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Abstract— We describe a scheme for generation of spatial-
mode-entangled photon pairs in a few-mode fiber and exper-
imentally demonstrate generation of idler beams from classical
seed signals representing various superpositions of fiber LP(; and
LP11, modes. For every signal mode superposition, we observe
the indication of idler mode orthogonality to the signal mode.

Index Terms—Nonlinear fiber optics, inter-modal four-wave
mixing, few-mode fibers, quantum communication, quantum
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I. INTRODUCTION

NTANGLEMENT in multiple degrees of freedom, e.g.,

in polarization, frequency, time-bin, and spatial modes
has a potential for carrying larger amounts of quantum infor-
mation, which is important for quantum communication and
information processing. While polarization, frequency, and
time-bin entanglement generation has already been imple-
mented in integrated form compatible with low-loss transport
over optical fiber, the spatial entanglement still relies on
bulk-crystal-based setups [1]. The spatially- or orbital-angular-
momentum- (OAM) entangled photons have been generated
in crystal platforms and transported over various media: tur-
bulent free-space [2], hollow-core photonic crystal fiber [3],
a few-mode fiber (FMF) [4]-[6], and vortex fiber [7]. As a
possible alternative to crystal platform, FMF is gaining traction
for making nonlinear devices based on inter-modal four-wave
mixing (IM-FWM), owing to FMF’s wide options for mode-
and dispersion-engineering, and excellent mode match to
the FMFs used in low-loss transmission links [8]-[10].
Correlated photon pairs [11]-[13] and hybrid entanglement
between frequency and spatial modes [14] were recently
generated in FMFs by IM-FWM, but no attempts of gen-
erating spatial-mode entanglement through IM-FWM have
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Fig. 1. Two parametric processes, whose combination enables generation of
spatial-mode-entangled signal-idler photon pairs in the TMF.

been reported yet. We have recently introduced a novel
scheme for generation of spatial-mode-entangled photon pairs
directly in the FMF using a combination of two IM-FWM
processes [15]. Using classical seed signals, we experimentally
measured signal-idler mode selectivity separately for these
two processes. In the present paper, we further combine both
processes together and observe that they couple the input
two-mode seed signal to an orthogonal two-mode idler for
various signal-mode superpositions. This paper is an extended
version of our recent IPC conference paper [16], providing
more details on the background theory, experimental setup, and
measurement procedures, as well as adding graphs demonstrat-
ing the mode selectivity for both IM-FWM processes involved.

II. THEORY OF y ®)-BASED SPATIAL-MODE
ENTANGLEMENT

Our spatial-mode entanglement scheme employs a com-
bination of two IM-FWM processes of Fig. 1. We use an
elliptical-core FMF [8] that supports three non-degenerate
modes (LPgp;, LPi1a, and LPpip), to be referred to as
three-mode fiber (TMF) below. In IM-FWM process 1, with
the help of pumps 1 and 2 a signal photon is created in mode
LPy; at frequency vg, while idler photon is created in mode
LPy1, at frequency v;. In process 2, their roles interchange: in
the presence of pumps 3 and 4, signal photon at frequency vy is
created in mode LPq1,, whereas the idler photon at frequency
vy is created in mode LPgp;. With all 4 pumps present,
both processes take place simultaneously. In the perfectly
phase-matched regime at low pump powers (our case), both
the classical signal-to-idler conversion efficiency (CE) and the
probability of a single pair generation in each process are given
by (n) = g — 1 = sinh?[2y (P, P;)'/’L] ~ 4y%P,P,L* < 1,
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where L is the fiber length, P,(,) is the pump power of mode
p(q), g is the parametric gain, and y = nyw/(cAefr) is the
nonlinear constant, with A being the effective area of the
nonlinear interaction, equal to the inverse of the intensity over-
lap integral between the modes p and g. We require (n) < 1
to ensure that the probability of simultaneous generation of
two pairs (n)2 < (n) is negligibly small. The probabilities
of pair generation in processes 1 and 2 can be equalized by
adjusting relative powers of the two pump pairs, which leads to
generation of the maximally-entangled state [LPo;)s|LP11a)7+
€'?|LP;1a)s|LPo1) s, where phase ¢ can be changed by varying
the pump phase difference Ap = (pp1+¢p2) — (pp3+ @pa),
requiring mutual pump coherence to ensure the coherence of
the superposition state. Subscript “Pi”” denotes i pump wave.
This scheme represents a spatial-mode generalization of the
Kwiat’s original polarization-entanglement scheme [17] that
used a sequence of two thin down-conversion crystals oriented
with 90-degree angle between their optical axes, with pump at
45 degrees with respect to either axis. Just as there is no way
to tell which crystal has produced a given photon pair, there is
also no way to tell which of the two IM-FWM processes has
produced a given photon pair, which results in generation of
the superposition of the states yielded by the two processes.
Energy conservation and phase matching conditions need to
be satisfied for each process. Energy conservation laws for
processes 1 and 2 are:

(Process 1) vy = vp; +vpy — vg, )
(Process 2) vy = vp3 + vps — vg, 2)
where v is the optical frequency for each wave. IM-FWM
selection rules [18] require preservation of the total number

of photons in each spatial mode for each process. The phase
matching conditions are given by:

