times t1 and t2. (¢) Second-order correlation
function displayed as a function of the time difference |7| = |t1 — t2| between the photons, showing the transition from anti-
bunching on resonance (A = 0, green) to bunching at large detuning (A = 2.3, blue). Points are experimental data, lines are

full numerical simulations. All gfj_ measurements are rescaled by their value at 7 > 1.5 pus (See SI). (d) Nonlinear phase-shift
versus |7| for two different detunings (A = 1.5, purple, and A = 2.3T", blue). The 1o error is +30 mrad, dominated by photon

shot noise.

tween two Rydberg atoms V(r) = hCs/r® tunes the
doubly excited Rydberg state far off EIT resonance for
distances |r| < rp, where rg = {/Cs/v is the Ryd-
berg blockade radius'42%3° Cy the van der Waals co-
efficient, v = Q2/|4A| is the EIT linewidth at detuning
|A| > T, and Q. the Rabi frequency of the control field.
While for photons with large separation in the medium
|r| > rp, the phase shift that would originate from the
bare |g) — |e) probe transition is suppressed by EIT,
for small photon separations |r| < rp, the light acquires
this phase shift (see Fig. 1c¢). This explicit dependence of
the refractive index upon photon-photon separation can
be modeled in one dimension as a potential well with a
characteristic width of 2rg. Qualitatively, a substantial

two-photon phase shift arises for %I%I 2 1, where 1, is

the resonant attenuation length in the medium, i.e. for
sufficiently high atomic density. Furthermore, the probe
field must also be transversally compressed to a waist size
w < rp to ensure interactions. For our parameters using
the Rydberg state 1005,/ and Q./(27) = 10 MHz, we
have rp = 18 um at detunings of a few I', [, = 4 ym at
the peak density, and w = 4.5 um, fulfilling the condi-
tions for strong interactions for |A] < 5T

The propagation of oT-polarized photon pairs in such a

medium can be understood by first considering an ideal-
ized situation with no decoherence between the Rydberg
state and the ground state. Then the steady-state in a
one-dimensional homogenous medium can be described
by a two-photon wavefunction (21, z2), whose evolution
is approximately governed by a simple equation'? in the
center-of-mass R = (21 + 22)/2 and relative r = 21 — 29
coordinates:
2
O = 4Alq |i+ 22 V(T)QC] R+ Mw. (1)
r 2 lq

Here the effective potential V(r) = [i+24 (1+2r5/r§)]
approaches (i + 2A/T")~! inside the blockaded volume
(Ir] < rB), and zero outside. The solution relates to
our measurements in the time domain for small |7| ap-

g2 (7))

(see SI for the exact relation). Far off resonance (|A| >
I, Q.), Eq. (1) corresponds to a Schroedinger equation
with the center-of-mass propagation distance R playing
the role of effective time. The photons’ effective mass
m o —I'/(161,A) can be positive or negative depending
on the sign of the detuning A. As the sign of the poten-
tial also changes with A (potential well for A < 0, bar-
rier for A > 0), the effective force (¥ in Fig. 1a) in both

proximately via (R = L,r = v,7) ~
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FIG. 3: Detuning dependence of the photon-photon
interaction. Equal-time two-photon correlation gfl (0) (a)
and nonlinear phase ¢(0) (b) versus detuning A from the
intermediate state |e). Blue lines are full theoretical simu-
lations, while black lines are the result of the Schrodinger-
equation approximation, assuming a simplified delta-function
potential. Vertical error bars represent 1o and horizontal er-
ror bars are £0.5 (2r) MHz. Equal-time correlation func-
tion (c) and spatial extent of the bunching feature (d) ver-
sus Raman detuning ¢ from the EIT resonance |g) — |r) for
A = 3I', showing increased photon-photon attraction due to
a deeper potential near Raman resonance. The characteris-
tic bunching-timescale 7, is the half-width of the cusp fea-
ture of gfi, defined at half-height between the peak value
at 7 = 0 and the local minimum closest to 7 = 0. In
(c,d), error bars correspond to +1o . The theoretical model
(solid line) breaks down close to the Raman resonance at

= 1.3 (27r) MHz ~ Q2/(4A), where the single-photon com-
ponent of the probe field is strongly absorbed.

cases is attractive and the resulting dynamics similar (see
SI). However, the potential for A < 0 also exhibits ad-
ditional features near the edges of the well, correspond-
ing to a Raman resonance |g) — |r) for the interaction-
shifted Rydberg state at some interatomic distance near
|r] = rp. These features are likely responsible for the
deviation from (anti-)symmetry under the change of the
sign of A displayed in Figs. 3a,b.

