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We observe that a weak guided light field transmitted through an ensemble of atoms coupled to an
optical nanofiber exhibits quadrature squeezing. From the measured squeezing spectrum we gain direct

access to the phase and amplitude of the energy-time entangled part of the two-photon wave function which

arises from the strongly correlated transport of photons through the ensemble. For small atomic ensembles

we observe a spectrum close to the line shape of the atomic transition, while sidebands are observed for

sufficiently large ensembles, in agreement with our theoretical predictions. Furthermore, we vary the

detuning of the probe light with respect to the atomic resonance and infer the phase of the entangled two-

photon wave function. From the amplitude and the phase of the spectrum, we reconstruct the real and

imaginary part of the time-domain wave function. Our characterization of the entangled two-photon
component constitutes a diagnostic tool for quantum optics devices.
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Nonclassical states of light are at the heart of quantum
optics. Many experimental approaches for the generation of
nonclassical states of light are based on strong coupling
between photons and quantum emitters, e.g., making use of
resonant enhancement of atom-light interaction via high
finesse optical cavities [1-8] or employing collective
response of strongly interacting Rydberg atoms [9-16].
These approaches aim to maximize the interaction strength
between atoms and photons to generate nonclassical states
of light.

In contrast, it has recently been predicted that light with
nonclassical signatures can be generated in a conceptually
simple system consisting of N two-level emitters weakly
coupled to a continuum of modes propagating in a one-
dimensional waveguide and driven with a coherent laser
field [17]. This occurs even when the atoms are driven far
below saturation. This has led to the observation of highly
correlated states of light which can be tuned to exhibit
antibunching or bunching by controlling the optical depth
of the atomic ensemble [18]. At low input powers, the
photon correlations arise from the two-photon component
of the field, which can be written as a superposition of a
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separable part and an entangled part [19]. Measuring the
second-order correlation function of the field, as in [18],
probes the absolute magnitude of the entire two-photon
component. However, it does not provide direct access to
the relative phase and amplitude of the entangled and
separable parts.

Here, we report the observation of quadrature squeezing
[20-24] of the light that is transmitted through an ensemble
of atoms coupled to a nanofiber. While the measurement of
squeezing at low powers in a weakly coupled atomic
ensemble is novel in itself, we also use this measurement
to gain direct experimental access to the phase and
magnitude of the entangled part of the transmitted field.
More precisely, to leading order, the squeezing spectrum is
proportional to the amplitude of the entangled part of the
two-photon wave function, and the homodyne measure-
ment of a continuous field allows us to measure the
entanglement of the spectral components of opposite
frequency, @, £+ w, around the probe field with frequency
@q [25]. The entanglement in the transmitted light is a
consequence of the collective nonlinear response of the
atomic ensemble. Entangled photons from each atom
constructively interfere which leads to collectively
enhanced squeezing. At the single atom level, the entan-
glement arises from the two-photon scattering process of
resonance fluorescence, as depicted in Fig. 1(a). Two
resonant photons that arrive during the lifetime of the
excited state are scattered into spectrally entangled
blue- and red-detuned sidebands, resulting in energy-time
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FIG. 1. (a) Atom-mediated photon interaction: two photons
interact with a two-level atom and exchange energy such that they
become red detuned and blue detuned with respect to the incident
light. (b) The scattered light exhibits a Lorentzian shaped
spectrum. (c) As the generated photon pairs propagate through
the ensemble, absorption around the atomic resonance @
attenuates the central part of the spectrum, leaving red- and
blue-detuned sidebands. (d) Schematic setup: probe light exiting
the nanofiber interferes with a local oscillator at phase 6 on a
50:50 beam splitter and is analyzed on balanced photodetectors.
Atoms are trapped in the evanescent field of the nanofiber waist
of a tapered optical fiber by a combination of red-detuned
standing-wave light field at a wavelength of 935 nm (solid gray
line) and blue-detuned running-wave light field (dashed gray
line) at 685 nm.

entangled photon pairs. This process resembles degenerate
four-wave mixing (FWM) by a Kerr nonlinearity [26].
However, unlike FWM in a single-mode cavity QED
[27-29], the multimode nature of the cascaded system
produces richer physics and requires a full multimode
treatment of the light field. In our theoretical and exper-
imental analysis we characterize the photon pairs by
measuring the resulting quadrature squeezing. The latter
allows us to infer the magnitude and the phase of the
entangled part of the two-photon wave function.

