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Control over the transverse 
structure and long-distance fiber 
propagation of light at the single-
photon level
D. Cruz-Delgado1, J. C. Alvarado-Zacarias2, H. Cruz-Ramirez1, J. e. Antonio-Lopez2,  
s. G. Leon-saval3, R. Amezcua-Correa2 & A. B. U’Ren1

Quantum entanglement is arguably the cornerstone which differentiates the quantum realm 
from its classical counterpart. While entanglement can reside in any photonic degree of freedom, 
polarization permits perhaps the most straightforward manipulation due to the widespread 
availability of standard optical elements such as waveplates and polarizers. As a step towards a fuller 
exploitation of entanglement in other degrees of freedom, in this work we demonstrate control over 
the transverse spatial structure of light at the single-photon level. In particular we integrate in our 
setup all the technologies required for: (i) fibre-based photon pair generation, (ii) deterministic and 
broadband single-photon spatial conversion relying on a passive optical device, and (iii) single-photon 
transmission, while retaining transverse structure, over 400 m of few-mode fibre. In our experiment, 
we employ a mode selective photonic lantern multiplexer with the help of which we can convert the 
transverse profile of a single photon from the fundamental mode into any of the supported higher-order 
modes. We also achieve conversion to an incoherent or coherent addition of two user-selected higher 
order modes by addressing different combinations of inputs in the photonic lantern multiplexer. The 
coherent nature of the addition, and extraction of usable orbital angular momentum at the single-
photon level, is further demonstrated by far-field diffraction through a triangular aperture. Our work 
could enable studies of photonic entanglement in the transverse modes of a fibre and could constitute a 
key resource quantum for key distribution with an alphabet of scalable dimension.

The generation, application and study of custom light fields with structured intensity, polarization and phase, 
i.e. structured light, is emerging as a key resource in all areas of optical research ranging from imaging to tele-
communications1. The exploitation of structured light in the context of quantum entanglement and photon pair 
generation systems is no doubt an exciting pathway for future quantum photonics applications.

Photon pairs generated by spontaneous parametric processes have been at the heart of many experiments 
related to fundamental tests of quantum mechanics2 and to the implementation of various quantum-enabled tech-
nologies3–5. While spontaneous parametric downconversion (SPDC) in χ(2) materials6 is an established means for 
the generation of photon pairs, the spontaneous four wave mixing (SFWM) process7, particularly involving fibre 
implementations, has gained prominence as an alternative with several important advantages including compati-
bility with existing fibre optic networks, as well as a greater scope for quantum state engineering8.

Concentrating on photons as the physical system of interest, entanglement may reside in any of the polariza-
tion, frequency-time and transverse position-momentum degrees of freedom. Furthermore, recent research on 
quantum states has explored discretized frequency-time in the form of time-bin entanglement9, and discretized 
transverse position-momentum, in the form of orbital angular momentum entanglement10,11, and it has also been 
shown that quantum states may be hyper-entangled12, i.e. involving multiple degrees of freedom. Many entan-
glement experiments to date have relied on the polarization degree of freedom13, largely because of the relative 
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ease with which polarization states may be prepared and controlled using readily available components includ-
ing wave plates and polarizers. It is comparatively more difficult to control the frequency-time and transverse 
momentum-position degrees of freedom in structured light at the quantum level. In our previous work we were 
interested in non classical light sources which rely on the discretized spatial structure obtained in a few-mode 
fibre14. Such an approach is in principle scalable, as controlled by the number of supported modes in the fibre, in 
contrast to polarization entanglement in which the Hilbert space for each photon is limited to a dimensionality of 
2. While a few mode fibre, when used as a SFWM photon-pair source, can generate states which exhibit entangle-
ment in transverse modes (i.e. spatial domain)14 it is typically challenging to carry out conclusive entanglement 
tests, which would require the availability of wave plate and/or polarizer analogues for the transverse spatial 
degree of freedom15,16. This serves as an important motivation for the current work, in which we demonstrate the 
ability to convert the single-photon transverse structure from the fundamental mode of a single mode fibre to the 
coherent addition of two user-selected fibre higher order modes. In particular, we demonstrate the operation of a 
mode selective photonic lantern (MSPL) spatial multiplexer as a half wave plate analogue in the spatial degree of 
freedom with functionality at the single photon level. This approach could enable future progress in the study and 
exploitation of quantum entanglement in the spatial domain.