In the experimentally relevant regime, the effective po-
tential supports only one bound-state ¥ (r) depicted in
Fig. 1d. The initial wavefunction ¥ (R = 0,7) = 1 is a
superposition of ¥ g(r) and the continuum of scattering
states. The accumulation of probability near r = 0 can

then be understood as arising from the interference be-
tween the bound and scattering states that evolve at dif-
ferent frequencies, and the observed bunching feature in
gf}r reflects the wavefunction of the two-photon bound
state (see SI). As shown in Figs. 3a,b, the solution of
the Schroedinger-like equation (1) with a simplified delta-
function potential captures the essential features of the
nonlinear two-photon propagation. Additional experi-
mental evidence for the bound-state dynamics is obtained
by tuning the probe field relative to the EIT resonance,
thereby varying the strength of the two-photon interac-
tion potential. As the probe detuning approaches the
Raman resonance, the difference in refractive indices in-
side and outside the blockade radius increases and the
potential deepens (see SI and Fig. 1c). Consequently,
the bound state becomes more localized and the bunch-
ing, quantified by gf}r(O), is enhanced, as evidenced in
Figs. 3c,d. Note that the size of the two-photon bound
state and correspondingly the width of the bunching fea-
ture 27,vy ~ 70 um, exceed the width of the potential
well of 2rp ~ 35 pum, as expected for a potential with
one weakly bound state.

Figures 2 and 3 also show the results of our full theoret-
ical model, in which we numerically solve the set of propa-
gation equations for the light field and atomic coherences.
The model incorporates the longitudinal atomic-density
distribution and the decoherence of the Rydberg state
(see SI for details). These simulations are in good agree-
ment with our experimental results and the predictions
of the simplified model, Eq. (1), confirming that the evo-
lution of the two-photon wavepacket is dominated by the
attractive force between the photons.

Finally, we study the quantum coherence and polariza-
tion properties of the transmitted photon pairs. Figure
4a compares the purity of the two-photon density matrix
p(7), that includes photon interactions, to the purity of
the product of one-photon matrices p*) @ p) for non-
interacting photons. At large photon separation 7, the
purity P(7) of the two-photon density matrix is domi-
nated by the one-photon decoherence due to partial depo-
larization of the transmitted light (see SI). This depolar-
ization is attributed to the difference in group delay 74 be-
tween the ot and the faster o~ photons (T(‘i7+ —77 =280
ns) that is not negligible compared to the coherence time
of the probe laser (650 ns). At the same time, o pho-
tons bound to each other travel faster and are more ro-
bust against this decoherence mechanism, as evidenced
by the greater purity at small 7. Even in the presence
of this depolarization, the coherent nonlinear interaction
in the dispersive medium produces entanglement in the
outgoing polarization state of two photons. We quan-
tify the degree of polarization entanglement by a time-
dependent concurrence C(7) (see Fig. 4b and SI). The
obtained value C(0) = 0.0940.03 clearly indicates deter-
ministic entanglement of previously independent photons
upon passage through the quantum nonlinear medium.
The measured value is in reasonable agreement with the
theoretical prediction Cy, (0) = 0.13, calculated for a con-
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FIG. 4: Quantum coherence and entanglement. a, Pu-
rity P(7) = Tr[p()?] of the measured two-photon density-
matrix p for A = 2.3 (blue symbols), approaching at large
photon separation the purity expected from the measured
one-photon density-matrix Tr[(p¥ ® p(1>)2] (dotted black
line). Interacting otot photon pairs near 7 = 0 exhibit
lower decoherence. Error bars (1o) are derived from the un-
certainty in the density matrix due to detection shot noise. b,
Concurrence C(7) calculated from p, indicating polarization
entanglement of proximal photons upon transmission through
the quantum nonlinear medium.

ditional phase ¢(0) = /4, a purity P(0) = 0.73, and 50%
o7 linear transmission.

