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Tailoring Photon Statistics with an Atom-Based Two-Photon Interferometer
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Controlling the photon statistics of light is paramount for quantum science and technologies. Recently,
we demonstrated that transmitting resonant laser light past an ensemble of two-level emitters can result in a
stream of single photons or excess photon pairs. This transformation is due to quantum interference
between the transmitted laser light and the incoherently scattered photon pairs [Prasad et al., Nat. Photonics
14, 719 (2020)]. Here, using the dispersion of the atomic medium, we actively control the relative quantum
phase between these two components. We thereby realize a tunable two-photon interferometer and observe
interference fringes in the normalized photon coincidence rate. When tuning the relative phase, the
coincidence rate varies periodically, giving rise to a continuous modification of the photon statistics from
antibunching to bunching. Beyond the fundamental insight that there exists a tunable quantum phase
between incoherent and coherent light that dictates the photon statistics, our results lend themselves to the

development of novel quantum light sources.
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Nonclassical light is a resource in science and technology
with applications ranging from quantum communication [1]
and information processing [2] to sensing [3], imaging [4,5],
and metrology [6]. Depending on the respective application,
different photon statistics are required, ranging from streams
of single photons to photon pairs. While the former are
anticorrelated in time and thus exhibit antibunching, an
excess of photon pairs manifests itself as time-correlated or
bunched detection events. Nonlinear media are an important
tool for generating such nonclassical light and are used, e.g.,
in down-conversion-based quantum light sources [7,8]. The
strongest optical nonlinearity is granted by quantum emitters
like atoms, molecules, color centers, or quantum dots. Such
quantum emitters even allow one to reach the regime of
quantum nonlinear optics, where the response of the medium
to the incident light strongly differs between one and two
incident photons. Because of their intrinsic nonlinear proper-
ties, two-level quantum emitters are widely used to generate
antibunched light [9-11].

The light scattered by a single emitter is commonly
subdivided into two components, namely coherently and
incoherently scattered light, reflecting the respective
capability to interfere with the field of the excitation laser.
About forty years ago, it was conjectured that antibunching
in the resonance fluorescence of a two-level emitter stems
from destructive quantum interference between scattering a
photon pair coherently or incoherently [12,13]. Recently,
there has been renewed interest in utilizing this interference
phenomenon to generate various quantum states of light
[14-16]. Building on this insight, it has been shown that
when rejecting one of the components, the photon statistics
of the remaining fluorescence light of a single quantum
emitter can be modified, from antibunching to Poissonian
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statistics [17,18] and to bunching [19,20]. Moreover, it has
been shown that a similar quantum interference effect
occurs when transmitting resonant light past an ensemble
of two-level emitters [21,22]. All these demonstrations are
limited to modification of the relative power between the
coherent and incoherent light, thereby narrowing the range
of accessible quantum states.

Here, we demonstrate, for the first time, full control over
both the relative phase and amplitude of the coherent and
incoherent light that is transmitted through an ensemble of
laser-cooled atoms. Taking advantage of the dispersion of the
atomic medium, we realize a two-photon interferometer that
allows us to continuously tune the nature of the interference
from destructive to constructive. Scanning the phase of this
interferometer, we observe interference fringes in the photon
coincidence rate, thereby supporting the fundamental insight
that the quantum phase between the coherent and incoherent
light dictates the photon statistics.

