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We propose and numerically demonstrate a conversion and multicasting scheme of orbital angular
momentum (OAM) states by using N-core supermode fiber (NCSF), where the topological charges of
converted OAM states mainly depend on the injected OAM state and the number of fiber cores. The
conversion efficienc (CE) of the converted OAM states could be optimized by properly designing the
fiber structure. Take N = 6 as an example, ~37% CE could be achieved at telecom bands. Moreover,
even for a fabricated NCSF, the CE could be dynamically changed by stretching the fiber or by adjusting
the refractive index of the fiber cores through external control of the environmental conditions.
Meanwhile, OAM multicasting could also be realized in the designed NCSF. The crosstalk between
the multicasted OAM channels and their neighboring ones are assessed to be less than −30 dB. The
proposed fibe -based OAM conversion and multicasting system is compatible with the existing optical
fiber communication systems, showing potential applications in the future.
In the last decade, optical vortices (OVs) have received considerable research attention. Due to the unique phase
and intensity profiles, OVs have been utilized for particle manipulation and microscopy such as stimulated emission depletion (STED)1–3. The entanglement of orbital angular momentum (OAM) states of photons has been
also demonstrated in quantum information processing4, 5. Importantly, the unlimited topological charge values
and inherent orthogonality among different OAM states make the OAM state become additional dimension to
increase the total system capacity, showing potential applications in optical communication systems. Therefore,
it is essential to exploit functionalities for processing OAM states, such as generation, transmission, conversion,
multicasting, multiplex/demultiplex and detection. So far, several techniques have been developed for free-space
communication systems. In free-space optics, the generation of OAM states has been realized by spiral phase
plates, liquid crystal q-plates, or fork gratings, while the detection is realized based on beam intensities and profile measurements with commercially available equipment6–9. Since OAM normally stays constant in free-space
propagation, the transmission of OAM states is relatively simple. A terabit transmission system of multiplexed
OAM states has been experimentally demonstrated10. The OAM conversion could be realized through nonlinear
frequency conversion11–13. Moreover, adaptive power-controllable and spatial-mode orbital angular momentum
(OAM) multicasting have been experimentally demonstrated14, 15. However, in free-space communications based
on OAM states, the performance is easily deteriorated by barriers or unstable environments. Therefore, it is still
challenging to realize long-distance transmission of OAM states in free-space.
On the other hand, by introducing OAM to optical fiber communication systems, the transmission capacity
and spectral effici cy could be further improved. It has been demonstrated that the OAM generation in fiber
could be realized using helical fibers, ring fibers, and long-period fiber gratings16–19. Th ough the superposition of
high-order modes with a constant phase difference, OAM with a certain phase and intensity distribution could be
obtained. For long-distance transmission of OAM states, special micro-structured fibers, such as vertex fibers or
multi-ring fibers, have been deployed for its low mode distortion and low crosstalk20–22. However, so far only few
works have been reported for OAM states conversion and multicasting using fibers23, which could indeed provide
integrated solution and make the application of OAM states more practical in optical fiber transmission systems.
In this paper, we propose to use an N-core supermode fiber (NCSF) for OAM state conversion and multicasting, where the topological charges of the converted OAM states are mainly determined by the injected OAM state
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Figure 1. Structure of NCSF. Th ee dimensional structure and cross-section of an NCSF for OAM conversion
and multicasting.

and the number of fiber cores. As two of the important metrics for OAM conversion, here, conversion effici cy
(CE) of an OAM state is defi ed as the normalized power weight of the converted OAM state and purity is defi ed
as the normalized power weight left in the originally-injected OAM states (Details see Methods). The simulation
results show that with fiber core N = 6, ~37% CE is achieved at telecom bands. Since the CE is dependent on the
refractive index of fiber cores, it could be dynamically controlled if the fiber cores are filled with a material whose
refractive index is sensitive to the external environments. Besides, fiber stretching is another simple and effective
way to actively decrease the CEs of the converted OAM states. Meanwhile, the converted OAM spectrum after
the NCSF contains several discrete OAM states with the crosstalk less than −30 dB, thus realizing the OAM multicasting functionality. The proposed fiber-based OAM conversion and multicasting system is compatible with
and easy to be integrated with optical fiber communication systems, showing potential applications in the future.

Results

Design of NCSF.