In this paper we show the integration of all of the technologies required for: (i) fibre-based generation of 
photon pairs, (ii) deterministic and broadband conversion of the transverse mode structure, relying on a passive 
optical device, of one of the photons in each pair, heralded by the detection of its sibling, and (iii) propagation of 
the heralded single photon over a considerably long stretch of fibre. We thus demonstrate in a single setup many 
of the ingredients required for implementations of quantum information processing protocols based on the trans-
verse mode degree of freedom in few-mode fibres.

Mode selective Multiplexers
We achieve transverse-mode control of the structured light at the single-photon level employing a photonic 
lantern, which is a passive fibre component that enables efficient conversion of multi-mode light into multi-
ple single-mode signals17–20, and vice versa, originally developed for applications in the field of astrophysics20,21. 
Recently, they have been successfully used as efficient spatial-multiplexers in multi-mode optical communica-
tions research18,22–24. In a photonic lantern, multiple single-mode fibre (SMF) inputs are adiabatically tapered 
inside a low refractive index capillary to create a multi-mode waveguide at the taper waist. Within the taper 
transition, light propagating in single-mode waveguides adiabatically transitions into an orthogonal combina-
tion of the multi-mode waveguide modes at the taper end. Non-mode selective, or scrambling, devices can be 
fabricated using identical fibres18,22. In contrast, mode selectivity can be achieved exploiting dissimilar fibres 
for which the corresponding fundamental modes have distinct propagation constants so that each SMF excites 
exactly one spatial mode. Photonic lanterns are now considered as one of the most versatile mode multiplexers for 
next-generation multimode optical communication systems, by providing low insertion loss, low mode depend-
ent loss and broad operational bandwidth25. Besides, MSPL’s can be scaled to a larger number of modes and can 
be easily spliced to a transmission fibre22,26,27. In our experiments we use a 6-mode photonic lantern (PL) designed 
for selectively generating the LP01, LP11a,b, LP21a,b and LP02 modes in the 600 nm to 800 nm spectral range28, com-
patible with our photon-pair source. A schematic of the MSPL is shown in Fig. 1 in which we depict its structure 
consisting of six SMF inputs, with dissimilar core size, inside a low refractive index capillary.

Results and Discussion
In our experiment, we employ a photon pair source based on the spontaneous four wave mixing (SFWM) process 
in a bowtie birefringent fibre. While this source, described previously in14,29 is capable of producing photon pairs 
in a coherent superposition of three distinct SFWM processes, in this work we spectrally post-select the process 
with the highest conversion efficiency, which involves all four waves which participate in the process propagating 
in the fundamental LP01 mode. In order to isolate a single photon from each pair, to be shaped using our MSPL 
technology in preparation for an arbitrary subsequent experiment (e.g. QKD or interaction with a cloud of cold 
atoms), we employ a heralding process in which direct detection of one of the photons in a given pair, say the idler, 
with an avalanche photodiode heralds its sibling photon. We subject the heralded single photon to transmission 
through the photonic lantern, as described below, and are thus able to deterministically convert its transverse 
wavevector intensity as verified with an ICCD camera, triggered by the detection of the heralding photon.