Our setup is sketched in Fig. 1(b). It comprises an optical
nanofiber through which a continuous wave (CW) laser field
is launched with photon flux |a;,|* and frequency @y . In the
nanofiber region, the laser light protrudes beyond the nano-
fiber surface in the form of an evanescent field which couples
to an ensemble of N laser-cooled cesium atoms trapped along
the nanofiber (D2-line: resonance frequency @, natural
linewidth I" = 27 x 5.2 MHz [23]). The photon statistics
of the transmitted light is measured with a Hanbury-Brown
and Twiss setup. Each of the atoms can scatter the incident
light coherently and incoherently. In the regime of low
saturation, incoherent scattering is a process that resembles
spontaneous four-wave mixing where two laser photons
are converted into a pair of frequency entangled red- and
blue-detuned photons centered around w; [12,24-27],
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FIG. 1. (a) Illustration of the coherent and incoherent two-
photon processes for a single emitter. (b) Experimental setup.
Laser-cooled Cs atoms are optically trapped in the evanescent
field surrounding an optical nanofiber and interact with a near-
resonant CW laser field (green). The detuning between the laser
light and the atomic resonance A is set by an acousto-optic
modulator (AOM). The transmitted light passes through a
80 MHz bandpass filter that suppresses background light and
is wide enough to leave the coherent and incoherent components
unaffected [28]. The photon statistic of the transmitted light is
measured with two single-photon countermodules in a Hanbury-
Brown and Twiss setup. (c) Sketch of the effective multipath
interferometer for the coherent (upper arm) and incoherent (lower
arm) component of the two-photon wave function. Initially the

two-photon component is fully coherent with ylgonh) =a2 /2.

While the coherent and incoherent components are sketched
separately, they propagate inside the same spatial mode of the
nanofiber.

see Fig. 1(a) right panel. For small laser-atom detuning
|A| < T"where A = @w; — w,, the incoherent component has
a width on the order of I'" [28]. Notably, this two-photon
amplitude interferes with that of the laser light with a relat-
ive phase dependent on the laser-atom detuning A. More
precisely, as the laser light is propagating through an atomic
ensemble, one has to add the incoherent scattering ampli-
tudes from each atom. This gives rise to a collective
enhancement of the probability amplitude of generating an
entangled photon pair [22,26]. At the same time, the
incoming laser light is attenuated exponentially with the
number of atoms when propagating through the ensemble,
according to Beer-Lambert’s law. For small atom numbers,
the transmitted light is dominated by the laser light, thus
resembling an attenuated coherent state. For larger atom
numbers, however, the combined effect of exponential
attenuation of the laser field and the collective build-up of
the incoherent component strongly modifies the state. This
manifests itself in a predicted deviation from Beer-Lambert’s
law in the transmitted power [22,38] as well as a modification

of the photon statistics [21,22], owing to the quantum nature
of this process. To describe the resulting photon statistic
quantitatively, one has to consider the quantum state of the
two-photon component of the transmitted light [22]:

|[//> = //dl’ld‘tzl//(l'z—Tl>211+|&12|0>» (1)

where 21; creates a photon at time z;. The temporal wave
function y/(7) gives the probability amplitude of detecting
two photons with a time delay 7 =17, —7;. In the low
saturation regime, this two-photon wave function can be
expressed as

W(T) = Weoh + Wincoh(f)’ (2)

where .., and yion are the coherent and incoherent
components of the two-photon wave function of the trans-
mitted light, respectively. In order to calculate y;,, we apply
Beer-Lambert’s law to the incident field. The resulting
attenuated coherent component consists of uncorrelated
photons. Consequently, its two-photon wave function v,
does not depend on z. In contrast, y;,.,, describes time-
frequency entangled photon pairs whose correlations origi-
nate from atom-mediated photon-photon interactions [24].
Correspondingly, this implies that these correlations decay
with a time constant given by the excited state lifetime,
74 = 1/T. In order to calculate i .on, We sum up the
contribution from all atoms. To do so, we first determine,
using Beer-Lambert’s law, the amplitude of the coherent
driving field at the position of each atom. We then compute
the incoherent component of the two-photon wave function
of the field that is forward-scattered into the waveguide by
each atom individually. Finally, we sum up these individual
components, taking into account their respective transmis-
sion past the downstream atoms. The expression for y;, .o, as
well as its derivation can be found in Sec. S1 of Supplemental
Material [28]. We note that y;,..p, 1S at the origin of squeezing
in the transmitted light and can hence be experimentally
deduced from its squeezing spectrum [26].

