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ABSTRACT

We demonstrate characterization of the joint spectral density of photon pairs and the energy-resolved recon-
struction of the polarization density matrix of entangled photon pairs using stimulated emission tomography.
The stimulated photons can be detected with high signal-to-noise ratio, allowing the efficient, high-resolution
measurement of correlations within and between degrees of freedom. Stimulated emission tomography can thus
be used for swift multidimensional characterization of photonic quantum information processing systems.
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Photonic quantum states are the foundation of protocols for quantum communication® and quantum applica-
tions in computing2 and metrology.3 Performing appropriate measurements to characterize sources of photonic
quantum states*® and tailoring them to be suitable for quantum applications” are topics of great current in-
terest. A standard characterization technique is quantum state tomography (QST),' which requires a series
of coincidence-counting-based projective measurements in the parameters of interest to reconstruct the density
matrix of the quantum state. For sources based on spontaneous processes, such as spontaneous parametric
down-conversion'! or spontaneous four-wave mixing,'? the low generation rates and detection efficiencies com-
bined with background or accidental coincidence counts make it challenging to achieve high signal-to-noise ratio
measurements, particularly when attempting to measure correlations across multiple degrees of freedom. Thus,
while multidimensional quantum state tomography has been achieved for certain cases,'®'* using QST for high-
resolution characterization in arbitrary subspaces remains a challenge. To address this issue the technique of
stimulated emission tomography (SET)!® was recently proposed, which employs the stimulated version of the
photon-pair generation process to enhance the measured signal by many orders of magnitude. The signal can
thus be measured efficiently without the need for single-photon-level sensitivity and with high resolution. This
technique has been applied to the characterization of photon-pair joint spectra,'® 17 polarization entanglement,'®
and multidimensional tomography in the polarization and frequency degrees of freedom.'® Here we discuss our
applications of the technique to characterize an optical-fiber-based source of photon pairs by measuring the joint
spectral density!” and performing a multidimensional tomography of polarization-entangled photon pairs.!?

We generate photon pairs in birefringent optical fiber via spontaneous four-wave mixing?? (see Fig. 1), in
which two pump photons at frequency w, and polarization o, are annihilated and signal and idler photons
at frequencies ws and w; and polarizations o, and o;, respectively, are created. Energy conservation dictates
ws + w; = 2w, and birefringent phase-matching results in the momentum conservation condition Ak = 2k(w,) —
k(ws) — k(w;) + Anw, /¢ = 0, where c is the speed of light and An is the difference in index of refraction between
the slow axis, along which the pump propagates, and the fast axis, along which the signal and idler photons are
generated. The generated photon-pair state can be represented as

0y =" //dwsdwiwosm(ws,wi)\oswsﬂaiwi) (1)
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Figure 1. Schematic of photon-pair generation in polarization-maintaining optical fiber and energy diagram for the in-
teraction. Two pump photons with frequency w, and polarization along the slow axis of the fiber are spontaneously
annihilated in the X(3) material and signal and idler photons are created with frequency ws and w;, respectively, and
polarization on the fast axis of the fiber. The photons obey energy conservation as indicated by the energy level diagram
on the right.

where we have traced over the spatial degree of freedom because our source is single-mode fiber, and the biphoton
wavefunction ¢, ., (ws,w;) is resolved in both the polarization and frequency degrees of freedom. If no correlations
between degrees of freedom exist, the wavefunction can be separated into two functions that each depend on one
degree of freedom:

|‘I’>Sep = |(I)>ws,wi ® |E>0510i’ (2)

where |®),,_ ., depends solely on the joint spectrum f(ws,w;):

B = [ [ Aol (3)

and |¥),_ o, represents the joint polarization state. However, if correlations do exist between frequency and
polarization, the wave function is not separable, and a multidimensional tomography is required. For example,
to perform an energy-resolved polarization-state tomography, measurements in frequency ranges dwsdw; for which
correlations are negligible would be taken across the bandwidths of the generated photons, rather than collecting
across all frequencies, as is commonly done in QST with broadband single photon detectors.?!
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Figure 2. (a) Schematic of quantum state tomography. The source of photonic quantum states is characterized by
projecting the emitted photons onto a series of basis states in the degrees of freedom of interest and counting coincidences.
(b) Schematic of stimulated emission tomography. A seed laser prepared in a series of basis states stimulates the signal.
The amplified signal is proportional to the signal photons generated in the spontaneous process and can be measured
without the need for single-photon-level sensitivity.

