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Abstract: We present stimulated-emission-based characterization of transverse photon-
pair modes in birefringent fiber, towards an optical fiber source of photon-pairs hybrid-
entangled in frequency and transverse spatial mode. © 2020 The Author(s)

1. Introduction

Spontaneous four-wave mixing (SFWM) is a commonly used interaction to generate heralded single photons for
use in quantum protocols. In SFWM, photon-pairs are created via the annihilation of two pump photons and
creation of signal and idler photons in a medium with x®) nonlinear susceptibility, such as optical fiber. The
transverse confinement present in optical fiber leads to transverse pump, signal and idler modes that are discrete,
like polarization, but unlike polarization, the number of modes is unlimited. Thus, the transverse degree of freedom
in optical fiber is an important resource for quantum information protocols. Recently it was shown [2, 3] that by
employing optical fibers in which multiple transverse modes are supported, photon-pairs can be generated in
controllable hybrid-entangled states in the spatial and spectral degrees of freedom.

Encoding in transverse mode is typically difficult as it requires splitting photons based on transverse mode.
In an optical fiber source, however, dispersion can result in distinct correlations between transverse mode and
frequency. This allows for spectral filtering to separate transverse modes. This strategy was explored recently
in [2,3], where it was shown that the optical fiber can support distinct combinations of the transverse modes of the
two pump photons and signal and idler photons. Each combination corresponds to distinct signal and idler spectral
peaks, appearing symmetrically around the pump. In the current work we present preliminary results towards the
experimental characterization and control of high-order spectral-spatial entanglement and creation of a reliable
theory of SFWM in the presence of multiple transverse modes in birefringent fibers.

2. Methods and Results

To generate photon-pairs we employ the SFWM interaction in polarization-maintaining fiber (PMF), in which
two pump photons at angular frequency @, travelling along the fast axis of the fiber are annihilated and two
side-band photons are created along the slow axis at angular frequencies @, and ®;, denoted as signal and idler,
respectively. We measure the joint spectral density of a few-mode PMF using stimulated emission tomography
with the experimental setup shown in Fig. 1. Data is taken with 715 nm pump beam and idler seeding beam
for a 1.4 cm long HBSOOC fiber (Fibercore Ltd). The measured joint spectral density is shown in Fig. 2 (a) and
exhibits two clearly defined transverse modes; only two modes appear because the cut-off wavelength of the fiber
is 680-780 nm and thus the fiber is few-mode only for the signal wavelength. The strong peak corresponds to the
linearly polarized (LP) spatial modes (pump, signal, idler) = (LP¢;,LPg;,LPg;) while the weaker peak corresponds
to (LPgy1,LP11,LPg1).

As a next step towards control over the excited modes, we use a fiber that is few-mode for the pump as well
as the signal and idler and a spatial light modulator to control the pump transverse-spectral mode and thus the
modes in which the photon-pairs are emitted. We employ an off-axis holography setup [4] (see Fig. 1) to extract
the phase and amplitude information of the pump beam. To control the mode, a reflective phase-only spatial light
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Fig. 1. Experimental setup for stimulated emission tomography of the joint spectral density and
for measurement and control of the pump transverse mode. BS: beamsplitter; SLM: spatial light

modulator; HWP: half-wave plate; PBS: polarizing beamsplitter; PMF: polarization-maintaining
fiber; DM: dichroic mirror.
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modulator (SLM) is placed in the Fourier plane before the fiber to modify the phase of the coupled Gaussian beam,
thus producing desired spatial modes at the input of the fiber (see Fig. 1, where the SLM is shown as transmissive
for simplicity). We use transfer matrix methods [5] and algorithms shared by J. Carpenter to precisely control the
spatial modes. We first measure the transfer matrix of the fiber in the LP mode basis and then invert the matrix
to determine the phase mask for the SLM to obtain the desired output mode. We are currently in the process
of optimizing the algorithm. The stimulated emission technique will allow us to precisely explore the multi-
dimensional space with high efficiency and resolution. We will then increase the number of available modes by
using highly multimode fiber, to demonstrate larger alphabets (more supported modes) and potentially transverse-
mode Bell states.
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Fig. 2. (a) Joint spectral density of few-mode polarization-maintaining fiber obtained via stimulated
emission tomography. The arrows indicate two spectral-spatial modes. (b) Preliminary numerical
calculations. There is good qualitative agreement between theory and experiment, allowing us to
identify the specific transverse mode corresponding to each peak.

3. Conclusion and Outlook

We have presented measurements of the joint spectral intensity of multiple transverse modes in optical fiber and
an experimental setup towards generating signal-idler hybrid entangled states in spatial mode and frequency. As a
next step we will control the pump modes in few-mode and multimode fiber to demonstrate hybrid entanglement.
This work is supported by NSF award Nos. 1806572, 1640968 and 1839177.
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