Figure 1 shows the structure of the NCSF proposed for OAM state conversion and multicasting. N cores are equally spaced and circularly arranged around the fiber center. R, r, and d represent the radius
of the fiber, the radius of the core and the distance between centers of fiber and cores, respectively. It is noteworthy
that, compared with the conventional fiber structures, the NCSF has more freedoms in design. In our numerical
simulation, the wavelength, R and the refractive index of the cladding (nclad) are set to be 1550 nm, 62.5 µm and
1.444, respectively. All of these parameters are consistent with the normal single-mode or multi-mode fiber commonly used in optical fiber communication systems.

OAM supermodes in NCSF.

For an OV showing spiral phase front exp(ilϕ), each of its photons carries an
OAM of lħ, where ϕ, l, and ħ are azimuth angle, topological charge and the reduced Planck constant, respectively.
If l satisfies 0 < |l| < N/2, the l-th-order supermode is usually quadruple degenerated. Based on the weakly guiding
approximation, OAM states could be formed by superimposing two orthogonal supermodes of the same order
with a phase difference of π/224. However, the OAM states could not be formed by utilizing other order (|l| = 0 or
|l| ≥ N/2) supermodes25. Thus, the l-th-order (0 < |l| < N/2) supermode could be defi ed as the OAM supermode.
In other words, the maximum order of the OAM supermodes guided by an NCSF is less than N/2.
If an OV carrying OAMl (the subscript represents topological charge, 0 < |l| < N/2) is injected into the NCSF,
two orthogonal l-th-order OAM supermodes with a phase difference of π/2 could be excited. The injected
OV may undergo mode distortions in the fiber and the energy in OAMl may distribute to other OAM states.
It is found that, although most of the energy stays in OAMl, the energy also distributes to OAMl±N, OAMl±2N,
OAMl±3N, etc. (see Methods). Therefore, the converted OAMs with desired states could be expected using the
proposed NCSF if an OV carrying OAMl is injected.

OAM conversion in six-core supermode fibe . Without loss of generality, as an example, we set N = 6
for further study. First, we assume that the refractive index of the fiber cores (ncore) equals to 1.4485. As the
maximum |l| is less than 3, 2nd-order OAM supermode could be supported and transmitted in the supermode
fiber. In another word, if OAM2 is injected, the converted 2nd-order OAM supermodes contains states of OAM2,
OAM2±1×6, OAM2±2×6, etc.
First, we assume that the refractive index of the fiber cores (ncore) equals to 1.4485. Figure 2(a–h) show the
phase profiles and intensity profiles of the injected OAM2 state and the transmitted OAM states for different values of the parameters r and d. An abrupt rather than gradual phase shift change in Fig. 2(b–d) indicates the impurity of OAM2, i.e., the beam may carry more than one OAM states. Here, the converted OAM−4 is selected for
further analysis. From the OAM spectra shown in Fig. 2(j–l), the CEs of the OAM−4 are 10.2%, 26.5%, and 36.0%
for case I (r = 4 µm, d = 12 µm), case II (r = 6 µm, d = 16 µm), and case III (r = 10 µm, d = 30 µm), respectively.
The purity of the injected OAM2 and the CE of the OAM−4 could be changed by varying r and d. As shown in
Fig. 3, the purity of OAM2 varies from ~98.3% to ~54.7% while the efficiency of converted OAM−4 varies from
~1.7% to ~37% with different structure parameters. For a larger d at a given r, the purity of injected OAM state
gets lower and the CE of the generated OAM state gets higher simultaneously.
As shown in Fig. 3(b), it seems that the generated OAM−4 may have a maximum CE for different parameters
of r and d. If r is fi ed, the CE increases fi st and then decreases with the increase of d, as shown in Fig. 3(c). There
exists a maximum value around 36~37% for each value of r. Actually, a stronger coupling between fiber cores
would result in a higher purity of the injected OAM state and lower CEs of the converted ones. On the other hand,
with a weaker coupling, the CEs become higher while the purity decreases. Therefore, with the increase of d at a
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Figure 2. Phase profiles, intensity profiles and OAM spectra. (a,e,i) The injected OAM2 beam, (b,f,j) the
transmitted beam for case I (r = 4 µm, d = 12 µm), (c,g,k) case II (r = 6 µm, d = 16 µm), and (d,h,l) case III
(r = 10 µm, d = 30 µm). In Fig. 2(i–l), the x-coordinate and y-coordinate mean topological charge numbers and
normalized power weight, respectively.