The difference between quantum state tomography and stimulated emission tomography is shown schemat-
ically in Fig. 2. In QST, the emitted photons are projected onto basis states in the degrees of freedom of
interest, and single-photon detectors are used to count coincidences for each basis state. To measure the joint
spectral density, for example, the signal and idler photons would be sent to monochromators and coincidences
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would be counted for each frequency pair.2’ The low generation rate of the source combined with tight spectral
filtering results in poor signal-to-noise ratio and low resolution. To perform an energy-resolved polarization-state
tomography of, for example, a polarization-entangled photon-pair source with energy-polarization correlations,
many such spectrally resolved measurements with bandwidths dwsdw; across which correlations are negligible
would be required, resulting in prohibitively long acquisition times. In SET, a laser is used to seed one of the
photons, in this case the idler, such that the seeded state matches the basis state in which one wishes to mea-
sure; the stimulated signal is then proportional to the coincidence measurement, but amplified by many orders
of magnitude:'?

(Now.) Ay B (Noyw,Norw,) X [Agiwn %, (4)

where (ng,w.)4,,., i the average number of stimulated signal photons, (ns w.No,w,) is the average number of
photon pairs that are spontaneously generated, and |A,,,,|? is the average photon number within the coher-
ence time of the seed. For joint spectral density measurements, the stimulated signal can be measured with
a spectrometer as the seed laser is scanned across the bandwidth of the idler. The amplified signal can thus
be measured with high signal-to-noise ratio and high resolution, without the need for single photon detection.
The improved acquisition times compared to QST allow for efficient measurement of the joint spectral density
and energy-resolved polarization state tomography. In optical fiber the primary source of background photons
is Raman scattering; here the birefringent phase-matching condition results in idler photons far detuned from
the pump and thus the Raman background is relatively small.?° Note that the seed will not stimulate at the
signal wavelength via Raman scattering. Thus, in general, noise processes not stimulated by the seed must be
characterized at the single-photon level.
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Figure 3. Experimental setup for measurement of the joint spectral density. The pump and seed lasers interact with the
optical fiber to generate stimulated signal photons. The signal and idler photons are separated by a dichroic mirror. The
seed idler photons are detected by a power meter to normalize out any intensity variations of the seed. The stimulated
signal photons are frequency-resolved with a spectrometer.

In order to measure the joint spectral density |f(ws,w;)|? using stimulated emission tomography, we use
a continuous-wave (CW) Ti:sapph laser with ~ 30 GHz bandwidth to seed the idler photons generated by a
modelocked Ti:sapph laser in polarization-maintaining optical fiber (see Fig. 3). We use a polarizer to eliminate
the pump light from the photons, which also ensures the photons can be represented by the product of a single
joint polarization state and the wavefunction dependent on the joint spectrum shown in Eq. 3. The stimulated
signal photons are frequency-resolved using a spectrometer with 0.06 nm resolution. We collect signal spectra for
a series of idler wavelengths across the bandwidth of the spontaneously generated idler photons with a resolution
of 0.1nm. A typical joint spectral density measurement is shown in Fig. 4(a). The full data acquisition takes
approximately 10 minutes and is limited by the mechanical adjustment of the seed laser frequency. To perform
a similar measurement using QST requires many hours, limited by coincidence count rate, and results in much
lower signal-to-noise ratio.

For comparison with the theoretically expected joint spectral density, we calculate the joint spectral density
following a standard approach?? in which we determine the Hamiltonian for the four-wave mixing interaction

and compute the evolution of the pump state. The joint spectral density can be written as:?°

2

Fwm )l = ' [ @wnateloto, +o ot (5)
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Figure 4. (a) Experimental result of the joint spectral density, showing high signal-to-noise ratio and clear sidelobes. (b)
Theoretical result, indicating good agreement with experiment.

where a(wp) is the pump envelope function and is assumed to take a Gaussian form, and

(a0, wi) = sime (A’;L) exp (ZAQ’“L ) (©)

is the phase-matching function, where L is the length of the fiber and
Ak = 2n(wp)wp/c — n(ws)ws/c — n(w;)w; /¢ + Anwy, /c (7)

is the phase mismatch, with n(w) the refractive index given by the Sellmeier equation of bulk silica, An the
birefringence of the fiber and ¢ the speed of light in free space. The experimental results have 93% fidelity with
the calculated joint spectral density, shown in Fig. 4(b). The experimental data have high enough signal-to-noise
ratio to clearly show the presence of side lobes, which arise from the sudden turning on and turning off of the
four-wave-mixing interaction as the pump enters and leaves the fiber.2?

