RESEARCH

QUANTUM OPTICS

Observation of three-photon
bound states in a quantum

nonlinear medium
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Bound states of massive particles, such as nuclei, atoms, or molecules, constitute
the bulk of the visible world around us. By contrast, photons typically only interact
weakly. We report the observation of traveling three-photon bound states in a
quantum nonlinear medium where the interactions between photons are mediated
by atomic Rydberg states. Photon correlation and conditional phase measurements
reveal the distinct bunching and phase features associated with three-photon

and two-photon bound states. Such photonic trimers and dimers possess
shape-preserving wave functions that depend on the constituent photon number.
The observed bunching and strongly nonlinear optical phase are described by an
effective field theory of Rydberg-induced photon-photon interactions. These
observations demonstrate the ability to realize and control strongly interacting

quantum many-body states of light.

ound states of light quanta have been pro-
posed to exist in specifically engineered
media with strong optical nonlinearities

(1-5). In recent times, photonic dimers have

been observed experimentally (6). Such
bound states of photons can be viewed as quan-
tum solitons (7, 8), which are shape-preserving
wave packets enabled by the cancellation of
nonlinear and dispersive effects. In contrast to
classical solitons, where the self-consistent shape
varies smoothly with total pulse energy, quan-
tum solitons have optical nonlinearity that is
strong enough for the wave packet shape to
depend on the constituent number of photons in
a quantized manner (7, 8). The creation of quan-
tum solitons not only represents an important
step in fundamental studies of photonic quan-
tum matter (6, 9, 10) but also may enable new
applications in areas ranging from quantum
communication to quantum metrology (11, 12).
We use an ultracold atomic gas as a quantum
nonlinear medium to search for a photonic trimer.
This medium is experimentally realized by cou-
pling photons to highly excited atomic Rydberg
states by means of electromagnetically induced
transparency (EIT). The resulting hybrid excita-
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tions of light and matter—Rydberg polaritons—
inherit strong interactions from their Rydberg
components and can propagate with very low
loss at slow group velocity v, (13-15). The non-
linearity arises when photons are within a Rydberg
blockade radius 7y of one another, where strong
interactions between atoms in the Rydberg state
(16) shift the Rydberg level out of the EIT reso-
nance, blocking the excitation of more than one
Rydberg atom within 7. In the dissipative regime
(on atomic resonance), the blockade results in
photon loss and antibunching (17-19). In the
dispersive, off-resonant regime, the index of re-
fraction varies with the separation between
photons, resulting in an attractive force (6).

Our experimental setup (20) (Fig. 1, A and
B) consists of a weak quantum probe field at
wavelength A = 780 nm and waist @ = 4.5 pm
coupled to the 100S,» Rydberg state via a strong
479-nm control field in the EIT configuration
(Fig. 1B). The interactions occurred in a cloud of
laser-cooled *’Rb atoms in a far-detuned optical
dipole trap. Measurements are conducted at
a peak optical depth ODg ~5 per blockade radius
rg = 20 um. To suppress dissipative effects, we
work at a large detuning A = 3I" from atomic
resonance (I' is the population decay rate of the
5P;, state; see Fig. 1B) and at a control laser Rabi
frequency where the transmission through the
medium is the same with and without EIT, but the
phase differs appreciably (Fig. 1C). Consequently,
the transmission hardly varies with probe pho-
ton rate (Fig. 1D, top), whereas a strongly rate-
dependent phase with a slope of 0.40(+0.07)
rad-us is observed (Fig. 1D, bottom).

The quantum dynamics of interacting photons
are investigated by measuring the three-photon
correlation function and phase. Because disper-
sion outside of the atomic medium is negligible,
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any amplitude and phase features formed inside
the nonlinear medium are preserved outside and
can be detected in the form of photon number
and phase correlations. The third-order photon
correlation function has been measured previous-
ly in coupled atom-cavity and quantum dot-
cavity systems, as well as in nonclassical states of
three photons such as the Greenberger-Horne-
Zeilinger and NOON states (72). In our approach,
we split the light onto three single-photon count-
ing modules. Furthermore, by mixing a detuned
local oscillator into the final beam splitter, we
can also perform a heterodyne measurement in
one of the detection arms (Fig. 1A). To connect
the observed correlations to the physics of inter-
acting Rydberg polaritons, we consider a state
containing up to three photons

