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Cold atom based narrowband entangled photon sources are important for efficient atom—photon interaction, which is
at the heart of long-distance quantum communication and quantum memory protocols. Complete characterization of
the narrowband entangled photons requires acquiring the frequency-time two-photon wavefunction, involving both
joint temporal intensity (JTI) and joint temporal phase (JTP) measurements. Here, we demonstrate stimulated emis-
sion tomography of the frequency-time two-photon wavefunction of narrowband entangled photons from cold atoms.
We show more than six orders of magnitude (x10°) improvement in the measurement time for obtaining JTI and JTP
compared to the conventional direct photon counting method, thus paving the way toward ultrafast high-resolution

quantum tomography of photonic quantum states. ~© 2017 Optical Society of America

OCIS codes: (270.0270) Quantum optics; (270.5585) Quantum information and processing; (190.4380) Nonlinear optics, four-wave

mixing; (020.1670) Coherent optical effects.

https://doi.org/10.1364/OPTICA.4.001293

1. INTRODUCTION

Complete knowledge of a prepared quantum state is essential for
quantum information processing, and it requires both amplitude
and phase information of the quantum state. For discrete variable
systems, such as N photonic polarization qubits, quantum state
tomography allows us to reconstruct the NV-qubit density matrix
with 4" projection measurements [1,2]. For continuous variable
systems, the wavefunction of the system is of interest, and recent
experiments have shown that measuring the transverse spatial
wavefunction of a single photon is possible either by weak mea-
surement [3,4] or by quantum interference [5]. Complete mea-
surement of a multipartite wavefunction is thus of great interest
and is essential for quantifying quantum correlation. However,
even for much-studied photon pairs of spontaneous parametric
downconversion, measuring both the joint amplitude and the
joint phase of the state remains a challenging problem [6,7].
Among the variety of entangled two-photon sources, the cold
atom based narrowband entangled photon source is of particular
importance for efficient atom—photon interaction [8—12], which
is at the heart of long-distance quantum communication and
quantum memory protocols [13—15]. Recently, it has been re-
ported that the cold atom based photon pair source can generate
two photons entangled in a variety of degrees of freedom, such as
frequency-time, position-momentum, polarization, orbital angu-
lar momentum, and hyper-entanglement [14,16-21]. Precise and
fast measurement of the narrowband two-photon wavefunction,
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therefore, is critical in experimental quantum information re-
search. Complete characterization of the narrowband entangled
photons is possible by acquiring the frequency-time two-photon
wavefunction, involving both joint temporal intensity (JTI) and
joint temporal phase (JTP) measurements. Note that the JTI of a
narrowband two-photon state with a megahertz bandwidth can be
directly measured with time-resolved two-photon detection by
using commercially available single-photon-counting detectors
[17]. The JTT measurement, however, requires a long accumula-
tion time for the photon counting histogram, and the correspond-
ing JTP measurement is nontrivial as it cannot be obtained by
direct photon detection [22-24].

In this work, we propose and demonstrate a novel approach for
measuring the frequency-time two-photon wavefunction of nar-
rowband entangled photons from cold atoms via the classical
stimulated four-wave mixing process. The JTT is obtained from
the stimulated emission measurement by making use of the close
connection between the spontaneous four-wave mixing (SFWM)
process and its stimulated counterpart [25-30]. The JTP is
obtained from interference between the seed beam and the
corresponding stimulated emission beam. The JTT and JTP are
measured in the same experimental setting, thus providing the
complete frequency-time two-photon wavefunction of narrow-
band entangled photons. The two-photon wavefunction is then
used to identify frequency-time entanglement between the two
photons. Not only does our method allow us to obtain the
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nontrivial JTP, but it also could offer more than six orders of
magnitude (x10°) improvement in the measurement time for
obtaining JTT compared to the conventional direct photon count-
ing method, thus paving the way toward ultrafast high-resolution
quantum tomography of photonic quantum states.