In our experiment, the transmission and achievable
nonlinear phase are limited by the available control-
field intensity, laser linewidth, and atomic motion.
These technical limitations can be circumvented by using
stronger control lasers with improved frequency stability
and colder atomic clouds trapped in both ground and Ry-
dberg states. While in our present system the non-linear
phase would not be uniformly acquired by a bandwidth-
limited two-photon pulse, a high fidelity two-photon
phase-gate may be achievable using, e.g., a counter-
propagating geometry and higher optical depths!'4.

The realization of coherent, dispersive photon-photon
interactions opens up several new research directions.
These include the exploration of a novel quantum matter
composed from strongly interacting, massive photons®.
Measurements of higher-order correlation functions may
give direct experimental access to quantum solitons com-
posed of a few interacting bosons?4, or to the detection
of crystalline states of a photonic gas’. By colliding two
counterpropagating photons, it may be possible to im-
print a spatially homogeneous phase shift of 7 on the
photon pair, corresponding to a deterministic quantum
gatel? for scalable optical quantum computation'?. Fi-
nally, by accessing other Rydberg states via, e.g., mi-
crowave transitions, it may become possible to control
the state of multi-photon pulses with just one quantum
of light, thereby realizing a single-photon transistor® for
applications in quantum networks, and the creation of
multi-photon entangled states.

Methods

The experimental setup is detailed in Ref. [19], with
the following modifications. The dipole trap is periodi-
cally switched off with a 5.5 us half-period, and the mea-
surements are performed during the dark time to avoid
inhomogeneous broadening. Photons detected in the first
1.5 us after the turn-off of the dipole trap are not in-
cluded in the analysis, to guarantee steady-state EIT.
For each experimental cycle, data is accumulated over
400 periods of the dipole-trap modulation. The trapped
atomic cloud has a longitudinal r.m.s. length of o,, =
36 pm and a peak density of py = 102 atoms cm™3.
The average resonant optical depth is 22, with less than
20% variation over the measurement time. The probe
and control beams are counter-propagating in order to
reduce the residual Doppler broadening to 50 (27) kHz.
Linearly polarized probe laser light enters the medium at
an average photon rate of 1.6 us~'. Quarter- and half-
waveplates at angles ¢ and h, respectively, followed by
a polarizing beam splitter, project the outgoing probe
light onto a chosen polarization basis (see Fig. 1a). Four
single-photon counting modules measure the pair correla-
tion events at times t; and t3. Normalized second-order
correlation functions gf) are calculated using the pho-
ton coincidence counts between the different detectors
and the average count rates. The time bins [80 ns for
gfﬁ) (t1,t2) and 20 or 40 ns for ggﬁ)(r)] were chosen to
capture the temporal dynamics of the correlation func-
tions with reasonable signal-to-noise ratio.

In the quantum-state tomography, we numerically op-
timize a Hermitian, positive semidefinite, two-photon
density-matrix,

P+t++ P++.8 P4,— O
ps++ Ps,s  ps,—— 0
bt P——5 p———— 0

0 0 0  paa
in the two-qubit basis {|oy 03 ),|S),|o705),|A)},
where |S/A) = (lofoy) + |o703))/V2. Since the
two photons share the same frequency and spatial
mode, there is no coherence between the 3 x 3 sym-
metric and 1 x 1 anti-symmetric subspaces®®. We
measure in six required polarization bases, chosen as
{a.h} = {5 75A0,00 4%, §1:40, 561 {5, 76}, {5, 0}
to set the 10 degrees of freedom in p(t1,t2). The op-
timization follows the Maximum Likelihood Estimate?”,
where all coincidence measurements are considered. The
one-photon density matrix p()(t) is reconstructed us-
ing the same technique. To extract the nonlinear
phase from p(t1,t2), we rescale for the linear disper-
sion and loss effects by defining the interaction matrix
pig(tr,t2) = pij(ti,t2)/ [pM (1) © pM (t2)], ; in the ba-
sis {’Uf0;>, ai"02_>, 01_0;'>,
tion matrix generalizes the standard ¢(®) definition to
account for nonlinear phases and decoherence, and all

o103 )}. The interac-



its elements are equal to 1 in the absence of nonlinear-
ity. Figure SI3 compares the measured photon-photon
correlation functions to those calculated from p (see also
Figure SI4). The colormaps in Fig. 2 presenting values
derived from p(t1,t2) have been smoothed using an un-
weighted, nearest-neighbor, rectangular sliding-average.
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