certain r, the cores move away from each other. It makes the coupling between the cores weaker and the purity of
the injected OAM state decrease. Meanwhile, the corresponding CE increases and reaches the maximum value.
However, when d reaches a certain value, the coupling becomes so weak that the fiber could not support OAM
supermode anymore. Hence, fiber cores become isolated. In this case, the intensity and phase profile of the transmitted light would be distorted, which makes the supermode fiber not suitable for OAM conversions anymore.
To change the CE, it is not practical to adjust the parameters of the NCSF once it has been fabricated. It
will become more practical and attractive if the effici cy of an OAM converter could be dynamically adjusted
through active external control. As the cladding is made of SiO2 and its refractive index (nclad) is relatively stable
in the NCSF, it may be a good approach to adjusting ncore using proper methods for changing the CE.
Again, we take the six-core fiber with R = 62.5 µm and nclad = 1.444 as an example. With the OAM2 injected
to the NCSF, the CE is calculated when ncore changes from 1.448 to 1.453 with parameters (r and d) set as in the
previous cases I, II, and III, as shown in Fig. 4(a).
If the cores are filled with a material whose refractive index is sensitive to the external environments, ncore
could be easily changed by tuning the environmental temperature, electric fi lds, magnetic fi lds, etc. The liquid
material could be easily infiltrated into the fiber either through capillary effect or using a syringe. The syringe
approach may be more suitable in this case since liquid could be filled over a longer length of NCSF. Moreover,
compared to ncore with step values by different doping density, ncore could be continuously changed. For instance,
the refractive index of formamide versus temperature approximately satisfies a linear function n(T) = 1.45429 −
3.47 × 10−4 × T26, indicating that ncore could be tuned by varying the temperature. When the temperature varies
from 3.7 °C to 18.1 °C, ncore changes from 1.453 to 1.448. In addition, nclad could be seen as constant since the
refractive index of SiO2 is not sensitive to temperature. With the change of ncore, the CE could be changed accordingly, from 8.2% to 22.8%, from 24.7% to 34.3%, and from 35.5% to 37.6%, in cases I, II, and III, respectively. It
also shows that the CE is more sensitive to ncore when r and d are smaller. With larger r and d, less change in the
CE is observed as a function of ncore.
Furthermore, even if R, r, d, nclad, and ncore are unchangeable, the CE could also be changed by stretching the
fiber using the flame brushing method. The stretching ratio is defi ed as Rini/Rend, where Rini and Rend represent
the radii of the initial and stretched NCSF, respectively. As shown in Fig. 4, the CE changes signifi antly apparently as R, r, and d are shrunk in the same ratio. The stretching ratio could not be too large, otherwise the cores
may be too small to confi e light propagation. In another word, the effective refractive indices of the high-order
modes may be lower than nclad, indicating that the light may leak out from the fiber cladding. For example, with a
stretching ratio of 5 for case III, the numerical simulation shows that though the fiber still supports fundamental
modes, the effective refractive indices of 1st and 2nd order modes would be 1.44388 and 1.44266, less than 1.444
(nclad), indicating that the light could not be confi ed well in the fiber. Since the fiber is operated at 1550 nm, we
assume that r should better be larger than 4 µm. Under this condition, the largest stretching ratios are chosen as
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Figure 3. Purity and CE with different structure parameters. (a) Purity of the OAM2 state and (b,c) CE of the
OAM−4 state in the six-core supermode fiber versus r and d.

1, 1.5, and 2.5 for cases I, II, and III, respectively. For cases II and III, the CE of OAM−4 state could be changed
from 26.5% to 6.3% and from 36.0% to 15.6%, respectively, shown in Fig. 4(c). It also provides a way to improve
the purity of the injected OAM state. Shown in Fig. 4(d), the purity of OAM2 could be changed from 71.4% to
93.7% and 59.2% to 83.7% for cases II and III, respectively. It is interesting that the purity of OAM2 in case II is
even lower than that in case I after stretching.