We consider the physical setting of N emitters weakly
coupled to a single-mode continuum of the electromagnetic
field with a continuous spectrum. In our setup, we use laser-
cooled cesium atoms in the evanescent field surrounding a
tapered optical fiber with a 400 nm diameter. The atoms are
trapped in two 1D arrays of trapping minima along the
nanofiber created through a combination of red- and blue-
detuned fiber guided light fields [30-32]. The atoms are
located at a distance of ~250 nm from the fiber surface, and
each site contains at most one atom. The nanofiber-guided
probe field of power P;, is near-resonant with the cesium
D2-line transition and interfaces the atoms via the evan-
escent field of the nanofiber mode as depicted in Fig. 1(d)
[33]. The coupling of individual atoms to the nanofiber
mode is weak, with a coupling constant = Iy, /I'o; =
0.0070(5) [34], where I',,, is the spontaneous emission rate
into the waveguide and I'y,, = 27 x 5.2 MHz is the total
emission rate. We analyze the transmitted light via a
balanced homodyne detection scheme: The output is first
filtered from the trapping light fields and then sent to a

50:50 beam splitter where it is mixed with a local oscillator
(LO) field [38—40] as shown in Fig. 1(d). The two outputs
are measured on balanced photodetectors, and we record
the amplified differential current 7(¢) between both
photodiodes, which is proportional to the field quadrature
Xy(t). Here, 6 is the relative phase between the LO and
the probe field. The quadrature operator is given by
X,(t) =1L[a(t)e + a'(t)e~"), where a(a') is the annihi-
lation (creation) operator. For a classical (coherent) state of
light (X,(¢)) oscillates as cos(#), and the fluctuations
AXy(1) = Xy(t) — (Xy(1)) are independent of the phase
6 and have minimum uncertainty, i.e., they are at the shot
noise limit.

We probe an ensemble of N atoms with an incident light
that has a saturation parameter s = P;,/Ps. Where
Py = hol'y,/(88) = 136 + 10 pW, and detuning A from
the atomic resonance. The transmitted light experiences a
change in phase and amplitude upon interaction such that
the output field has the average field quadrature

(Xo(0) = ItAINsl/z\/%’;COS(@ +6)+0(s). (1)

Here, O(s) refers to terms of order s and higher, and
5= Arg{r\}, where 1y, =1—28/(1 —2iA/T,) is the
single-photon transmission coefficient of a single atom.
The atoms also modify the variance (AX?3(¢)) and lead to
quadrature squeezing. For squeezed light, the quadrature
variance is smaller than the shot noise level for a certain
value of 6. More precisely, the variance (AX>(z)) oscillates
twice as fast as (X,(r)) and exhibits a cos(20 + ¢)
modulation. For a resonant drive the phase offset ¢ is zero
and the light is amplitude squeezed with maximum
squeezing observed for 8 = (0, x).

In our setup, the squeezing is induced by the nonlinear
optical response of atoms which behave as effective two-
level systems. In the following, we limit our discussion to
powers well below saturation s/8 < 1 such that we can
neglect events where three or more photons arrive simulta-
neously at any atom. The transmitted part of the two-
photon wave function can be expressed in terms of
separable and entangled photons. In the frame rotating
with @, the two-photon wave function is

wa(x1.x0) = 15 = dy(x1 — x2). (2)

The first term denotes separable photons which are mono-
chromatic traveling waves extended in space. Upon inter-
action with each emitter, each of the separable photons
acquires a transmission coefficient 7, . The entangled part of
the wave function is not separable and is a localized
function of the relative coordinate x; — x,. On resonance
(A = 0) and for a single emitter it is a decaying exponential
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¢N=1 (x =X — xz) — 4ﬂ26_‘x‘rlo!/(21)_(])’ (3)

where v, is the group velocity of the photons. For N
emitters the entangled part of the wave function ¢ (x) was
computed in Ref. [17].