Figure 1. Schematic of 6 mode selective MSPL. (a) Transverse cross-section showing the 6 single-mode fibre 
array. (b) Adiabatic waveguide transition and spatial mode conversion.
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Our experimental setup is shown in Fig. 2. A Ti:Sapphire laser, centered at 710 nm, with 76 MHz repetition 
rate and ~0.5 nm bandwidth was used. Spurious frequencies outside of this bandwidth are suppressed with a 
prism-based spectral bandpass filter (PBF). The pump, polarized parallel to the slow axis of the fibre, is coupled 
into a 12.5 cm length of birefringent bow-tie fibre (HB800C from Fibercore Ltd; PMF) using an aspheric lens of 
8 mm focal length (L1); outcoupling is accomplished with an identical lens following the fibre (L2). In our SFWM 
source the generated photon pairs are orthogonally polarized with respect to the pump, so that the latter is sup-
pressed using a Glan-Thompson polarizer (GTP).

Our SFWM source is spectrally non-degenerate, permitting the use of a dichroic mirror (DM) for splitting 
the photon pairs into two spatial modes. The idler photon, reflected by DM, is transmitted through a monochro-
mator configured to transmit the window 636.6 ± 0.05 nm which corresponds to the desired idler mode and is 
detected with an avalanche photodiode. Each idler detection can herald the presence of a signal-mode single 
photon, transmitted by DM, centered at 802.2 nm. We have carried out a number of different experiments, each 
corresponding to a different configuration of the photonic lantern as indicated by the dotted box in Fig. 2(a). 
In our first experiment, the heralded single photon, with LP01 mode structure, is coupled into each of the six 
single-mode terminals of the six-mode MSPL in turn, as sketched in Fig. 2(b). This results in the deterministic 
conversion of the transverse mode of the heralded single photon from the fundamental mode LP01 to each of 
the six LP01, LP11a,b, LP21a,b and LP02 modes, depending on the single-mode terminal used. This is verified by the 

Figure 2. Schematic of experimental setup. (a) Photon-pair generation and detection. The signal-photon 
manipulation apparatus (dotted box in panel a), used in our experiments is shown the remaining panels. 
Ti:Sa: Titanium Sapphire pump laser, BPF: Band pass filter, HWP: Half wave plate, L: Lens, PMF: Polarization 
maintaining fiber, GTP: Glan-Thompson polarizer, DM: Dichroic mirror, M: Mirror, SMF: Singlemode fiber, 
MMF: Multimode fiber, monochromator: Czerny-Turner monochromator, APD: Avalanche photodiode, ICCD: 
Intensified CCD camera, FG: Function generator, PC: computer. (b) Single input excitation. (c) Incoherent 
dual-input excitation. d)Coherent dual-intput excitation. (e) Far-field diffraction technique.
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detection of the heralded signal photon with an intensified charge coupled device (ICCD) camera operated in 
gated mode, with detection gates of 5.0 ns width defined by each idler photon detection.

We show our experimental results in Fig. 3, in which columns (a) through (f) correspond to each of the modes 
LP01, LP11a,b, LP21a,b and LP02 obtained by coupling the signal photon into each of the six SMF input terminals. 
Note that while the first row corresponds to the unconditioned ICCD measurement, the second row represents 
the ICCD measurement of the heralded signal photon conditioned on the detection of a heralding idler photon. 
Note that conditioned counts are lower by a factor of around 50 with respect to unconditioned counts, reducing 
the observed data quality; longer acquisition times imply that our conditioned data measurements become more 
susceptible to any instabilities in our setup. Note also that we have calculated the correlation coefficient (covari-
ance normalized by the product of standard deviations) between the theoretical and measured modes. The cor-
relation values obtained are presented in the upper right corner of each panel; note that in all cases they are ≥0.9 
(unconditioned) and ≥0.78 (conditioned).

A generalization to the experiment described above is to couple light into two (or more) different single-mode 
terminals of a MSPL device. In what follows we present a number of experimental measurements in which a 
heralded single photon is split into two spatial modes, each of which is coupled into a different single-mode 
terminal. A combination of half wave plate and polarizer is employed so as to control the splitting ratio into the 
two arms which are recombined at the MSPL forming essentially a Mach Zehnder interferometer, as sketched in 
Fig. 2(c). If the arm lengths differ by more than the coherence length of the input light, the two fields are summed 
incoherently; conversely, if the arm lengths are balanced to within the coherence length the two fields are summed 
coherently.