The resulting second-order quantum correlation func-
tion of the transmitted light is proportional to the squared
modulus of the two-photon wave function, ¢ (7) |y (7).
Thus, ¢ (z) can be viewed as the interference signal of the
two-photon interferometer sketched in Fig. I(c). In this
picture, each atom acts as a nonlinear beam splitter that
splits the incoming light into a coherently and an incoher-
ently scattered component, which are copropagating but
can be distinguished by their frequency. At the same time,
each atom also imparts a relative phase shift between the
coherent and incoherent component. As a consequence, after
the interaction with the ensemble, the interfering complex
amplitudes, .o, and Wipeon(7), depend both in magnitude
and phase on the laser-atom detuning and the number of
atoms. In this context, it is useful to introduce their relative
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phase (p(’[) = arg{l//incoh (T)} - arg{Wcoh} and amplitude
() = [Wincon(7)|/[Weon|- The relative phase shift depends
on the interplay of two effects. First, as depicted in Fig. 1(a),
when an entangled photon pair is created by an atom, its
relative phase with respect to the local coherent field depends
on the laser-atom detuning. Second, because the pair contains
frequency components that are red and blue detuned from the
laser, they experience different refractive indices than the
coherent laser light, resulting in an additional phase shift
upon propagation through the remaining ensemble. In the
special case of resonant excitation, the red- and blue-detuned
photons are generated symmetrically around the atomic
resonance, such that the dispersive phase shift accumulated
by the photon pair exactly cancels out.

Experimentally, ¢(z) and 7(z) are controlled by adjust-
ing the detuning A with an acousto-optic modulator and the
atom number N. We control the latter via the loading
sequence into the nanofiber-based dipole trap [28]. Figure 2
shows four examples of measured ¢'*(z) for different
values of A and N together with the calculated wave
functions y o, and yipeon(7) for the same parameters. For
each detuning A, the atom number was chosen such as to
yield equal magnitudes of the coherent and incoherent two-
photon amplitude at zero time delay, i.e., n(z =0) =1,
thereby maximizing the interference visibility. On reso-
nance (first row), both v, and wi,on(7) are real functions.
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FIG. 2. Left column: measured second-order quantum corre-
lation ¢ (z) for different detuning A, and thus relative phases
¢(t = 0). The solid lines correspond to the model prediction. In
each configuration, the number of atoms is chosen such that we
obtain equal amplitudes of the coherent and incoherent two-
photon component at zero delay. Right column: corresponding
calculated ., and yipeon (7). The color of the line corresponds to
the time-dependent phase difference of i .o (7) With respect to
Weon- The red and blue shaded areas highlight the region where
the two components interfere destructively and constructively,
respectively.

Around 7 = 0, their relative phase is ¢(7) = z. This leads
to destructive interference between the two wave functions,
giving rise to photon antibunching in the measured corre-
lation function reaching ¢ (0) = 0.4 £0.1 (blue data).
For larger delay (z > 45 ns), Wi,on(7) changes sign with
respect to the coherent component [¢(7) = 2z] and the
interference changes from destructive to constructive. In
the next three rows, we increase the laser-atom detuning
and consequently imprint a phase difference between the
coherent and incoherent part, which greatly modifies the
interference and, thus, the photon statistics. This is, for
instance, illustrated in the second row (orange data) where
the detuning was chosen such that, in contrast to the
resonant case, W.o, and ;.o are in phase and construc-
tively interfere at 7 = 0. This results in photon bunching of
¢ (0) = 2.7 4 0.3, slightly less than g®)(0) = 4, which is
the value ideally expected for fully constructive interfer-
ence and equal amplitudes. Similarly, in the third row
(green data), the detuning A = —1.9 MHz was chosen to
yield a phase shift ¢(r = 0) = 27x/3 and, accordingly, we
measure ¢>(0) = 1.05 + 0.02, close to the expected value
of ¢?(0) = 1. At a detuning A = —2.3 MHz, as shown in
the fourth row (purple data), the two components are again
7 out of phase at zero delay. The remarkable resurrection of
antibunching for finite detuning clearly illustrates the
interference character of the observed phenomenon. Note
that the z-dependant oscillations in the measured second-
order quantum correlation function ¢(®(z) stem from
periodic evolution of the imprinted phase. The frequency
of these oscillations increases with the detuning. As a
consequence, depending on 7, this leads to either con-
structive or destructive interferences as indicated by the
blue and red shaded area in the right column of Fig. 2.

