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Interference of multiple photons via a linear-optical network has profound applications for quan-
tum foundation, quantum metrology and quantum computation. Particularly, a boson sampling
experiment with a moderate number of photons becomes intractable even for the most powerful
classical computers. Scaling up from small-scale experiments requires highly indistinguishable sin-
gle photons, which may be prohibited for many physical systems. Here we report a time-resolved
multiphoton interference experiment by using photons not overlapping in their frequency spectra
from three atomic-ensemble quantum memories. Time-resolved measurement enables us to observe
nonclassical multiphoton correlation landscapes which agree well with theoretical calculations. Sym-
metries in the landscapes are identified to reflect symmetries of the optical network. Our experiment
can be further extended to realize boson sampling with many photons and plenty of modes, which
thus may provide a route towards quantum supremacy with nonidentical photons.

Universal linear-optical quantum computing [I] is gen-
erally considered to be challenging in the near future. An
intermediate quantum computing model, namely “boson
sampling” which requires less demanding experimental
overheads [2], has attracted intensive experimental in-
terests in recent years [3HII]. A boson sampling ma-
chine can be realized by interfering many single photons
through a linear optical network. Sampling the output
photon distribution is strongly believed to be intractable
for a classical computer for large photon numbers [2] [12].
For experimental realizations, photon indistinguishabil-
ity is crucially important, since for distinguishable pho-
tons the computational complexity collapses to a poly-
nomial scaling, which becomes tractable for a classical
computer [I2]. Requiring of complete overlap in the pho-
tonic spectra as a way to achieve photon indistinguisha-
bility may impose a challenge for many types of photon
sources, particularly the solid-state single photon emit-
ters [I3]. The inhomogeneous distribution of complex
mesoscopic environment of the solid state tend to cause
frequency distinguishability for photons created from dif-
ferent emitters.

Photon indistinguishability and interference are also
very important fundamentally. The HOM dip is a beauti-
ful manifestation of the interference of two identical pho-
tons [I4HI7]. When two photons are different in color, it
was shown that high interference visibility can be recov-
ered by using time-resolved measurement [I8, [19]. Per-
fect coalescence can still happen when photons are de-
tected simultaneously in the two output modes. Later
it was studied that perfect entanglement swapping by
interfering color-different photons is also possible by
using time-resolved measurement and active feed for-

ward [20]. Very recently, it has been shown that by using
polarization- and time-resolved detections at the output
of a random linear optical network, a much richer mul-
tiphoton correlation landscape can be observed for a bo-
son sampling experiment with photons not overlapping
in their temporal (frequency) spectra and/or with dif-
ferent polarizations [21), 22]. Additionally, they showed
that inner-mode correlation landscapes can manifest in-
triguing symmetric properties characterizing a given N-
photon interferometer [22]. They also proved that boson
sampling problems based on additionally sampling in the
photonic inner modes and/or in the input photonic occu-
pation numbers are at least as computationally hard as
standard boson sampling [23H26].

In this paper, we report a time-resolved three-photon
interference experiment when no overlap occurs between
the photonic spectra [21], 22]. We make use of three cold
atomic ensembles to create three independent single pho-
tons, which are injected into a linear optical network with
its internal phase being adjustable. At the output ports
of the network, the three photons are detected in a time-
resolved manner. We observe different kinds of multipho-
ton correlation landscapes as we change the phase config-
uration. The observed coincidence landscapes agree very
well with theoretical calculations. Moreover, we also find
that symmetries in the multiphoton coincidence land-
scape can reveal symmetries of the optical network [22)].
Our work enables multiphton interference to be recovered
by using time-resolved measurements, and thus provides
a route towards demonstrating quantum supremacy [206-
28] with nonidentical photons.

In our experiment we make use of a versatile setup
of cold atoms [29] to create single photons [30, [31].
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FIG. 1. Experimental setup. (a) Schematic diagram for one
setup of atomic ensemble quantum memory to create one sin-
gle photon. A ring cavity, which mainly consists of one par-
tially reflecting mirror (PR, R ~ 80%) and two highly re-
flecting mirrors (HR, R > 99.9%), is used to enhance single
photon generation rate. The half- and quarter-wave plates
(A/2 and A/4) in the cavity are used for polarization compen-
sation. The cavity is intermittently locked by a piezoelectric
ceramic transducer (PZT). In our multiphoton interference
experiment, we make use of three similar setups to create
three single photons. (b) Linear optic network for interfer-
ence. The network is mainly composed of three beam split-
ters (BS, R: T =1:1or 2:1). Single-mode fibers are
used for the input and output modes. Heralding efficiency for
a single photon at each input mode is 45%. (¢) Atomic lev-
els used in the single-photon source. Atoms are prepared at
state |1, —1)r,mr by optical pumping during each write pro-
cess. After applying the write pulse, there are two orthogonal
polarized write-out photons collected, once the spinwave is
produced in state |2, +1) p,mr, a T-pulse is applied to transfer
the excitation to state |2, —1)pmp. (d) A typical read-out
single-photon profile. The histogram is a measured photon
counts distribution by a single-photon detector during coin-
cidence measurement. The solid line represent the read-out
photon profile that we used in theoretical calculation. The
full temporal width at half maximum for the wavepacket is
63 ns.