2. EXPERIMENTAL SCHEMATIC AND THEORY

Let us first briefly describe the generation of frequency-time en-
tangled narrowband photon pairs via SFEW/M in a cold atom cloud
[9-12,17]. The Stokes (@,) and anti-Stokes (w,,) photon pair is
generated by the SFWM process at the 87 Rb magneto-optical
trap (MOT) when the pump (w,) and coupling (®,) lasers are
applied; see Fig. 1(a). The quantum state of the SFWM photon
pair is given by

v) = / dede (e, 1) (1)L (0)]0), W

where 2] (z,) and ;(#,,) are the creation operators for Stokes and
anti-Stokes photons, respectively, |0) is the vacuum state, and
W(z, t,) is the complex-valued two-photon wavefunction. The
SFWM photon pair is then coupled into the single-mode fibers
(SMFs) and directed to the temperature-stabilized solid etalon
filters for blocking pump and coupling lasers.

The JTI, |W(z, ,)|* can be acquired directly by time-
resolved coincidence counting measurements with the condition
that the inverse bandwidth of the photon pair should be much
bigger than the time resolution of the detectors, i.e.,

(wlal (2)3 (1) 20 (22, (2) lw) o [P (2, 1,0) . 2)

As shown in Fig. 1(a), for the JTI measurement, the SFEWM
photons are detected with the single-photon detectors (SPDs),
and the time-correlated single-photon-counting (TCSPC) mod-
ule records the time-of-arrival histogram, which requires a long
accumulation time [12,17]. The JTP measurement for the
SEWM photons, however, is nontrivial as direct photon coinci-
dence detection cannot reveal phase information. Quantum
interferometric homodyne measurement, for instance, might
provide JTP, but complete JTP measurement for a narrowband
two-photon entangled state is a challenging problem [22,23].
Alternatively, one may utilize another degree of freedom, if avail-
able, for the JTP measurement. For instance, time-of-arrival
histogram measurements at different polarization projection bases
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could provide partial phase information of the state [24].
Obtaining the full JTP map in this way for an arbitrary two-
photon entangled state, however, would not be feasible.

We now discuss how both JTT and JTP of the narrowband
entangled photon pair from a cold atom cloud can be measured
by using the stimulated four-wave mixing process. For the JTI
measurement, the Stokes seed pulse is applied at the same time
with the pump and the coupling lasers; see Fig. 1(b). The stimu-
lated anti-Stokes pulse due to the Stokes seed pulse |a(z,)) is emit-
ted backward at time ¢,; in the same direction as that of the
spontaneously generated anti-Stokes photon, and its intensity
can be described by

(| DI ))af (2) ] (1,0) 2 (£,)a,(2) DoJe(2) ] ly)
o |a(z) P|¥(z, ), 3)

where D,[a(z,)] = exp[ [ dr,a(2,)a! (t,) - h.c] is the displacement
operator and |a(z,)|* is the average photon number for the
Stokes seed pulse. See Supplement 1 for further details [31].
The above result in Eq. (3) clearly shows that the JTT of the en-
tangled photon pair in Eq. (2), which needs to be measured with
time-resolved two-photon coincidence detection with two SPDs,
can instead be acquired by measurement of the stimulated
anti-Stokes pulse due to the stimulated four-wave mixing process.
Moreover, since |a(#,)|* can be easily made to be large, the anti-
Stokes pulse can be detected with a high-speed avalanche photo-
diode (APD), whose output is directly measured with a digital
oscilloscope triggered by the Stokes seed pulse [26-29]. The
stimulated emission approach to measuring JT1, therefore, prom-
ises orders of magnitude improvement in the measurement time.