) = [0) + [ty (8)]) +

J.dtldt2\V2(t1a ty)|tr, ta) +
dt]dtzdtg \|J3(t1./ tg, t'g,)|t17 tg, t3> (l)

where |6, ty) = Fal(t) - a'(tx)]0), a'(®)
is the photon creation operator of the time bin
mode ¢, and N is the number of photons. The
correlation functions (Fig. 2) can be related to the

3 3
wave functions as g (&, ) = %

g9 (b, ty, t5) = % We refer to
T [y (80) w8217 v (85)]

the phase &(N) of the N-photon wave function
vy as the N-choton phase—namely, &)(1) (tll =
Argly, (1)}, 0 (1, t2) = Arglys (6, 12)], and 0
(t1, o, t3) = Argly,(ti, ta, t3)]. The N-photon
phase is obtained from the phase of the beat note
signal on the third detector, conditioned on having
observed N — 1 photons in the other two detectors.
The conditional phase relative to N uncorrelated
photons (i.e., the nonlinear part of the phase) is
denoted as ¢V) (Fig. 3).

The experimentally measured g(s) function
(Fig. 2, A and B) displays a clear bunching fea-
ture: The probability to detect three photons with-
in a short time (<25 ns) of one another is six times
higher than for noninteracting photons in a laser
beam. The increase at ¢; = ¢, = #3 is accompanied
by a depletion region for photons arriving within
~0.7 us of one another, particularly visible along
the lines of two-photon correlations (¢; = t; = t,
where t; t;, and t;, are the photon detection times
at detectors D;, D;, and Dy, respectively, and ¢, j,
and k are permutations of 1, 2, and 3) (Fig. 2A):
This depletion region is caused by the inflow of
probability current toward the center ¢, = ¢, = ta.
Figure 2B compares the two-photon correlation
function g®(t, ¢ + |1|) with that for three photons,
of which two were detected in the same time
bin, g2, t, ¢ + |1|). The trimer feature is approx-
imately a factor of 2 narrower than the dimer
feature, showing that a photon is attracted more
strongly to two other photons than to one. Figure
2C illustrates the binding of a third photon to two
photons that are detected with a time separa-
tion T. If T exceeds the dimer time scale 1,, then
the third photon binds independently to either
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Fig. 1. Qualitative descriptions of the exper- A
iment. (A and B) Setup and atomic-level
scheme. The atoms are optically pumped
into the hyperfine (F) and magnetic (mg)
sublevel |g) = [5S1/2,F = 2,mr = 2).

The weak coherent probe light is coupled to
the Rydberg state |r) = [100S;/,,m; =1/2)
(my, projection of the total electron

angular momentum along the

quantization axis) via an intermediate

state |e) = [5P3/2,F = 3,mg = 3), with

o

|7} = 1005 ;;

a(t;)  1€) =5P3/; wfem— =

Probe
—|g) = 551/2

o

linewidth I/2r = 6.1 MHz, by means
of a counterpropagating control field that
is detuned by fj below the resonance

Transmission
o
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Transmission
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frequency of the upper transition, |e)-|r). g‘{
Strong interactions between probe
photons are detected via photon

correlations of the transmitted light, which ,51
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is split onto three single-photon detectors
with equal intensities. To perform phase
measurements, a local oscillator is mixed
into detector Ds. a(t), photon annihilation
operator of the time bin mode t; Q, control laser Rabi frequency; g,
correlation function; ¢, phase; LO, local oscillator. (C) Transmission (top)
and phase ¢ (bottom) as a function of probe frequency measured at a low
input photon rate (0.5 us™). ¢ is measured without conditioning on the
detection of other photons. The control laser is set at A/2r = 30 MHz
below the |e)-|r)transition, with Rabi frequency Q./2r = 10 MHz. The
blue and red traces are from measurements with and without a control
beam, respectively. The blue and red dashed lines in the bottom graph
are theoretical expectations. The vertical yellow dashed line marks

Fig. 2. Photon correlation functions with tighter
bunching due to the three-photon bound state.
Photon correlation functions were measured on

EIT resonance and at one-photon detuning

A/2n = 30 MHz, control Rabi frequency Q./2r =

10 MHz, an input photon rate of 1 us™. (A) 2D
representation of the three-photon correlation
function g®(ty, t,, t3), with t; being the photon
detection time at detector D;. Three-photon
bunching corresponds to the central region, two-
photon bunching to the stripes. (B) g(t, t, t + |1])
(blue data points) and g@(t, t + |1|) (brown

data points), with the decay constants c
calculated from the exact solution for the

frequency (MHz)