(Process 1) A1 (w) = BOD(wp1) + 11D (wp2)

— B (wy), 3)
(Process 2) BV (w;) = BV (wp3) + 1) (wps)
— g1 (ws), (4)

where f is the propagation constant, and @ = 2z v. Taylor
expansion of f¢) (w) reduces the phase-matching condition to

(Process 1) g (M) _ o (M),

2 2
5)
(Process 2) [;’1(01) ort+opsy 1(lla) s + wp4 ’
2 2
(6)

where f| denotes the inverse group velocity 1/v,.
Phase-matching conditions (5), (6) mean that, for each
process, the group velocities at the average frequencies of the
two waves present in each spatial mode must be equal [18].
These average frequencies, converted to wavelengths, are
shown by the dashed lines in Fig. 1. Figure 2 shows measured
relative inverse group velocities (RIGV) 1/v, of LPy1, LPq1a,
and LP{1p modes of our TME. The LP, and LPqp curves are
approximately parallel to the LPy; curve and are horizontally
shifted from it by ~24 nm (Av; = 3 THz) and ~41 nm
(Avy = 5.1 THz), respectively. Thus, phase matching is
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Fig. 2. Measured relative inverse group velocities (RIGVs) for our TMF
modes.

satisfied when the dashed lines in Fig. 1 are separated by
24 nm, and we have:

(Process 1) vs —ZUPI _u +2UP2 = Avq, 7
(Process 2) il +2UP3 s —ZUM = Avj. (8)

To satisfy energy conservation and phase-matching con-
ditions for both processes simultaneously, we have solved
the system of Egs. (1), (2), (7), and (8), which has resulted
in 4 constraints on the frequencies of the 6 involved waves:
vp1(p3) = vi(s) + Avy and vpy(pg) = vs(r) — Avy. Here, one
pair of two frequencies that are not separated by Av; can be
arbitrarily chosen. In our experiment, we choose signal to be at
1571.9 nm and idler at 1561.5 nm, which results in pumps 1,
2, 3, and 4 placed at 1537.3, 1596.8, 1547.3, and 1586.2 nm,
respectively.

In our scheme, two of the four pumps must be positioned
on the short-wavelength side of the signal and idler, which
leads to Raman photons generated even at zero temperature.
To minimize Raman scattering, the TMF RIGV curves should
ideally have the shift Av; that is significantly greater than
Raman peak shift Avg = 13 THz (this is not the case
in our proof-of-concept experiment), which will place the
signal and idler outside of Raman gain region of the pumps.
At the same time, the RIGV curves should have a very low
slope (small dispersion) to help minimize the group walk-off
between the two modes. Further reduction of Raman scattering
can be achieved by weakening the short-wavelength pumps
and strengthening long-wavelength pumps while keeping their
geometric average (responsible for parametric gain) the same.

The TMF group velocity dispersion in our setup leads
to gradual walk-off among the 4 interacting waves in each
process. The largest group walk-off is between the signal and
idler waves in process 1, which in our case amounts to ~680 ps
at the end of the fiber. For 10-ns-long pump pulses used in our
experiment, this is equivalent to ~7% reduction in the state
fidelity (from 100% to 93%), which could be improved by
using shorter (or less dispersive) fiber and higher pump power.

Another potential source of entanglement degradation is
the presence of two wavelength-conversion processes with
conversion efficiencies ~ (n): wp; + ws = wp3z + w; and
wp2+w; = wps+amg, which are phase-matched when pumps’
mode is different from signal/idler mode. For the desired (n) <
0.01, the low conversion efficiency of these processes cannot
degrade the entanglement fidelity by more than 1%.
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Fig. 3.  Experimental setup: (a) pump and signal intensity modulation,
synchronization, and amplification; (b) spatial-mode conversion, free-space
coupling into the TMF, and output of the IM-FWM experiment.
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III. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 3. As can be seen in
Fig. 3a, the pumps 1-4 and signal are carved into 10-ns-long
flat-top pulses with a 10-MHz repetition rate by 3 inten-
sity modulators. The pumps are amplified by telecom-grade
C- and L-band erbium-doped fiber amplifiers (EDFAs). Ampli-
fied pumps 1 and 3 are combined by a 50/50 coupler.
Amplified pumps 2 and 4 are combined by a WDM cou-
pler. In Fig 3b, pumps 2 and 4 are converted to LPjj,
mode by a phase plate PP2, combined with the signal by
a free-space beam splitter BS1 and with pumps 1 and 3 by
a free-space dichroic beam splitter DBS, and then coupled
into the 1-km-long TMF by an objective. TMF output is
collimated by a second objective. We split the output between
an infrared camera and a single-mode fiber (SMF) connected
to the optical spectrum analyzer (OSA), which in this case
measures the LPy; “output port” of the TMF. By inserting
phase plate PP3 prior to the OSA’s SMF input, we can also
measure LPjj; “output port” of the TMF. We can gradually
vary the signal spatial mode from LPy; to LP1, by vertically
moving the phase plate PP1 (when it is centered on the beam,
it generates LP11, mode; when it is far off the center, it leaves
the mode in LPy; in the intermediate positions it generates
various two-mode superpositions). To maximize IM-FWM, we
co-polarize all three input waves in each process.