An atomic ensemble is captured and cooled through
magneto-optical trapping (MOT). By employing the
spontaneous Raman scattering process with a A energy
scheme, we can create nonclassical correlations between
a scattered photon and a spinwave excitation in a prob-
abilistic way [32]. The spinwave excitation can be later
retrieved as a second photon on demand. The experi-
mental scheme is depicted in Fig. To suppress high-
order events, the excitation probability in the write pro-
cess is typically very low. In order to enhance the photon
generation rate, we make use of a dual Raman scatter-
ing process. A o7 polarized write-out photon heralds a
|2, —=1) g collective excitation. While a o~ polarized
write-out photon heralds a |2, +1) g collective excita-
tion, and we conditionally apply a 7w pulse which transfer

the |2, +1) g p excitation to |2, —1) g, r excitation. The
|2, —1) pmp excitation is later retrieved as a single pho-
ton on demand. Polarization multiplexing enables us to
double the photon generation rate without increasing the
contribution of high-order events.

TABLE 1. Measurement of ¢ for three setups.

Pe 0.01 0.02 0.03 0.04 0.06
g (s1) 0.072(7) 0.126(9) 0.201(11) 0.233(11) 0.322(12)
9@ (s2) 0.094(9) 0.165(10) 0.222(11) 0.279(11) 0.335(13)
g®(s3) 0.110(9) 0.142(8) 0.220(10) 0.251(10) 0.361(13)

To demonstrate multiphoton interference, we make use
of three similar setups to create three single photons as
shown in Fig. [T} We first measure the single photon qual-
ities. For each setup, we repeat the write process until
a write-out photon is detected, and retrieve the herald-
edly prepared spin wave excitation afterwards to a single
photon. We measure the second-order auto-correlation
¢ in a standard procedure (see [33] and Supplemental
Material for details) for the retrieved photon as a func-
tion of retrieval time. Within a storage duration of 50
ps, we find that the parameter g(®) hardly changes for
each setup. We also change the excitation probability
pe and measure the parameter g(2) accordingly for each
setup, with the results shown in Table [ Each value is
averaged over the range of 0 ~ 50 us. The ¢(®) param-
eter under the same write-out probability is nearly the
same for three setups. In our experiment, we set the
excitation probability to be p. = 0.04 by making com-
promise between single-photon generating rate and the
single-photon quality.

It is crucial for a multiphoton interference experiment
that many single photons are released simultaneously.
For traditional photon sources like spontaneous para-
metric down-conversion or spontaneous four wave mix-
ing, this requirement imposes a scalability issue, since
heralded photons are generated randomly in time and
simultaneous creation is rare. An additional quantum
memory may be employed to solve this issue [34] [35]. In
our experiment however, the on-demand character of the
photon source directly enables us to create multiple pho-
tons in an efficient way. If the memory lifetime is long
enough, we can simply repeat the write process for setup
until success and simultaneously retrieve three photons
when all setups are ready. While our current setup has
a limited lifetime (~ 64 us), thus we set a maximal trial
number of m = 7. If less than three setups are ready
when maximal trial limit is met, we restart the prepa-
ration process, otherwise we retrieve the three photons
simultaneously. Such a preparation process enhances the
n photon rate by a factor of [1 — (1 — p.)™]" /(mp?).

The prepared multiple single photons are coupled into
a multiport interferometer, which is constructed using
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FIG. 2. Temporal correlation landscapes under different phase configurations. Plots in the first row are experimental results
(a~d). The horizontal axis z in each plot refers to (¢1 — t3), while the vertical axis y refers to (t2 —t3). Each point corresponds

2 2 2
to a collection of events centered around (z,y) with a weighting function in the form of e~ [@—2) +w=v:) ]/T07 where (z;,y:)
refers to the coordinate of a nearby three fold event and the parameter r is chosen to be 3 ns to make compromise between
fluctuation of event counts and reduction of pattern resolution. Plots in the second row are theoretical results (e~h).

bulk linear optics as shown in Fig.[Ip. The internal phase
is actively stabilized to an adjustable value ¢. Photons
at each output mode are detected with a single-photon
detector (SPD). All detected events are registered with
a multichannel time-to-digit converter (TDC), and from
which we can analyse multifold temporal correlations.
The time resolutions of SPD and TDC are 350 ps and 50
ps respectively. To demonstrate multiphoton interference
with color-different photons, we set the three photons to
be blue detuned by 27 x 72.4 MHz (s1), 27 x 33.0 MHz
(s2), 2m x52.4 MHz (s3) relative to the D1-line transition
|F=1) < |F’'=2) by adjusting the read beam frequency
accordingly for each source. We make measurements for
a number of different phases ¢, and analyze multiphoton
temporal correlations, with results shown in Fig. Ph-d.
We find that the correlation landscapes have very inter-
esting structures, and changes remarkably as we change
the phase ¢ associated with the ideal unitary transforma-
tion (reconstructed ones given in Supplemental Material)