In the incoherent case, if the modes corresponding to the two selected terminals are |u1〉 and |u2〉 with inten-
sity fractions α = cos2θ and β = sin2θ, the output of the MSPL is given by the density operator 
ρ α β= | 〉〈 | + | 〉〈 |ˆ u u u u1 1 2 2 . While we can choose two arbitrary modes from the six available ones to be combined 
at the MSPL, it is particularly interesting to choose two with the same underlying topological charge (first subin-
dex of the mode label). In Fig. 4 we show results for the incoherent sum of modes LP21a and LP21b, as a function of 
the intensity splitting ratio in the two arms. The first row shows the calculated transverse intensity, i.e. αI1(x, y) + 
βI2(x, y), where α and β (with α + β = 1) represent the intensity fractions in the two arms and I1(x, y) and I2(x, y) 
represent the transverse intensity distributions for the two modes. Panels (a) through (e) represent the cases α = 
0, α = 0.3, α = 0.5, α = 0.7, and α = 1.0 (with corresponding β values). The second row shows the measured 
transverse intensity at the single photon level unconditioned by the detection of the idler photon. The third row 
shows the measured transverse intensity at the single photon level conditioned by the detection of the idler pho-
ton. Note that by varying α from 0 to 1 we are able to continuously transition from mode LP21a to LP21b, while 
obtaining a mode with an intensity null in the origin for α = 0.5. As for the single-terminal data in Fig. 3, we have 
presented the calculated correlation parameter values and presented them in the upper right-hand corner of each 
panel in the second and third rows. Note also that due to this imperfect correlation with the ideal modes, the 
experimental splitting ratios employed, chosen for visual agreement optimization with simulations, are not iden-
tical to the ones used in the simulations; they are as follows for the five columns: α = 0 ± 0.02, α = 0.2 ± 0.02, α 
= 0.4 ± 0.02, α = 0.6 ± 0.02, and α = 1 ± 0.02.

In the coherent case, for modes |u1〉 and |u2〉 corresponding to the two terminals, the outgoing mode is given 
by |u1〉 + eiφ|u2〉. In this case, the intensity splitting ratios are left fixed at α = β = 0.5 and a delay line is intro-
duced in one of the two arms which allows balancing the two arm lengths, as sketched in Fig. 2(d). Starting from 
balanced arms, small adjustments Δl in the arm length difference result in variation of the phase φ = kΔl (with 
k the wavenumber), which allows interferometric combination of the two modes. Two modes with the same top-
ological charge in absolute value but differing in sign, are characterized by an identical transverse intensity as a 
function of position, yet with a different phase structure. Therefore, in the linear combination of two such modes, 
the amplitude can be factored, while it is the phases (or the functions depending on such phases) which combine 

Figure 3. Measured transverse intensity at the single photon level for the heralded signal-mode photons when 
launched into each of the MSPL input terminals. Unconditioned data (above) and conditioned data (below).

https://doi.org/10.1038/s41598-019-45082-6


5Scientific RepoRts |          (2019) 9:9015  | https://doi.org/10.1038/s41598-019-45082-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

in specific ways when performing the coherent addition of two modes. While it would of course be interesting to 
explore the coherent addition of two modes with differing absolute values of the topological charge as an exten-
sion of this work, our motivation here is obtaining a single-photon in an optical-vortex mode, i.e. with verifiable 
phase singularity. As this discussed below this can be accomplished by adding the LP21a and LP21b modes, or the 
LP11a and LP11b modes; in this paper we concentrate on the former pair of modes.