0 1 2
input photon rate (;1,5'1)

50

o
9O tt+1) gPt+7 ™M

,X\
0
electromagnetically induced transparency (EIT) resonance. (D) Rate
dependence of transmission (top) and unconditional phase (bottom)
on the two-photon resonance |g)-|r), with a one-photon detuning
of A/2n = 30 MHz and a control Rabi frequency Q./2r = 10 MHz.
Whereas the transmission is rate-independent, the phase is strongly
rate-dependent (slope is 0.4 rad-us). (E) Schematic correlation functions
for two (top) and three (bottom) photons as a function of their time

separation 1. The attractive interaction leads to photon bunching, with
three photons being more tightly bound together than two photons.

¢
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bound states 1§ = 0.16 us and 1§ = 0.32 ps, 3 i
respectively (dashed lines). The calculated
exponential decay is scaled to match

the initial point of the measured intensity
correlation functions. The approximately

twofold smaller decay length of the three-photon
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correlation function shows that a photon is 0
more strongly bound to two photons than to one. =1
The fitted exponential decay constants with

zero offset for g and g® are 13 = 0.14(2) us

and 1, = 0.31(6) us, respectively, in agreement

with the calculated values. (C) Three representative

plots of g®(ty, to, t3)/g@(t1, t») for fixed time

separation T = |t; = t;] =0 us (i), T=0.2 ps (i), and T = 1.8 us

(i), within a 50-ns window. As the two photons get farther

and farther away from each other, the sharply decaying g® function
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0 1 -1 0 1 -1 0 1
t = t,-(t, +t,)/2 (1S)

transitions to a slower decaying g function. For intermediate time
separations (ii), interference occurs between all states, including the
dimer and trimer. All permutations of the detectors are used to
generate the data in (B) and (C). Error bars indicate 1 SD.
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Fig. 3. Larger nonlinear phase for three photons. Nonlinear phase was measured under identical
conditions as the data in Fig. 2. (A) Conditional phase ¢ (t1,t,,t3), where t; and t, correspond to
photon detection events at detectors D; and D5, and a heterodyne measurement is performed

on detector D3 at time ts. (B) Diagonal cut ¢ (t,t,t + |1|) (blue), with the two conditioning probe
photons within 40 ns of each other, and ¢/ (t,t + |1|) (brown), showing a larger phase when
conditioning on two other near-simultaneous photons [(®)] than on one near-simultaneous photon
[0]. o™ is referenced to its own average value when all N photons are too far apart to be

correlated. Specifically, 6@ (t1, 1) =% (t1, t2) — ($<1)(t1) +o (tg))
It—to0.vi)

(b1, 1) = (87 (1) + 87 (t2) + 67 (89))

[1>00 +(2)

0@ (t, ) because o) (t, t,t + |1|) —=0
Error bars indicate 1 SD.

photon, whereas for T < 1, the two peaks merge
into a single, more tightly bound trimer. This is
analogous to the binding of a particle to a double-
well potential as the distance between the wells
is varied, because the polaritons can be approx-
imately described as interacting massive par-
ticles moving at a finite group velocity (6).

The dispersive and distance-dependent photon-
photon interaction also manifests itself in a large
conditional phase shift that depends on the time
interval © between the detection of the condition-
ing photons (at times ¢ = ¢, = t) and the phase
measurement on detector D, at time ¢;. We ob-
serve a conditional phase shift o) (¢, ¢, + |1|) for
the trimer near t = 0 (Fig. 3A) that is substantially
larger than the dimer phase shift o (¢, + |1|)
(Fig. 3B). This confirms that the interaction be-
tween a photon and a dimer is stronger than that
between two photons.

To understand these results quantitatively,
we apply an effective field theory (EFT) (21) that
describes the low-energy scattering of Rydberg
polaritons. This EFT gives us a one-dimensional
(1D) slow-light Hamiltonian density with a con-
tact interaction

i O RO\ . R .
H=—y" (27wg5+f*>w — o (2)
Z z

where vy is the group velocity inside the medium,
m = —hQ2/(8Av)is the effective photon mass,
h is Planck’s constant & divided by 2r, a is the
scattering length, €. is the control laser Rabi
frequency, and A is the one-photon detuning. For

2
weak interactions, a =~ 15.28 (o%u %) rp (21, 22).