Introducing the normally ordered squeezing spectrum

Sp(w) = /_ °°< AKXy (7)AX,(0):) e dr, (4)

[So]

allows relating the entangled part of the two-photon wave
function with the variance of the field quadrature (see
Supplemental Material [34] for detailed calculations). Here,
:...: denotes normal ordering and the normally ordered
squeezing spectrum of a coherent state yields Sy(w) = 0,
while squeezed light yields Sy(w) < 0. For the states
generated in our experiment and in the case of weak
saturation, the squeezing spectrum Sy(w) and the spectrum
of the entangled photons ¢y (@) = [ ¢y(x)e™ @/ ?dx are
linked by

Sof) = =15 (@) c0s 20+ pn(w)ls +O(). (9

where we introduced the phase and the magnitude of the
spectrum of the entangled two-photon wave function as
dn(@) = |py(@)|e?¥@). In the following, we will first
focus on a resonant probe field for which ¢y (®) is a real
quantity [¢y (@) = 0]. For a single emitter ¢y_; (@) is the
Fourier transform of Eq. (3) which gives a Lorentzian.
Consequently, also the squeezing spectrum has a
Lorentzian shape [41]. For N emitters with Nf <1,
reabsorption can be neglected and the scattered compo-
nents constructively interfere since the process relies on
forward scattering. A coherent build up of the squeezed
photons takes place, and the squeezing spectrum is coher-
ently enhanced, i.e., its amplitude is N times larger than the
single atom squeezing spectrum [42]. For large optical
depth (OD), the probability that the squeezed photons are
scattered again and thereby most likely removed from the
fiber cannot be neglected anymore, and the problem
becomes a quantum many-body problem. Recently, it
has been shown that this problem can be solved exactly
up to two-photon input states for chiral coupling where
atoms couple only to one propagation direction of the mode
[17]. Applying this formalism (see Supplemental Material
[34] for detailed calculations) allows calculating the
squeezing spectrum for arbitrary N. The results from those
calculations can be understood in the following manner:
photon losses occur predominantly close to the emitters
resonance which reduces the observed squeezing close to
resonance. For many emitters this leads to a squeezing
spectrum which develops sidebands due to the loss of
squeezed photons that are resonant with the atoms as we
will experimentally show later below.

We typically load a few hundred atoms into the evan-
escent field trap and determine the number of atoms N in a
separate transmission measurement. We then probe the
atoms on the cycling transition of the D2 line. The probing
lasts for 10 — 100 ps, such that heating due to resonant
scattering of the probe is small, and the number of trapped
atoms does not change significantly during probing. After
the homodyne measurement, we eject the atoms from the
trap, shift the LO field frequency by 1 MHz, and increase
its power in order to observe a beat note between the probe
field and the LO. From the beat note, we extract the relative
phase 6 between the probe field and the local oscillator at
the moment of the homodyne measurement. After this
heterodyning stage, we switch off the probe field and
record a vacuum reference where only the LO field is
incident on the homodyne detector. We repeat the meas-
urement 10 000-100 000 times depending on the dataset
and record /(¢) in each run. From each experiment cycle,
we extract the power spectrum of /() during atom probing,
the vacuum reference, and the relative phase 6.