The first row of Fig. 5 shows the output mode obtained when θ is varied over a π radians range. The original 
modes LP21a and LP21b are obtained at the two extremes, while for φ = 270° (or φ = 90°) we obtain a mode with 
an intensity null in the center. The second row shows the measured transverse intensity at the single photon level 
unconditioned by the detection of the idler photon. The third row shows the measured transverse intensity at 
the single photon level conditioned by the detection of the idler photon. Note that while these results look very 
similar to those of the incoherent case, the experiment is completely different: in the first experiment we vary 
the relative intensities, while in the second experiment we leave the relative intensities fixed and vary the relative 
phase. As for the incoherent case, we have included correlation values between the ideal and measured modes in 
the second and third rows.

A single photon in mode LPlma, referred to as |LPlma〉, has a transverse field profile proportional to cos(lφ) 
while a single photon in mode LPlmb has a transverse profile proportional to sin(lφ). While these modes are 
composed of superpositions of underlying vortices exp(ilφ) and exp(−ilφ) one way to access the implied orbital 
angular momentum (OAM) is to construct superpositions of |LPlma〉 and |LPlmb〉. In particular, let us define the 
following single-photon states with explicit topological charges l and −l

| 〉 = | 〉 + | 〉

| 〉 = | 〉 − | 〉 .−

⁎

⁎

LP LP i LP

LP LP i LP

1
2 ( )

1
2 ( ) (1)

lm lma lmb

lm lma lmb

While | 〉⁎LPlm  has a field profile proportional to exp(ilφ) leading to an explicit topological charge l, | 〉⁎LPlm  has a 
field profile proportional to exp(−ilφ) leading to an explicit topological charge −l. Note that we are able to pre-
pare signal-mode single photons in these states by the coherent addition experiment reported above.

While in both the coherent mode addition and incoherent mode addition experiments we are able to obtain 
a ‘doughnut’-shaped transverse intensity pattern, see Figs 4(c) and 5(c), in order to experimentally distinguish 
between these two cases and to ascertain the presence of OAM in the coherent addition case, we need to employ 
an experimental strategy which responds to the underlying phase. One way to accomplish this is through the 
exploitation of far-field diffraction through a triangular aperture (TA)30. In the presence of OAM with topological 
charge l the far-field diffraction pattern shows a triangular pattern of intensity lobes, so that the lobe-count on one 
side of the resulting triangle is given by |l| + 1 for topological charge l.

Figure 4. Measured transverse intensity at the single photon level obtained by launching the heralded single 
pohoton into two MSPL inputs, corresponding to modes LP21a and LP21b, and involving an incoherent sum of 
these two modes. Numerical (first row), unconditioned data (second row) and conditioned data (third row). 
Splitting ratios shown atop each column.
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In our experiment, see Fig. 2(e), we use a lens with an 8 mm focal length placed a short distance from the 
lantern to create an image of the lantern exit plane which fills a triangular aperture (TA; with 250 μ m side). The 
diffracted light is transmitted through a lens of 10 cm focal length placed at a distance of 10 cm from the aperture, 
itself placed 10 cm from the plane of our ICCD array. We record the single photon intensity pattern on this plane, 
both unconditioned and conditioned by the detection of the idler photon. Configuring both the incoherent and 
coherent experiments to produce a ‘doughnut’-shaped transverse intensity pattern, see Figs 4(h) and 5(h), we 
record the corresponding far-field diffractions patterns, both with our ICCD operating unconditioned and con-
ditioned by the detection of the idler photon. The results are shown in Fig. 6, in which the first row corresponds 
to the incoherent addition experiment while the second row corresponds to the coherent addition experiment. 
In the first column we show simulations of the expected far-field diffraction patterns for both cases, in the sec-
ond column we show the unconditioned transverse intensity measurements for the signal-mode single photons, 
while in the third column we show the corresponding conditioned measurements. Notwithstanding experimental 
imperfections, it is clear that there is an excellent agreement between simulations and measurements.

Let us note that while in the incoherent mode addition experiment, the far-field diffraction pattern exhibits 
a hexagonal pattern of lobes, in the coherent addition experiment the far-field diffraction becomes a triangular 
pattern with three lobes on each side. The latter result, signals the presence of OAM with topological charge 2 (or 
−2) in our heralded signal-mode single photons.