For the JTP measurement, i.e., the phase measurement of the
stimulated anti-Stokes pulse, the anti-Stokes cw seed f is applied
additionally and interference between the anti-Stokes seed and the
stimulated anti-Stokes pulse due to the Stokes seed is measured,
resulting in the intensity variation A/ of the anti-Stokes given as

tas)a(t:)ﬂ| COS[¢(Q’ z‘as) - (psced]) (4)

where @4 is the phase sum of the two seed beams with respect to
the pump and coupling fields. See Supplement 1 for further de-
tails [31]. Thus, the JTP of the narrowband entangled photon
pair, ie., ¢(z,t,) = arg[P(z,, 1,5)], can be extracted from the
interference measurement.
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Experimental setup. (a) JTT measurement scheme using time-resolved two-photon coincidence detection. (b) JTT and JTP measurement scheme

with stimulated four-wave mixing. Note that unlike the spontaneous case, the etalon is unnecessary for blocking pumping lasers due to the high intensity
of the stimulated field. PBS, polarizing beamsplitter; QWP, quarter wave plate.
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3. COMPARISON OF THE SPONTANEOUS WITH
THE STIMULATED

The essential features of the experiment are depicted in Fig. 1. A
cold atomic ensemble of 87 Rb is prepared by a 2D MOT. After
the initial loading, the MOT coil is turned off quickly to reduce
the dephasing effect induced by the residual inhomogeneous mag-
netic fields. Then all the atoms are optically pumped into the
ground state, |g) =[5S;/,, F = 1). The other relevant atomic
levels are [s) = (585, F =2), |ey) =|5P5, F'=2), and
le;) = [5Py )5, F' = 2). The pump detuning is A = 62.9 MHz.
We characterize the medium properties such as optical depth
(OD) and ground state dephasing rate y,, by measuring the
electromagnetically induced transparency (EIT) transmission
spectrum [32,33].

The frequency-time entangled narrowband Stokes and anti-
Stokes photon pair can be generated via SFWM when pump
and coupling lasers are applied to the cold atom medium as shown
in Fig. 1(a) [9-12,17]. The cold atomic ensemble facilitates the
generation of the narrowband photon pairs via y® nonlinearity of
the medium enhanced by EIT [11]. The pump power and the
coupling power, respectively, are roughly 100 p\W and 1 mW.
Both the pump and the coupling lasers are well collimated to
illuminate the whole ensemble (~2.1 mm in diameter). The
SFWM photon pair is collected at 0.3° from the line of the pump
and coupling lasers. A solid etalon with a full width at half maxi-
mum (FWHM) bandwidth of 470 MHz is used in each path to
filter out the scattered light from the pump and coupling lasers.
The SFWM photon pair is finally detected with the SPDs, and
the TCSPC module records the time-of-arrival histogram
[12,17]. For measuring JTI and JTP via stimulated four-wave
mixing, we apply Stokes and anti-Stokes seed lasers to the cold
atom cloud, and the diameter of the Stokes and anti-Stokes fields
is roughly 500 pm at the medium. The applied laser fields,
SEWM photons, and stimulated emission are all circularly
polarized in the frame of the atom.

We first compare the time-resolved two-photon waveform of
SFWM and the anti-Stokes output of stimulated four-wave mixing.
The time-resolved two-photon waveform measurement of the
SFWM photon pair as shown in Fig. 2(a) is performed by using
the experimental setup shown in Fig. 1(a). Here, the experiment is
repeated every 50 ms: the SPDs are turned on for 1 ms for photon
counting, and the rest of the time is used for loading Rb atoms into
the MOT. The effective accumulation time of the coincidence
counts excluding the medium preparation period is 60 s. The
anti-Stokes output due to stimulated four-wave mixing is measured
with the experimental setup shown in Fig. 1(b). Figure 2(b) shows
the anti-Stokes intensity measured with the APD after the 20 ns
Stokes seed pulse is applied at #,. The data represent the averaged
intensity of 20 oscilloscope traces during the 34 ps accumulation
time. The stimulated emission method not only shows the corre-
sponding two-photon waveform with a high signal-to-noise ratio,
but also offers more than six orders of magnitude (x10°) improve-
ment in the measurement time for obtaining the two-photon
waveform compared to the direct photon counting approach.