OAM multicasting using NCSF. In today’s networks, there are some scenarios that require the multi-copy
replication of a seed optical signal, which is known as multicasting. In the proposed NCSF, an input OAMl mode
passes through an N-core supermode fiber (l should satisfy 0 < |l| < N/2) and the converted beam may carry
several discrete OAM states, i.e., OAMl±N, OAMl±2N, OAMl±3N, etc, realizing the OAM multicasting. Furthermore,
since N must be larger than 2 to support OAM supermodes, OAMl±N, OAMl±2N, OAMl±3N are not adjacent.
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Figure 4. Dynamically controlled purity and CE. (a) CE versus ncore, (b) CE versus temperature if cores are
filled with formamide, (c) CE of OAM−4 state and (d) purity of OAM2 state versus stretching ratio under the
same parameters as in case I (blue), case II (green) and case III (red).

Therefore, the crosstalk between OAM channels and the neighbors is quite low, and measured as less than −30 dB
in the numerical simulation.
As mentioned above, different OAM channels could be obtained with different N, which could be deployed
to realize OAM multicasting with different scales. In addition, since the normalized power weight of each OAM
channel could be statically or dynamically changed, the power in different OAM states of output beam could be
easily adjusted. Assuming r = 5 µm, d = 15 µm, ncore = 1.4885 and OAM1 is injected into an NCSF, normalized
power weights are shown in Fig. 5. If the normalized power weight of an OAM channel is less than −20 dB, it may
be too low to carry data. In this case, four channels could be used for OAM multicasting in four- and five-core
supermode fiber while three OAM channels could be used in six- and seven-core supermode fiber (yellow background in Fig. 5). The corresponding normalized power of different OAM states are shown in Table 1.

Discussion

In this paper, we have proposed an OAM conversion and multicasting scheme by using an NCSF. The OAM
states of the converted beam are determined by the injecting OAM states and the number of cores, and the CE is
mainly affected by the radius of the fiber, core size, distance between centers of fiber and cores, and the refractive
indices of them. It indicates that the proposed scheme has more freedoms in design than the ring fiber and other
conventional fiber structures. For a fabricated OAM converter, the CE and the power weight of OAM channels
could be actively changed by tuning ncore with the filled material through the external control or stretching the
fiber. Besides, the parameters of the NCSF are similar to the common single-mode or multi-mode fibers, showing
compatibility with the existing optical communication system.
Note that, since the OAM states in our proposed conversion system do not undergo frequency conversion, no
additional dispersion is introduced during the conversion. With the proper optimization in the supermode fiber
design, the topological charge of the converted OAM states could be set far from that of the injected OAM beam
and hence larger CE could be realized, which is comparable to the OAM conversion in free optics.
Compared with few-mode fiber (FMF), the mode effective area in our structure is larger, thus leading to a low
nonlinear effect. Hence, it could be used in high-power regime such as high power distribution in some scenarios27,
28
, for example, a power-over-fiber system, where optical power could be delivered through optical fibers. Therefore,
our proposed structure may have applications in such scenarios to realize data transmission and power supply
simultaneously.
Moreover, if the difference of the effective refractive indices between adjacent order supermodes (Δneff ) is
larger than 1 × 10−4, long distance OAM supermode transmission could be expected with low mode distortion
or crosstalk20, 21. Thus the OAM supermode, containing the injected and converted OAM states, could transmit
in the NCSF, achieving mode division multiplexing. Assume that R, ncore, nclad and the wavelength are 62.5 µm,
1.4485, 1.444 and 1550 nm, respectively. Th ough numerical simulations, as shown in Table 2, some parameters
of the NCSF were obtained to satisfy Δneff ≥ 1 × 10−4 for low modal interference. With these parameters, OAM
transmission, conversion and multicasting could be realized simultaneously.
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Figure 5. OAM multicasting with different N. (a) OAM spectrum in four-core supermode fiber. (b) OAM
spectrum in five-core supermode fiber. (c) OAM spectrum in six-core supermode fiber. (d) OAM spectrum in
seven-core supermode fiber. Normalized power weight under blue line may be not suitable for carrying data.
Four-core

Five-core

Six-core

Seven-core

OAM state Normalized Power (dBm) OAM state Normalized Power (dBm) OAM state Normalized Power (dBm) OAM state Normalized Power (dBm)
OAM−7