We now repeat the above measurement procedure for
15 different relative phases ¢(z = 0) and use a maximum
likelihood estimation to extract the normalized photon
coincidences ¢'?)(0) [28]. The results of this analysis are
plotted in Fig. 3. When modifying the phase difference, the
photon statistics oscillates between antibunching and
bunching. For comparison, the solid black line shows
the theoretical prediction for ideal conditions, g(*)(0) =
2(1 + cos[¢(0)]), which oscillates sinusoidally between
perfect antibunching for ¢(0) = 2n+ 1)z (n€Z) and
photon bunching with ¢ (0) =4 for ¢(0) =2nz. In
comparison to this ideal case, our experimental data show
a slightly reduced visibility of V =0.76 £0.02. The
dashed gray line is a theoretical prediction that includes
the effect of averaging over a finite range of atom number
that has been used to obtain the data points in Fig. 3. Taking
into account this experimental imperfection, the theoretical
prediction agrees well with our data.

The observation of interference fringes may come as a
surprise given the fact that the two components are spectrally
distinguishable, thereby encoding which-way information.
However, even under such conditions, interference can be
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FIG. 3. Interference fringes in the normalized second-order

quantum correlation g®)(z =0) as a function of the phase
difference between coherent and incoherent photon pairs ¢(0).
All points are measured for equal coherent and incoherent
amplitudes at zero delay. The detuning A is shown in the top
x axis. The solid line is the model prediction assuming ideal
conditions, while the dashed line takes into account the effect of
averaging over a finite range of atom numbers [28]. The two
arrows in the top column insets represent the complex values of
the coherent (green) and the incoherent (blue and red) two-photon
amplitude at 7 =0. The four data points indicated as stars
correspond to the data shown in Fig. 2.

restored by erasing the which-way information [39].
For example, in the double slit experiment [40,41]
observing interference requires a detector with a high
enough spatial resolution. This consequently erases the
which-way information encoded in the transverse momen-
tum of the interfering particle on which slit it passed
through. In our experiment, the two paths correspond to a
pair of laser photons either being coherently transmitted or
incoherently scattered. In this case, the observation of
interference in the photon statistics requires a detector
with a high enough temporal resolution, which conse-
quently erases the spectral which-way information. We
note that a similar effect has been employed when
observing the two-photons interference of spectrally
distinguishable photons [42].

In conclusion, our results show that the second-order
quantum correlation function ¢(?)(z) of near-resonant light
transmitted past an ensemble of N two-level emitters can be
quantitatively understood as resulting from the interference
of the coherent and incoherent components of the two-
photon wave function in an atom-based two-photon inter-
ferometer. While the two components are typically denomi-
nated as coherent and incoherent, the interference fringes
observed in our experiment clearly demonstrate that there
exists a well-defined phase between both components. This
insight and the demonstrated control over their relative
amplitude and phase open a new avenue toward tailoring

the photon statistics of laser light for application in the
realm of quantum technologies or quantum metrology.

In that context, while the current study focuses on the
interference of the two-photon component, the same
interference mechanism will occur for larger photon-
number components, allowing one to engineer higher order
correlation functions. This may then pave the way for the
generation of complex quantum states of light with larger
photon number and tailored temporal correlations.
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