The single-mode, 1D approximation is justified
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[ti—tz]»00
i R

0 and ¢3)(ty, to, t5) =
0. At large |1], o asymptotically goes to

66+ ¢+ [el) — (670 + 6V (1) + 8V (t + 1)) = 0@ (1,1)

by the small size of the probe waist compared
with the blockade radius (7g), whereas the cor-
responding Rayleigh range is similar to the
atomic cloud size (with both being much larger
than 7). The latter condition implies that the
incoming light has small transverse momenta
components, whereas the former condition en-
sures that the dominant scattering occurs col-
inearly with the probe beam. Combined with the
large effective transverse mass in this system (23),
the residual transverse dynamics arising from
interactions are effectively frozen out on the time
scale of the experiment (6, 15, 18, 24). In the
limit where the average longitudinal distance be-
tween photons is larger than 73, such that the
low-momentum approximation underlying the
EFT is valid, the 1D contact model provides an
accurate description whenever a » rg, the micro-
scopic range of the two-body potential. For our
parameters, we find that this condition is well
satisfied as @ > 107g.  is a quantum field annihi-
lation operator, which corresponds to a photon
outside the medium and a Rydberg polariton
inside. For our blue-detuned probe, the effective
mass is negative and the interaction is repulsive.
This situation maps onto a system with a positive
mass and attractive interaction. The bound states
can be determined from the exact solution of this
model for finite particle numbers (25, 26), result-
ing in the correlation functions g® (¢, t,, t3)
_ -t lta —t3] I —t3]

_ _ _ln-t
e Wrwe wme @me) and g@ (ty, ty) oce W,

In the case £, = £, = ¢, we find thatg(®) (¢, ¢, ¢+ |t])oc

i

eizﬂ/@v@, implying that the width of three-photon

wave packet [corresponding to g®] is half that
of g® for the same experimental conditions, in
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agreement with experimental observations. We
calculate a/(2v,) = 0.32 us for our measured exper-
imental parameters (27) and find it to be consist-
ent with data (Fig. 2B, dashed lines). Following the
quantum quench at the entry of the medium, the
initial state is decomposed into the bound state
and the continuum of scattering states (6). Near
1 = 0, the scattering states dephase with each
other, whereas the bound state propagates with-
out distortion (27). This leads to a small contribu-
tion of scattering states in this region, with the
bound state dominating the g® function. The ob-
served value of g(s)(O) is not universal, as it is af-
fected by the contributions from long-wavelength
scattering states and nonlinear losses in the system
and therefore depends on the atomic density
profile of the medium. The dimer and trimer bind-
ing energies can be estimated as E; = — mh—;
h x 0.2MHz and E; = 4E,, respectively. This
binding energy is ~10" times smaller than in di-
atomic molecules such as NaCl and H, but is com-
parable to Feshbach (28) and Efimov (29) bound
states of atoms with similar mass m and scattering
length a. To further characterize the three-photon
bound state, we consider the phase ratio ®) /¢(2).
For the bound-state contribution to the conditional
phase 6)(¢,2,£)(6)(¢,£) ), the Hamiltonian of
Eq. 2 predicts a phase that equals the trimer bind-
ing energy multiplied by the propagation time in
the medium. Thus, from the bound-state contribu-
tions, one would expect a ratio ¢® /o?) = 4, in-
dependent of the atom-light detuning A. Although
the observed ratio (Fig. 4B) is approximately con-
stant, it is smaller than 4.

The observed deviation is probably due to the
two contributions of comparable magnitude. One
correction arises from the scattering states, or
equivalently, from the fact that our Rydberg me-
dium (~130 um) is comparable in size to the two-
photon bound state (~280 um). For a medium
that is short compared with the bound state, one
expects the ratio to be 3, consistent with a dis-
persionless Kerr medium (30). The other, more
fundamental, correction may be due to a contri-
bution that does not arise from pairwise inter-
actions, effectively representing a three-photon
force. Specifically, when all three photons are
within one blockade radius of one another, there
can be only one Rydberg excitation, and the po-
tential cannot exceed the value corresponding to
that of two photons (21, 31). This saturation effect
manifests itself as a short-range repulsive effec-
tive three-photon force that, according to our
theoretical analysis (27), results in a reduction of
o) /o below 3. The corresponding correction
to the bound state is smaller in the weakly inter-
acting regime relevant to these experiments (31).
This explains why the effective three-photon force
has a relatively weak effect on the bunching of
g(3)(|t| < 0.2 us), which is dominated by the bound
state. Both the scaling arguments and numerical
evidence indicate that the effective three-photon
force contributes to the three-body scattering am-
plitudes more strongly than two-body finite range
effects in this regime (21).