In a first step, we extract the noise (A7*(0)) and
normalize it to the vacuum reference as shown in Fig. 2.
We average the noise within the relevant frequency range of
Sfmin = 1.5 MHz and f ., = 23 MHz. The lower boundary
is chosen to exclude technical noise and the upper boun-
dary to capture the physically relevant frequency range on
the order of a few I, The mean atom number during
probing consists of N = 169 £ 12 trapped atoms. In all
measurements, the number of atoms decreases by less than
20% during probing, which we infer in a separate trans-
mission measurement. The incident field is resonant and
has a saturation parameter of s = 0.51 +0.04. In Fig. 2
data points with atoms show the expected — cos(26)
modulation of the noise. Values smaller than 1 show that
the light is quadrature squeezed. The maximum observed
squeezing within the bandwidth Af = f .« — fmin 1S
0.65% £ 0.12%. We fit the data with the function

atoms
¥ noatoms

1.010 1 ys 3

0.995 3 T3

n 312 2n
e

FIG. 2. The observed output noise as a function of the phase 6.
The noise is normalized to the vacuum reference and deduced
from the frequency range f,;, = 1.5 MHz to f.. = 23 MHz.
The signal obtained with trapped atoms (shown in circles) is
compared to the measurement without atoms (shown in trian-
gles). We fit the experimental data with trapped atoms using the
function —A cos(260 + @) + ¢ (black line) which reveals the
expected cos(26) modulation. Squeezing occurs for 6 around
0 and 7 while antisqueezing occurs around /2 and 37/2. The
resonant input power is Pj,/Pg = 0.51 4+ 0.04.
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—Acos(20 + @) + ¢ where A is the amplitude of the
squeezing, and ¢ accounts for additional noise sources in
the experiment. We obtain a small value for the squeezing
angle ¢/7 = 0.1 £ 0.03. This shows that the light is almost
purely amplitude squeezed, i.e., the strongest squeezing is
observed for @ close to 0 and z.

In the next step, we make use of the homodyne detection
scheme to access the spectrum of the entangled photons.
From the experimental power spectrum normalized to the
vacuum spectrum, we deduce the normally ordered squeez-
ing spectrum Sy(w) (see Supplemental Material [34] for
detailed calculations). Figures 3(a)-3(c) show the normally
ordered squeezing spectrum for different N for the most
squeezed (@ =0,7) in orange (bright) and the most
antisqueezed (0 = z/2,37/2) in blue (dark). Here, we
average over a 6 range of +18° around both maxima and
minima of the noise (A7%(6)). At 6 = (0, ), for all atom
numbers, the squeezing spectrum Sy(w) exhibits fluctua-
tions below zero which confirms that the spectral compo-
nents created by the two-photon scattering are energy-time
entangled [25]. We attribute the deviations at low frequen-
cies mainly to technical low-frequency noise.

In order to determine the spectrum of the entangled two-
photon components |¢y ()| we make use of the fact that
So(w) is proportional to |¢py(w)| and for a resonant probe
can be best extracted at the extrema of the cosine modu-
lation (0 = 0,7/2,7,37/2). We obtain |¢py(w)| directly
from the squeezing spectra shown in Figs. 3(a)-3(c) by
using Eq. (5) and averaging over the absolute value of
So(w) at the four different values of 0. Panels (d)—(f) in
Fig. 3 show the spectrum of the entangled photons |¢y (®)]
for different N from small to large atom numbers. For a
small atom number, i.e., a small OD of the atomic

ensemble, the spectrum is mainly dominated by a coherent
buildup of entangled photons, and the shape of ¢y (@) is
close to the line shape of the atomic transition as shown in
Fig. 3(d). As N is increased, as in (e) and (f), the probability
that squeezed photons are scattered a second time and
thereby lost from the waveguide mode increases. These
events are more likely close to the atomic resonance.
Consequently, one observes two sidebands, to the
left and to the right of the atomic transition. Already for
N =194 £ 14 the spectrum strongly deviates from a
Lorentzian. For N = 262 =+ 19, the entangled photons with
frequency components close to resonance have almost
vanished and the entangled photon pairs are concentrated
in the sidebands.