IV. RESULTS AND DISCUSSION

Mode selectivity of each process separately is investigated
by comparing the idler power generated by the classical seed
signal in the “correct” mode (LPg; for process 1, LPyj, for
process 2) to that generated by the signal in the “wrong” mode
(LP11, and LPg, respectively). Figure 4a shows the process
1 spectra at the TMF’s LPyj, output port, exhibiting mode
selectivity of 19 dB. Figure 4b shows the process 2 spectra
at the TMF’s LPg; output port, exhibiting mode selectivity
better than 9 dB. It is difficult to estimate the selectivity
of process 2 more accurately, because the idler generated
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Fig. 4. (a) Mode selectivity in process 1 shown by comparing the idler

generated at the LPj, output port by the “correct” signal mode LPgy; to
that generated by the “wrong” mode LPj1,. (b) Mode selectivity in process
2 shown by comparing the idler generated at the LPy; output port by the
“correct” signal mode LPj1, to that generated by the “wrong” mode LPy;.

by the “wrong” signal is buried deeply below the amplified
spontaneous emission (ASE) noise from the pump EDFAs.
‘We have observed mode selectivities better than 28 dB in [15],
where we filtered ASE noise more aggressively.

Figure 5 shows spectra when all 4 pumps are present,
i.e., both processes 1 and 2 taking place simultaneously.
The results are measured at the LPgy; output port (thick red)
and LP;j, output port (thin blue) for signal in LPj;, mode.
As expected, virtually no idler is present at the LP;, port for
such signal input (i.e., idler is deeply buried under the ASE
noise). Average powers inside the TMF are 0 dBm for the
signal and 20, 7.5, 20, and 9 dBm for pumps 1, 2, 3, and
4, respectively. In each process, the conversion efficiency is
measured by comparing the powers of the idler and the original
signal. The pump powers are chosen to equalize signal-to-idler
CEs at —43 dB for processes 1 and 2.

With all 4 pumps present, Figure 6 shows the idler powers
at the LPg; and LPjj, output ports for various two-mode
superpositions of the input seed signal, after the ASE noise
floor has been subtracted. One can see that, as the weight
of LP11, signal mode in the superposition changes from 0O to
100%, the total idler power remains constant (within 1 dB),
while the weights of idler modes LPy; and LP1, change from
nearly 0 to 100% and from 100% to nearly O, respectively,
as expected for the generated idler mode that is orthogonal
to the input signal mode. In the future, we plan to stabilize
the phase Ap = (¢p1 + ¢p2) — (pp3 + @p4), wWhich would
allow us to set the relative phase of the two modes in the
idler mode superposition to make it perfectly orthogonal to
the signal mode superposition. The mutual coherence of the
4 pumps can be obtained by deriving them from a common
optical comb source. Any slow phase variations owing to
differences in pumps’ paths can be stabilized by using a fiber
stretcher in one pump’s path and monitoring one of the pumps’
intensities at the TMF output. Since the same phase Ag is also
responsible for the direction of wp; + wpy = wp3 + ®pa
phase-sensitive parametric amplification process among the
4 pumps (where either one photon of pump 1 and one photon
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output ports. In addition, IM-FWM product of pumps 2, 3, and 4 appears at
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Fig. 6. Idler powers for various signal mode superpositions.

of pump 2 are annihilated while one photon of pump 3 and
one photon of pump 4 are created, or vice versa), controlling
the fiber stretcher to lock either maximum or minimum gain
for the observed pump wave will lock the relative phase Ag.
Only one phase-locking loop is thus required.

V. SUMMARY

Using a classical seed signal, we have demonstrated that a
combination of two inter-modal four-wave-mixing processes
in a few-mode fiber can couple a signal in an arbitrary two-
mode superposition to an idler in the orthogonal mode. The
next step, apart from phase stabilization, will be to observe this
mode anticorrelation in the single-photon regime (i.e., without
the seed signal), which will require ~95-dB suppression of
amplified spontaneous emission in the pump beams, as well
as narrow-band signal and idler filtering to eliminate out-
of-band Raman noise (previously straightforwardly achieved
by us with off-the-shelf components [19, 20]). Suppressing the
in-band Raman noise, however, would require a customized
FMF with Av; significantly exceeding 13 THz. In addition,
separation or suppression of 4 pump waves after the TMF
is required at ~140-dB level. If the signal at the output of
TMF is to be transmitted over FMF-based link, then the
pumps can be suppressed by 30-50 dB using several fiber
Bragg gratings prior to entering the link, to bring their powers
sufficiently low to avoid generating any noticeable Raman
noise in the transmission fiber. The remaining pump separation
/ suppression can be done at the receiver side. While the
scheme described in this paper can lead to generation of

spatial-mode entanglement in (LPg;, LPj14) mode space of
a few-mode fiber, a recently proposed alternative few-mode-
fiber-based scheme [21] may similarly result in generation of
entanglement in optical angular momentum space.
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