−14.8

OAM−9

−19.6

OAM−5

−8.24

OAM−6

−10.6

OAM−3

−5.32

OAM−4

−6.46

OAM1

−1.00

OAM1

−0.57

OAM1

−2.59

OAM1

−1.67

OAM7

−12.8

OAM8

−14.8

OAM5

−9.59

OAM6

−11.1

—

—

—

—

Table 1. Normalized power of different OAM channels.
Δneff (× 10−4)
r (µm)

d (µm) 3rd- and 2nd-orders

2nd- and 1st-orders 1st- and 0th-order

Conversion
efficiency of OAM−4

4

9

4.28

5.83

2.67

2.40%

4

10

2.88

4.27

1.96

4.60%

4

11

1.97

3.12

1.44

7.20%

4

12

1.36

2.28

1.07

10.20%

5

11

2.51

3.68

1.59

7.70%

5

12

1.63

2.60

1.15

11.50%

6

13

1.55

2.39

1.02

14.00%

Table 2. Some parameters supporting long distance transmission of the OAM states.

Methods

Mode analyses.

Any Laguerre-Gaussian (LG) mode with rotational mode number l ≠ 0 has a helical wavefront. Therefore, in this work, we use LG modes for free-space OAM analyses. The amplitude of OAMl follows
l
2  °
2 
2 
°
°a 2 
°
 exp − a L l 2a expik a 
uql(a, φ, x ) ∝ 
 ° 2(x )  q° 2(x )   2R(x ) 
 ° (x ) 
×exp(ilφ)exp[ −i(2q + l + 1)ζ (x )]
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where l and q are topological charge and radial index of the OAM, respectively. In this work, if OAMl injects into
the NCSF, two orthogonal l-th OAM supermodes are excited. However, such OAM supermodes do not support
OV with higher radial index q, thus q sets to be zero in Eq. (1). ω(x) represents the beam radius at the position of
x, which is the axial distance from the beam waist. a is the radial distance the center axis of the beam and Lql is the
generalized Laguuerre polynomials. In order to get higher coupling effici cy from free-space to NCSF, the beam
waist should be set as the input facet of the NCSF, i.e. x = 0. The radial of the beam ω(x) thus should approximate
to the parameter d. k = 2π/λ means the wave number (in radians per meter). R(x) is the radius of curvature of the
beam’s wavefronts. φ represents the azimuthal angle. (2q + l + 1)·ζ(x) is called Gouy phase, which is an extra contribution to the phase12.
As for mode analyses in NCSF, we use 2D fin te element analysis in the RF Module of COMSOL Multiphysics
for numerical simulation. With the assiatnace of the simulator, the effective refractive index and electric fi lds of
OAM supermodes are numerically calculated. The transmitted multi-OAM states are derived from superimposing two orthogonal OAM supermodes of the same order with a phase difference of π/2. Then, the intensity and
phase profile of the transmitted beams are obtained. In the fiber core domain, the maximum size of grid is set to
be 200 nm to ensure the precision of simulation.

Normalized power weight of OAM states.

The injected OV would undergo mode distortions in the
NCSF, and the phase function could be calculated using COMSOL Multiphysics, as described above. We fi st
expand the phase function of an OAM supermode f (ϕ) as
f (ϕ ) =

∞

∑ Cpexp(ipϕ),

(2)

−∞

and
Cp =

1
2π

∫0

2π

f (° )exp( −ip° )d°

(3)

2
is the complex coeffici t. Therefore, |Cp|2 is the normalized power weight of the OAMp, with ∑ ∞
p =−∞|Cp| = 1.
The integral of Cp in Eq. (3) is approximate to the accumulation of linearly distributed phase from 0 to 2π, that is

Cp =

1 M  2π
2π 
 
∑ f  ⋅ N exp−ip ⋅ M N .
M N =1  M

(4)

M sets to be 100 in our calculation and the phase f(ϕ) (or f ( 2π ⋅ N )) could be derived from the results of
M
superimposition of two excited orthogonal OAM supermodes.
2
In this case, |Cl| (if p = l) is defi ed as the purity, since it represents the power weight of OAMl state in the
output beam to that in the input beam. |Cl±N|2, |Cl±2N|2, |Cl±3N|2, etc. (if p = l ± N, l ± 2 N, l ± 3 N, etc.) is defi ed as
the CE of the converted OAM states with topological charges of l ± N, l ± 2 N, l ± 3 N, etc.