Figure 5. Schematic of the experimental setup for frequency-resolved stimulated emission tomography of polarization-
entangled photon pairs generated in optical fiber. The polarization-entangled photon pairs are generated in a Sagnac loop
geometry. A CW seed laser is prepared in a series of polarization basis states and frequencies before being launched into
the Sagnac loop where it stimulates the signal photons. The idler photons are detected with a power meter to normalize
out intensity variations and the signal photons are sent to a polarization analyzer that projects them into various basis
states and a spectrometer that records their spectrum.

To demonstrate SET’s multidimensional tomography capability, we perform a frequency-resolved polarization
state tomography of polarization-entangled photon pairs emitted from optical fiber in a Sagnac loop.?* In this
case, we project the photons onto a series of joint polarization basis states, each of which may exhibit dependence
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on the joint frequency of the photon pairs. Thus, the biphoton wavefunction may not be represented as in Eq. 2.
In order to measure the state without averaging over frequency, we perform the tomography for a series of joint
frequency ranges dws0w; over which the correlations are negligible. We then reconstruct the frequency-resolved
polarization density matrix of the photon-pair state. As shown in Fig. 5, a modelocked Ti:sapph laser centered
at 715nm with 150 fs pulses is sent into the Sagnac loop, with 5mW of horizontally (vertically) polarized light
propagating counter-clockwise (clockwise) through the 20 cm-long polarization-maintaining fiber. We set the
target polarization state at the output of the loop to be (|H,H;) + |VsV;i))/V/2; however, the actual polarization-
entangled photon-pair state may be frequency-correlated. A CW Ti:sapph seed laser with a power of 10 mW
and ~ 30 GHz bandwidth is sent through both ports of the loop, stimulating the signal photons for a series of
idler frequencies and idler polarization states. The power of the seed laser is recorded in order to normalize out
any variations in power during the measurement.

-0.5

Figure 6. Real (top) and imaginary (bottom) parts of the frequency-resolved density matrix obtained using SET. Each
matrix element is comprised of 4600 elements corresponding individual frequency pairs, with the z-axis corresponding to
the wavelength of the signal and the y-axis to that of the idler. The spectral footprint corresponds to shape of the joint
spectrum of the photon pairs.

The resulting three-dimensional SET data is composed of 4600 individual density matrices measured with
frequency bandwidths dwsdw; ~ 0.6nm x 0.1 nm, shown in Fig. 6. To analyze the properties of the entangled
state represented by the frequency-resolved density matrix, we calculate the tangles, fidelities to the target
state |HsH;) + |VsV;) and purities for all frequency pairs, shown in Fig. 7. These properties provide useful and
detailed information with which to characterize the source that can not be easily obtained from quantum state
tomography. As can be seen from the plot of the tangle in Fig. 7(a), most of the tangles are high and the peak
tangle is approximately 0.99. However, the overall tangle is 0.80. There are several factors that may contribute
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Figure 7. (a) The frequency-resolved tangle, (b) fidelity to the target state |HsH;) + |VsV;i) and (c) purity of the photon-
pair state measured by frequency-resolved SET in the optical-fiber-based polarization-entangled photon pair source. The
and polarization degrees of freedom.

detailed structure revealed in these plots can be used to diagnose and control correlations within and between the energy
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to this deterioration of the quality of the source. The photons generated by the wings of the pump pulse may
be more sensitive to the presence of noise; although these photons have much lower count rates, applying a
broadband spectral filter that filters out the photons in the wings (~ 10% of the total photons) increases the
tangle by approximately 10%. The fidelity in Fig. 7(b) may additionally be influenced from variations in the
balance of amplitudes between the two pathways and the presence of frequency-dependent birefringence in the
polarization-maintaining fiber and other optics that results in variations of the joint phase across the photon-pair
joint spectrum. The plot of purity in Fig. 7(c) indicates the majority of photon pairs can be represented by a pure
state, even pairs that have obviously low tangle. These properties of tangle, fidelity and purity together suggest
nearly perfect entanglement can be achieved using tight spectral filtering, which is often done in photon-pair
source demonstrations.?’

In conclusion, we have shown that stimulation emission tomography enables efficient, highly resolved multi-
dimensional characterization of sources of photonic quantum states. By applying SET to our optical-fiber-based
source we are able to swiftly measure the joint spectral density and reconstruct an energy-resolved polarization
density matrix that would be prohibitive to obtain via QST. This technique can be extended to other quantum
information processing systems to characterize and engineer the output photonic quantum state.

This work was supported in part by the NSF Physics Division, Grant Nos. 1205812 and 1521110 and the
Natural Sciences and Engineering Research Council of Canada.
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