Relying on the coherent addition of modes, with arms of balanced lengths incoming into the MSPL, and by con-
trolling the fraction of intensities in each of these two arms it becomes possible to obtain arbitrary coherent superposi-
tions of the type cosθ|u1〉 + sinθ|u2〉 of two modes |u1〉 and |u2〉 associated to the two SMF inputs. This can serve as the 
basis for a half wave plate analogue (in modes |u1〉 and |u2〉 instead of two orthogonal polarization states) in the spatial 
degree of freedom with functionality at the single photon level15,16. The ability to controllably prepare single photons 
in a set of transverse modes, as we have demonstrated, is likewise of interest for the implementation of quantum key 
distribution protocols with larger alphabets (polarization implementations are limited to a dimension of 2)31,32.

There are two further properties of our MSPL multiplexers operated at the single photon level, both likely 
to be of crucial importance in applications, that we wish to demonstrate: (i) the ability to transmit over hun-
dreds of meters of fibre the prepared heralded single photons, and (ii) their inherent broadband nature. We have 
designed and performed an additional experiment in order to showcase these two capabilities. In particular, we 
have spliced a 400 m length of few-mode fibre to the MSPL output, with this MSPL placed to act on either the sig-
nal photon (802.2 nm) or the idler photon (636.6 nm). We have recorded with an ICCD camera the single-photon 
intensity distribution following transmission over 400 m. In Fig. 7 we show unconditioned experimental meas-
urements for one output in each of the {LP01}, {LP11a, LP11b}, {LP21a, and LP21b} and {LP02} groups of modes which 
show mixing within each group due to cross-talk, upon propagation. In the first row we show counts for the idler 
photon and in the second row for the signal photon. These results make clear our ability to retain the prepared 
single-photon mode structure over this 400 m propagation distance, and also shows the operation at two spectral 
regions separated by >165 nm consistent with the inherent achromatic design of the MSPL.

Figure 5. Measured transverse intensity at the single photon level obtained when launching the heralded single 
photon into two MSPL inputs, corresponding to modes LP21a and LP21b, and involving a coherent sum of these 
two modes. Numerical (first row), unconditioned data (second row) and conditioned data (third row). Phase 
difference shown atop each column.
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Conclusions
We have presented a demonstration of deterministic transverse mode conversion at the single photon level based 
on a spontaneous four wave mixing (SFWM) photon pair source and a mode-selective photonic lantern (MSPL). 
When using a single-mode MSPL input, we can convert the single-photon transverse profile from the fundamen-
tal mode to any of the six higher order modes LP01, LP11a,b, LP21a,b and LP02. When using two MSPL inputs, we 
are able to obtain either the incoherent or coherent addition of two modes, amongst the six higher order modes 
guided in the system. Furthermore, the coherent nature of the addition, and extraction of usable orbital angular 
momentum, is demonstrated by far-field diffraction through a triangular aperture. Furthermore, we show that 
our MSPL is broadband, operating successfully at the 636.6 nm and 802.2 nm spectral locations of the idler and 
signal photons, respectively, and we show that our shaped single photons can be transmitted over a 400 m length 

Figure 6. Intensity far-field diffraction patterns, at the single-photon level through a triangular aperture, of 
the signal photon. Numerical (first column), unconditioned data (second column) and conditioned data (third 
column).

Figure 7. Transverse intensity at the single-photon level for the idler photon (636.6 nm; first row) and the signal 
photon (802.2 nm; second row) upon propagation over 400 m of few-mode fibre for one mode in each of the 
groups {LP01}, {LP11a, LP11b}, {LP21a, LP21b}, and {LP02}.
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of few-mode fibre. Our work has important implications for the future development of structured light experi-
ments exploring quantum entanglement in the transverse momentum degree of freedom and for quantum key 
distribution protocols with a scalable alphabet dimension.

Data Availability
The raw data used in our experimental plots is available upon request.