OAM supermode. The total fi ld of the superimposed l-th OAM supermode can be described as25
Xl °

N −1

∑ expz cos(ϕ − ϕj) + ilϕj ,

(5)

j=0

where ϕj is the azimuthal angle of j-th fiber core and z is related to fiber structure. There is a decomposition
equation saying
exp(z cos α) =

∞

∑

Jk(z )exp(ikα),

(6)

k =−∞

where Jk(z) is the k-th Bessel function. Using Eq. (6), Eq. (5) would be
Xl °

N −1 ∞

∑ ∑

j = 0 k =−∞

{

}

Jk(z )exp i kϕ + (l − k)ϕj  .



(7)

( )

Considering the identical relation ∑ Nj =−01exp inϕj = Nδn , mN , where m = 0, ±1, ±2, ±3, etc.
Xl ° N

∞

∑

JmN +l (z )exp[i(mN+ l )ϕ] .

m =−∞

(8)

In this case, the l-th supermode Xl only contains components with helical phase front exp[i(mN + l)ϕ]. In
another words, it contains OAMmN+l, where m = 0, ±1, ±2, ±3, etc.

References

1. Grier, D. A revolution in optical manipulation. Nature 424, 810–816, doi:10.1038/nature01935 (2003).
2. Tao, S. H., Yuan, X. C. & Lin, J. Fractional optical vortex beam induced rotation of particles. Opt. Express 13, 7726–7731, doi:10.1364/
OPEX.13.007726 (2005).
3. Maurer, C., Jesacher, A., Bernet, S. & Ritsch-Marte, M. What spatial light modulators can do for optical microscopy. Laser Photonics
Rev 5, 81–101, doi:10.1002/lpor.v5.1 (2011).