So far, we considered a resonant probe field which leads
to zero phase of the entangled part of the two-photon wave
function [@y(w) = 0]. In the following, we measure the
detuning dependence of @y (). We probe N = 140 atoms
with s = 0.37 £ 0.03 for different detunings A. First, we
focus on the phase of the squeezing, i.e., the phase of the
entangled two-photon wave function gy (7) = Arg{¢y(7)}
averaged over Af. As in Fig. 2, we fit the averaged
noise and extract the offset angle ¢. Since the bandwidth
Af contains the relevant frequencies, this method is
equivalent to an integration over all frequencies and we
introduce the frequency integrated entangled two-photon
wave function 2z¢y (7 = 0) = [%_ ¢y(w)dw. Figure 4(a)
shows the experimental values for ¢y (7 = 0) together with
its theoretical prediction.

In order to reconstruct the complex-valued function
dn(@) = |py(@)|e?¥(@), we access gy(w) by fitting the
phase in each frequency range individually. Figure 4(b)
shows the phase of ¢y (@) as a function of @ together with

N=51x+4 N=194 + 14 N=262+19
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FIG. 3.

The first row of panels, (a)-(c), shows the squeezing spectrum Sy(w) for three different atom numbers at input powers

s = (0.15+0.01,0.67 £ 0.05,0.29 £ 0.02) (from left to right) at the angle of largest squeezing, @ = (0, z) in orange (bright), and
largest antisqueezing, 6 = (/2,37/2) in blue (dark). The corresponding theoretical predictions are shown as solid lines. The second
row of panels, (d)—(f) shows the entangled photon spectrum |¢y(@)| which is deduced from the upper row with the corresponding
theoretical prediction (solid line). All theoretical curves are predictions based on the independently measured parameters f and N,
without any free fit parameter taking into account the effect of independently estimated photon loss and detection efficiency in our setup

[34,43,44].
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FIG. 4. The phase of the entangled part of the two-photon wave
function @y for N = 140 together with the corresponding
theoretical predictions in solid lines. (a) The integrated phase
on(t =0) = Arg{¢y(z = 0)} for different detunings A. (b) The
phase @(w) as a function of frequency. The detunings from top to
bottom are A/, = 1.9, 0.8, 0, —1, —1.9 and share the same
color code as in (a). (c) The reconstructed real and imaginary part
of the entangled two-photon time-domain wave function ¢y (7).
The solid lines show the corresponding theoretical predictions
based on the independently measured values of # and N, without
any free fit parameter.

its theoretical prediction for different laser-atom detunings
A. From the phase and the magnitude in frequency space,
one can equivalently obtain the complex time-domain wave
function ¢y (7) by an inverse Fourier transform. Using this
method, we obtain the experimental ¢y(7), and Fig. 4(c)
shows three examples together with the corresponding
theoretical prediction which does not contain any fit
parameter.

In conclusion, we observed the generation of squeezed
light by sending weak coherent laser light through an
ensemble of atoms weakly coupled to a nanofiber. The
squeezing spectrum obtained via homodyne measurement
gives direct access to the relative phase and magnitude of
the two-photon wave function at the fiber output, allowing
us to reconstruct the time-dependent two-photon wave
function of the transmitted light. These measurements
reveal the change in phase and magnitude of the entangled
photons for different detunings and relate these to the
squeezing spectrum.

A recent theoretical proposal has suggested that corre-
lation measurements can be used to reconstruct the scatter-
ing matrix of an arbitrary quantum scatterer [45], and a first
experimental step has been taken for a single quantum
emitter [46]. While we have focused on reconstructing the
two-photon wave function, our measurement could also be
extended to reconstruct the entire scattering matrix of an

atomic ensemble. Finally, while in this work we have
focused on squeezing measurements, which quantify sec-
ond-order amplitude correlations, studying higher-order
correlations is also possible with our approach. For exam-
ple, a nonzero third-order moment can unveil the expected
non-Gaussian nature of the output photons and can also
uncover the existence of three-body entanglement.
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