References
 1. Rubinsztein-Dunlop, H. et al. Roadmap on structured light. J. Opt. 19, 013001 (2017).
 2. Shadbolt, P., Mathews, J. C. F., Laing, A. & O’Brien, J. L. Testing foundations of quantum mechanics with photons. Nat. Phys. 10, 

278–286 (2014).
 3. Giovannetti, V., Lloyd, S. & Maccone, L. Advances in quantum metrology. Nat. Photonics 5, 222–229 (2011).
 4. Kok, P. et al. Linear optical quantum computing with photonic qubits. Rev. Mod. Phys. 79, 135 (2007).
 5. O’Brien, J. L., Furusawa, A. & Vucković, J. Photonic quantum technologies. Nat. Photonics 3, 687 (2009).
 6. Burnham, D. C. & Weinberg, D. L. Observation of Simultaneity in Parametric Production of Optical Photon Pairs. Phys. Rev. Lett. 

25, 84 (1970).
 7. Fiorentino, M., Voss, P. L., Sharping, J. E. & Kumar, P. All-fiber photon-pair source for quantum communications, IEEE Photon. 

Technol. Lett 14, 983 (2002).
 8. Garay-Palmett, K. et al. Photon pair-state preparation with tailored spectral properties by spontaneous four-wave mixing in 

photonic-crystal fiber. Opt. Express 15, 14870 (2007).
 9. Marcikic I. et al. Distribution of Time-Bin Entangled Qubits over 50 km of Optical Fiber. Phys. Rev. Lett. 93, 180502 (2004)
 10. Mair, A., Vaziri, A., Weihs, G. & Zeilinger, A. Entanglement of the orbital angular momentum states of photons. Nature 412, 313–316 

(2001).
 11. Molina-Terriza, G., Torres, J. P. & Torner, L. Twisted photons. Nature Physics 3, 305–310 (2007).
 12. Barreiro, J. T., Langford, N. K., Peters, N. A. & Kwiat, P. G. Generation of hyperentangled photon pairs. Phys. Rev. Lett. 95, 260501 

(2005).
 13. Kwiat, P. G. et al. New high-intensity source of polarization-entangled photon pairs. Phys. Rev. Lett. 75, 4337–4341 (1995).
 14. Cruz-Delgado, D. et al. Fiber-based photon-pair source capable of hybrid entanglement in frequency and transverse mode, 

controllably scalable to higher dimensions. Sci. Rep. 6, 27377 (2016).
 15. Bharadwaj, D., Thyagarajan, K., Jachura, M., Karpinski, M. & Banaszek, K. Scheme for on-chip verification of transverse mode 

entanglement using the electro-optic effect. Opt. Express 23, 33087–33098 (2015).
 16. Bharadwaj, D., Thyagarajan, K., Karpinski, M. & Banaszek, K. Generation of higher-dimensional modal entanglement using a three-

waveguide directional coupler. Phys. Rev. A 91, 033824 (2015).
 17. Leon-Saval, S. G., Argyros, A. & Bland-Hawthorn, J. Photonic Lanterns. Nanophotonics 2, 429 (2013).
 18. Leon-Saval, S. G. et al. Mode-selective photonic lanterns for space-division multiplexing. Opt. Express 22, 1036 (2014).
 19. Birks, T. A., Gris-Sánchez, I., Yerolatsitis, S., Leon-Saval, S. G. & Thomson, R. R. The photonic lantern. Adv. Opt. Photon 7, 107–167 

(2015).
 20. Leon-Saval, S. G., Birks, T. A., Bland-Hawthorn, J. & Englund, M. Multimode fiber devices with single-mode performance. Opt. Lett. 