—1 (V3e™% —1)/2 i(/3e7¥ +1)/2
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In the case of ¢ = 0, the permanent of U is 0, which
means that interference occurs destructively for all mul-
tiphoton paths if the input photons are perfectly identical
each other. Thus, no three-fold coincidence will be de-
tected at the output modes. In our experiment however
the input photons have different frequencies (Aw > dw,
dw = 21 x 12.9 MHz is the transform-limited linewidth.
Nevertheless, the adoption of fast detection enable us
to erase the color information, and destructive interfer-
ence can be recovered if the three photons are detected
simultaneously[21]. This is clearly proved by Fig. [2h, as

the region around (0, 0) is rather dim in comparison with
the peaks nearby. Departing from the dip, we observe
beating patterns both in the direction of x = ¢; — t3 and
y = ta — t3 [2I]. Based on our Fourier analysis, beat-
ing in the x direction has a period of 51.4(11) ns, which
is mainly due to interference of photon s; and and pho-
ton s3. While beating in the y direction has a period of
24.9(3) ns, which is mainly due to interference of photon
s1 and and photon s,. In the case of ¢ = 7/2, the inter-
ferometer acts effectively as a symmetric tritter which is
described as Uy = e=%2795/3 /\/3, where s = 1,2, 3 refers
to the modes at the source side and d = 1,2, 3 refers to
the modes at the detector side. The multiphoton corre-
lation landscape has a quite different structure, as shown
in Fig. [22]. At the center point, it corresponds to the
case of identical photons, for which the output of this
tritter is either one photon in each mode or three pho-
tons in a same mode [36]. Away from the center point,
the interference period is measured to be 49.7(7) ns and
50.3(13) ns respectively for the direction  and y, which
are mainly due to equal contribution of all three pairwise
interferences of the three input photons[22].

We also find that the observed correlation landscapes
have some symmetries which may reflect symmetries ei-
ther of the photons or the linear optic network [22].
When ¢ is switched from 0 to 7 or from 7/2 to 37w/2,
it is equivalent of interchanging the mode label 1 and 2
after BSs3. Therefore, the correlation landscape of p = 7
(3m/2) should looks the same as the landscape of ¢ =0
(m/2) if we interchange the axis 2 and y. This is clearly
proved by our result shown in Fig. 2k and Fig. 2d, com-
paring with Fig. Ph and Fig. 2b respectively. Moreover,
in the case of ¢ = 7/2 or 37/2 the network acts as a
symmetric tritter, which should give rise to a three fold
symmetry in the correlation landscapes [22]. Therefore,



we replot our experimental data in a 3-dimensional co-
ordinate as shown in Fig. 3] Each data point represents
a threefold coincidence event at the time coordinate (1,
ta, t3). We can clearly identify a threefold rotational
symmetry around the axis (1,1, 1).
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FIG. 3. Measured temporal correlation landscapes in a 3-
dimension coordinate. (a) ¢ is set to /2. (b) ¢ is set to 37 /2.
Both plots are viewed along the direction (1,1,1). Each data
point represents a three-photon coincidence event registered
at (7517 tg, t3).

To further evaluate our experimental results, we also
calculate the theoretical landscapes and make compar-
isons. By modeling the temporal wave packet with a
function shown in Fig. [Id, and using the reconstructed
transfer matrices, we get the theoretical landscapes as
shown in Fig. 2p-h. Apparently the experimental and
theoretical landscapes resemble each other very well. To
make a quantitative evaluation, we define a fidelity func-
tion as [5

SEM fe @i y) e fr ()

(S f )] [T )

1/2°

where f.(z,y) is the experimental measured probabil-
ity distribution function, and fi(x,y) is the theoreti-
cal distribution. F' gets its maximal value of 1 for two
same landscapes. Calculated fidelities for different phases
are F(0) = 0.946, F(wx/2) = 0.930, F(w) = 0.953,
F(3m/2) = 0.925 respectively, and give an average value
of FF'=0.939(13). According to our estimation (see Sup-
plemental Material for details), the limited ¢(® values
make a major contribution to the infidelity, and set a
ceiling value of F' = 0.976. We attribute the remaining
gap due to inhomogeneity of pulse shape, phase stability
of the linear optic network, and frequency drift of the
single photons etc.

In summary, we have demonstrated a time-resolved
mutiphoton interference with color-different photons.
The observed correlation landscapes have very rich struc-
tures and shows some form of symmetry which is in-
herently related with symmetries of the linear-optic net-
work. Besides, the adoption of memory-based photon

sources enables efficient creation of multiphoton state via
feedback. Moreover, the method of using color-different
photons mitigates the requirement in generating identi-
cal photons significantly for many physical systems. By
employing a deterministic approach of photon creation
and efficient coupling, scalable extending the current ex-
periment to interfere more disparate photons through a
much more complicated network will become possible in
the near future, and may lead to quantum supremacy
with photons in a conceptually new way [23][24]. This
work also motivates future demonstration of the compu-
tational hardness of boson sampling with input photons
of random colors and /or random occupation numbers [26]
as well as novel schemes for the characterization of the
evolution of arbitrary single photon states in linear opti-
cal networks|[21], [22] [37].
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