Scientific

Repo rts | 7: 1062 | DOI:10.1038/s41598-017-01201-9

7

www.nature.com/scientificreports/
4. Mair, A., Vaziri, A., Weihs, G. & Zeilinger, A. Entanglement of the orbital angular momentum states of photons. Nature 412,
313–316, doi:10.1038/35085529 (2001).
5. Ming, Y. et al. Generation of N00N state with orbital angular momentum in a twisted nonlinear photonic crystal. IEEE J. Sel. To.
Quant 21, 6601206, doi:10.1109/JSTQE.2014.2382977 (2015).
6. Wei, B. et al. Generating switchable and reconfigur ble optical vortices via photopatterning of liquid crystals. Adv. Mater. 26,
1590–1595, doi:10.1002/adma.201305198 (2014).
7. Marrucci, L. et al. Spin-to-orbital conversion of the angular momentum of light and its classical and quantum applications. J. Opt.
13, 064001, doi:10.1088/2040-8978/13/6/064001 (2011).
8. Leach, J., Padgett, M. J., Barnett, S. M., Franke-Arnold, S. & Courtial, J. Measuring the orbital angular momentum of a single photon.
Phys. Rev. Lett. 88, 257901, doi:10.1103/PhysRevLett.88.257901 (2002).
9. Molina-Terriza, G., Recolons, J., Torres, J. P., Torner, L. & Wright, E. M. Observation of the Dynamical Inversion of the Topological
Charge of an Optical Vortex. Phys. Rev. Lett. 87, 023902, doi:10.1103/PhysRevLett.87.023902 (2001).
10. Wang, J. et al. Terabit free-space data transmission employing orbital angular momentum multiplexing. Nature Photon 6, 488–496,
doi:10.1038/nphoton.2012.138 (2012).
11. Courtial, J., Dholakia, K., Allen, L. & Padgett, M. J. Second-harmonic generation and the conservation of orbital angular momentum
with high-order Laguerre-Gaussian modes. Phys. Rev. A 56, 4193–4196, doi:10.1103/PhysRevA.56.4193 (1997).
12. Shao, G.-H., Wu, Z.-J., Chen, J.-H., Xu, F. & Lu, Y.-Q. Nonlinear frequency conversion of fi lds with orbital angular momentum
using quasi-phase matching. Phys. Rev. A 88, 063827, doi:10.1103/PhysRevA.88.063827 (2013).
13. Zhou, Z.-Y. et al. Generation of light with controllable spatial patterns via the sum frequency in quasi-phase matching crystals. Sci.
Rep 4, 5650, doi:10.1038/srep05650 (2014).
14. Yan, Y. et al. Spatial-Mode Multicasting of a Single 100-Gbit/s Orbital Angular Momentum (OAM) Mode onto Multiple OAM
Modes. European Conference on Optical Communication (ECOC), Amsterdam Netherlands, Th.2. .1, Optical Society of America,
doi:10.1364/ECEOC.2012.Th.2. .1 (17–19 September 2012).
15. Li, S. & Wang, J. Adaptive power-controllable orbital angular momentum (OAM) multicasting. Sci. Rep 5, 9677, doi:10.1038/
srep09677 (2015).
16. Alexeyev, C. N. & Yavorsky, M. A. Generation and conversion of optical vortices in long-period helical core optical fibers. Phys. Rev.
A 78, 043828, doi:10.1103/PhysRevA.78.043828 (2008).
17. Xi, X. et al. Orbital-angular-momentum-preserving helical bloch modes in twisted photonic crystal fiber. Optica 1, 165–169,
doi:10.1364/OPTICA.1.000165 (2014).
18. Yan, Y. et al. Effici t generation and multiplexing of optical orbital angular momentum modes in a ring fiber by using multiple
coherent inputs. Opt. Lett. 37, 3645–7, doi:10.1364/OL.37.003645 (2012).
19. Li, S. et al. Controllable all-fiber orbital angular momentum mode converter. Opt. Lett. 40, 4376–4379, doi:10.1364/OL.40.004376
(2015).
20. Bozinovic, N. et al. Terabit-Scale Orbital Angular Momentum Mode Division Multiplexing in Fibers. Science 340, 1545–8,
doi:10.1126/science.1237861 (2013).
21. Li, S. & Wang, J. Supermode fiber for orbital angular momentum (OAM) transmission. Opt. Express 23, 18736–18745, doi:10.1364/
OE.23.018736 (2015).
22. Awaji, Y., Wada, N., Toda, Y. & Hayashi, T. World fi st mode/spatial division multiplexing in multi-core fiber using LaguerreGaussian mode. European Conference on Optical Communication (ECOC), Geneva Switzerland, We.10.P1.55. Optical Society of
America, doi:10.1364/ECOC.2011.We.10.P1.55 (19–21 September 2011).
23. Huang, W. et al. Generation and excitation of different orbital angular momentum states in a tunable microstructure optical fiber.
Opt. Express 23, 33741–33752, doi:10.1364/OE.23.033741 (2015).
24. Ramachandran, S. & Kristensen, P. Optical vortices in fiber. Nanophotonics 2, 455, doi:10.1515/nanoph-2013-0047 (2013).
25. Alexeyev, C. N., Volyar, A. V. & Yavorsky, M. A. Linear azimuthons in circular fiber arrays and optical angular momentum of discrete
optical vortices. Phys. Rev. A 80, 063821, doi:10.1103/PhysRevA.80.063821 (2009).
26. Pacak, P. Refractivity and density of some organic solvents. Chem. Papers 45, 227–232 (1991).
27. Matsuura, M., Furugori, H. & Sato, J. 60  W power-over-fiber feed using double-clad fibers for radio-over-fiber systems with optically
powered remote antenna units. Opt. Lett. 40, 5598–601, doi:10.1364/OL.40.005598 (2015).
28. Matsuura, M. & Sato, J. Bidirectional Radio-Over-Fiber Systems Using Double-Clad Fibers for Optically Powered Remote Antenna
Units. IEEE Photon. J 7, 7900609–9, doi:10.1109/JPHOT.2014.2381669 (2015).

Acknowledgements

The authors would like to thank Dr. Takahiro Kondo, Dr. Yan Yan and Dr. Xue-jin Zhang for their fruitful help.
This work was supported by the National Natural Science Foundation of China (Grants No. 61475069 and No.
61322503).

Author Contributions

G.-H.S. and G.-W.L. developed the concept and conceived the design. G.-H.S., S.-C.Y. and W.L. performed the
numerical simulations and analyzed the data. All authors participated in discussion and wrote the text. G.-W.L.
and Y.-Q.L. co-supervised and directed the research.

Additional Information

Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
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 Creative 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 permitted 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) 2017
Scientific

Repo rts | 7: 1062 | DOI:10.1038/s41598-017-01201-9

8