30, 2545–2547 (2005).
 21. Bland-Hawthorn, J. & Kern, P. Astrophotonics: a new era for astronomical instruments. Opt. Express 17, 1880–1884 (2009).
 22. Leon-Saval, S. G., Fontaine, N. K. & Amezcua-Correa, A. Photonic lantern as mode multiplexer for multimode optical 

communications. Opt. Fiber Technol. 35, 46–55 (2017).
 23. Fontaine, N. K., Ryf, R., Bland-Hawthorn, J. & Leon-Saval, S. G. Geometric requirements for photonic lanterns in space division 

multiplexing. Opt. Express 20, 27123–27132 (2012).
 24. Yerolatsitis, S., Gris-Sánchez, I. & Birks, T. A. Adiabatically-tapered fiber mode multiplexers. Opt. Express 22, 608–617 (2014).
 25. Richardson, D. J., Fini, J. M. & Nelson, L. E. Space Division Multiplexing in Optical Fibers. Nat. Photonics 7, 354–362 (2013).
 26. Velázquez-Benítez A. M. et al. Scaling the Fabrication of Higher Order Photonic Lanterns Using Microstructured Preforms, 

presented at the European Conf. Optical Communication (ECOC) Tu.3.3.2 (2015).
 27. van Weerdenburg, J. et al. 10 Spatial mode transmission using low differential mode delay 6-LP fiber using all-fiber photonic 

lanterns. Opt. Express 23, 24759–24769 (2015).
 28. Velázquez-Benítez, A. M. et al. Six mode selective fiber optic spatial multiplexer. Opt. Lett. 40, 1663–1666 (2015).
 29. Garay-Palmett K. et al. Photon-pair generation by intermodal spontaneous four-wave mixing in birefringent, weakly guiding optical 

fibers. Phys Rev A. 93 (2016).
 30. Hickmann, J. M., Fonseca, E. J. S., Soares, W. C. & Chavez-Cerda, S. Unveiling a Truncated Optical Lattice Associated with a 

Triangular Aperture Using Light’s Orbital Angular Momentum. Phys. Rev. Lett. 105, 053904 (2010).
 31. Etcheverry, S. et al. Quantum key distribution session with 16-dimensional photonic states. Sci. Rep. 3, 02316 (2013).
 32. Mirhosseini, M. et al. High-dimensional quantum cryptography with twisted light. New J. Phys. 17, 033033 (2015).

Acknowledgements
AU acknowledges support from PAPIIT (UNAM) grant IN104418, CONACYT Fronteras de la Ciencia grant 
1667, and AFOSR grant FA9550-16-1-1458. RA-C acknowledges support from National Science Foundation 
(NSF) (ECCS-1711230).

Author Contributions
D.C.D. and H.C.R. performed the experiments, J.C.A.Z. and J.E.A.L. fabricated the photonic lanterns, S.G.L.S. 
and R.A.C. designed the lanterns and coordinated the fabrication process, A.B.U. coordinated the research 
presented here. All authors discussed the results and commented on the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-45082-6.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-019-45082-6
https://doi.org/10.1038/s41598-019-45082-6


9Scientific RepoRts |          (2019) 9:9015  | https://doi.org/10.1038/s41598-019-45082-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-45082-6
http://creativecommons.org/licenses/by/4.0/

	Control over the transverse structure and long-distance fiber propagation of light at the single-photon level
	Mode Selective Multiplexers
	Results and Discussion
	Conclusions
	Acknowledgements
	Figure 1 Schematic of 6 mode selective MSPL.
	Figure 2 Schematic of experimental setup.
	Figure 3 Measured transverse intensity at the single photon level for the heralded signal-mode photons when launched into each of the MSPL input terminals.
	Figure 4 Measured transverse intensity at the single photon level obtained by launching the heralded single pohoton into two MSPL inputs, corresponding to modes LP21a and LP21b, and involving an incoherent sum of these two modes.
	Figure 5 Measured transverse intensity at the single photon level obtained when launching the heralded single photon into two MSPL inputs, corresponding to modes LP21a and LP21b, and involving a coherent sum of these two modes.
	Figure 6 Intensity far-field diffraction patterns, at the single-photon level through a triangular aperture, of the signal photon.
	Figure 7 Transverse intensity at the single-photon level for the idler photon (636.