4. COMPLETE MEASUREMENT OF THE TWO-
PHOTON WAVEFUNCTIONS

Frequency-time entanglement between the narrowband SFWM
photon pair can be engineered by properly choosing the pump
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Fig. 2. Two-photon waveform measurement. (a) Time-resolved two-
photon detection. The red dots represent the coincidence counts accu-
mulated for 60 s (excluding the MOT preparation time). (b) Stimulated
four-wave mixing. The intensity of anti-Stokes emission is measured
when the Stokes seed pulse of 20 ns is applied at z,. The blue dots re-
present the averaged intensity of 20 oscilloscope traces during the 34 ps
accumulation time. The black solid line in (a) and (b) is the theoretical
curve for the two-photon waveform calculated with the experimental
parameters OD = 53, y,,/2z = 16.8 kHz, and Q./27 = 7.2 MHz.
Note that, since the TCSPC measures the coincidence histogram in
the #,, - ¢, axis via the start—stop measurement, the two-photon measure-
ment data in (a) correspond to the red cross section of the JTI shown in
(c). For the stimulated emission, the anti-Stokes pulse is measured at a
specific Stokes pulse time £, corresponding to the blue cross section
shown in (d), which is not corresponding to the 7, - #, axis. For the same
comparison, the time axis in (b) thus has been scaled by 1/+/2 to project
onto the ¢, - ¢, axis.

pulsewidth, the Rabi frequency of the coupling field, the OD
of the medium, etc., to generate time-correlated (frequency-
anticorrelated), time-uncorrelated (frequency-uncorrelated), or
time-anticorrelated (frequency-correlated) photon pairs [17]. In
this experiment, by using stimulated four-wave mixing in a cold
atom cloud, we fully measure the frequency-time two-photon
wavefunction (i.e., JTT and JTP) of narrowband entangled pho-
tons for the two cases that are important: time-correlated and
time-uncorrelated narrowband SFWM photon pairs.

The experimental data for the time-correlated two-photon
wavefunction of narrowband entangled photons is shown in
Fig. 3. The pump pulsewidth in this case is 1 ps. For the JTI
measurement via stimulated four-wave mixing, it is necessary
to apply a proper Stokes seed pulse to resolve the 400 ns two-pho-
ton coherence time of the photon pair. In this experiment, the
Stokes seed pulsewidth is set at 20 ns, which is sufficient to resolve
the whole JTT map with the resolution of 20 ns. With the Stokes
seed pulse applied at time #, along with the pump pulse and cou-
pling, the stimulated anti-Stokes pulse is emitted and its temporal
shape in time 7,; corresponds to a column section of the JTT at
time z,. By varying z,, we obtain the JTT measurement shown in
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Fig. 3. Frequency-time two-photon wavefunction for time-correlated
narrowband photon pair. (a) Experimental JTT measured via stimulated
four-wave mixing. The color bar represents the intensity of the stimulated
anti-Stokes pulse. (b) Theoretical JTI. The unit of the color bar is
107 ps2. () Corresponding experimental JTP from interference.
The color bar corresponds to the cosine of JTP. The black areas represent
phase undefined regions due to vanishing JTI. (d) Theoretical JTP. The
black contour lines in (c) and (d) represent the isoheight JTT lines.

Fig. 3(a). The JTT measurement via stimulated four-wave mixing
in Fig. 3(a) agrees well with the theoretical JTI shown in Fig. 3(b).
The theoretical JTT is numerically calculated by integrating the
two-photon wavefunction in Eq. (2), which includes the y®) non-
linearity of the cold atom medium, the phase matching function,
and the pump function [17]. The pump function is assumed
to be rectangular in time, and the parameters for numerical cal-
culation are set with the measured experimental parameters of
OD = 53,7,,/2n = 16.8 kHz, and the coupling Rabi frequency
Q./27 = 10.0 MHz.