To quantitatively understand these effects,
the EFT is modified to include the estimated
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Fig. 4. Comparison of the phase ratio with the effective field theory (EFT) predictions. (A) Poten-
tial (solid black and gray lines) that the third photon, at position r’, experiences because of the other two
photons, at positions £r/2. (i) When the two photons are separated by more than twice the blockade radius

(r > 2rg), each of them creates its own square potential with a width of 2rg. (i) When the two photons overlap
(rg <r<2rg), the potential is partially saturated. Dashed lines denote the overlap of the two interaction potentials.
(iiiy When the two photons are within one blockade radius (r < rg), because there can be no more than one
Rydberg excitation within rg, the potential is not deeper than that created by one photon. Therefore, we
overestimate the attractive potential by considering pairwise interaction only, and a repulsive effective three-
photon force is required to correctly account for the saturation of the Rydberg blockade. U, interaction potential
between two photons. (B) Measured phase ratio o) (t, t,t)/0(?) (t,t) (blue) and EFT predictions (with the
effective three-photon force in red; without in green) as a function of (ODg) 4% where () refers to the average over
the Gaussian profile of the atomic density, and ODg is optical depth per blockade radius. The quantity (ODg) 45
is a quantitative measure of the interaction strength in this system. The control Rabi frequency Q./2r =
{22,18, 10, 10, 8} MHz for A/2r = {54, 42, 30, 24, 18} MHz is chosen such that the transmission is
insensitive to the input photon rate (Fig. 1C). We also change the input photon rate to {0.7, 1, 1, 1.3, 2.5}
photons/us to achieve similar data-acquisition rates, because the losses are larger at smaller detunings.
For a fully saturated medium, one expects 63 /¢(® = 2, as indicated by the pink dashed line. For bound
states in a long medium and no effective three-photon force, one expects ¢ /¢(?) = 4, as indicated by
the light blue dashed line (see text). For a dispersionless Kerr medium, one expects ¢/6® = 3, as
indicated by the gray dashed line. EFT results are calculated with parameters from independent
measurements, and the two-photon detuning from the EIT resonance is the only parameter varied
within the experimental uncertainty to fit the two-photon phase. Error bars in the EFT with the effective
three-photon force arise from the variations with the choice of matching conditions for the three-body
scattering amplitudes (27). Error bars in the experimental data indicate 1 SD.

effective three-photon force (27). Using the
modified EFT, we compare the results with and
without the repulsive effective three-photon
force while also taking into account the effects
due to finite medium (Fig. 4B). Including this
three-photon saturation force allows the phase
ratio ¢ /6 to go below 3, in a reasonable
agreement with the experimental observations.
For fully saturated interactions between the po-
laritons, the interaction potential does not in-
crease with photon number, and the phase ratio
should approach 2.

The observation of the three-photon bound
state, which can be viewed as photonic solitons
in the quantum regime (7, 8), can be extended
along several different directions. First, increas-
ing the length of the medium at constant atomic
density would remove the effect of the scattering
states through destructive quantum interference
to larger T and would retain only the solitonic
bound-state component. Additionally, the strong
observed rate dependence of ¢® may indicate
that larger photonic molecules and photonic clus-
ters could be observed with improved detection
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efficiency and data-acquisition rate. Furthermore,
with the use of an elliptical or larger round probe
beam and careful engineering of the mass along
different directions, the system can be extended
to two and three dimensions, possibly permit-
ting the observation of photonic Efimov states
(82, 33). Finally, our medium supports only one
two- or three-photon bound state, corresponding
to a nonlinear phase less than n. A threefold in-
crease in the atomic density would render the
interaction potential sufficiently deep for a sec-
ond bound state to appear near zero energy,
which should result in resonant photon-photon
scattering and a tunable scattering length (22).
The presence of large effective N-body forces in
this system opens avenues to study exotic many-
body phases of light and matter, including self-
organization in open quantum systems (34, 35)
and quantum materials that cannot be realized
with conventional systems.
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