Let us now consider the JTP measurement via stimulated four-
wave mixing. In order to obtain JTP of the frequency-time en-
tangled narrowband photon pair via stimulated emission, we
make use of the interference effect described in Eq. (4) by addi-
tionally applying the anti-Stokes seed pulse as shown in Fig. 1(b).
From the interference measurement data and |¥(z,, ¢,;)| obtained
from JTI, it is possible to extract JTD, i.e., cos ¢(z, t,,), by using
Eq. (4). The JTP measurement is shown in Fig. 3(c). It is clear
from the data that the phase is constant with cos ¢(z,, 7,) = 1
over the entire nonzero JTT region. The JTP data show good
agreement with the theoretical JTP shown in Fig. 3(d). Note that
we could measure the JTP without phase-locking between the
pumps and the seeds as the single-shot measurement was enough
for acquiring meaningful data.

The experimental data for the time-uncorrelated two-photon
wavefunction of narrowband entangled photons is shown in
Fig. 4. The pump pulsewidth in this case is 200 ns. As before,
the JTI measurement via stimulated four-wave mixing in

Fig. 4(a) agrees well with the theoretical JTI in Fig. 4(b). In
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by (1)

Las )

Fig. 4. Frequency-time two-photon wavefunction for time-
uncorrelated narrowband photon pair. (a) Experimental JTT measured
via stimulated four-wave mixing. The color bar represents the intensity
of the stimulated anti-Stokes pulse. (b) Theoretical JTT. The unit of the
color bar is 107# ps2. (c) Corresponding experimental JTP from inter-
ference. The color bar corresponds to the cosine of JTP. The black areas
represent phase undefined regions due to vanishing JT1. (d) Theoretical
JTP. The black contour lines in (c) and (d) represent the isoheight JTI

lines.

calculating the theoretical JTT in Fig. 4(b), we have assumed that
the pump function has the Gaussian shape of 200 ns in time, and
the same cold atom parameters as before are used.

The JTT and JTP data set, measured via stimulated four-wave
mixing, together constitutes the frequency-time two-photon
wavefunction of the narrowband entangled photon pair, and
therefore it can be used to quantify frequency-time entanglement
of the photon pair. To quantify the amount of entanglement, we
apply Schmidt analysis to the JTI/JTP data set, which is already
discretized in the form of a matrix [34,35]. The entropy of en-
tanglement S and the purity of the heralded single photon P are
obtained from the eigenvalues 4; of the joint temporal wavefunc-
tion matrix, where S=->".4;log, 4, and P=),4?. For the
time-correlated photon pair represented in Figs. 3(a) and 3(c),
we experimentally obtain §; = 2.44 and P; = 0.294, which
are consistent with the theoretical values of §; = 2.12 and
P; = 0.345 obtained from Figs. 3(b) and 3(d). For the time-
uncorrelated photon pair depicted in Figs. 4(a) and 4(c), we
experimentally obtain Sg = 0.958 and Py = 0.741. The theo-
retical values evaluated from Figs. 4(b) and 4(d) are Sg = 0.679
and Pg = 0.822.

5. CONCLUSION

In summary, we have demonstrated a novel approach for meas-
uring the frequency-time two-photon wavefunction of narrow-
band entangled photons from cold atoms via stimulated
emission. By measuring JTT and JTP of a two-photon quantum
state via the classical stimulated four-wave mixing process and
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interference, we demonstrate that the quantum two-photon
wavefunction may be efficiently obtained from classical signals.
We have shown that our method could offer more than six orders
of magnitude (x10°) improvement in the measurement time for
obtaining JTT and JTP compared to the conventional direct pho-
ton counting method, thus paving the way toward ultrafast high-
resolution quantum tomography of photonic quantum states.

Funding. Samsung Science & Technology Foundation
(SSTF-BA1402-07).

See Supplement 1 for supporting content.
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