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Tunable generation and propagation of vortex beams in a photonic chip
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We used a direct laser writing technique to build annular waveguides inside a glassy blade. These waveguides
have shown the capability of generating orbital angular momentum beams with different topological charges
in the same structure. Here we demonstrate that, after choosing suitable waveguide parameters, one may tune
the topological charge of a beam just by tilting the input wavefront. This work opens opportunities for optical
communications using spatial degrees of freedom multiplexed beams and for generation of tunable angular
momentum at the microscale for integrability of lab on chips.
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I. INTRODUCTION

Optical vortex beams possess orbital angular momentum
(OAM) connected to the phase of the field and to its inten-
sity distribution [1]. Optical trapping, microfabrication, and
communication systems are some of the potential applications
associated with studies on vortex beams [2–6]. Beyond the
singular beam’s fundamentals and new applications there is a
race to incorporate such optical fields and their many intrinsic
degrees of freedom within the photonic devices. Compact
and integrated optical elements need to be able to generate,
transmit, process, and recover the information encoded by
those structured beams.

Although the generation of these singular beams has
been demonstrated by means of different methods, such
as computer-generated holograms, metamaterials, photonic
crystals, spiral phase plates, and diffractive optical elements
[7–12], there is still the need to develop techniques and
devices able to process helical beams into photonic chips
composed of waveguides, directional couplers, beam splitters,
and phase modulators.

Some works have demonstrated that fibers [13–18] and
annular waveguides [19] can transmit light possessing OAM.
Recently, it was demonstrated that light with OAM can be
generated in waveguides embedded in a photonic chip [20].
The authors explained the OAM generation through a coupled
wave theory where the light in a single mode waveguide
evanescently couples to a waveguide supporting OAM. The
coupling occurs when there is a match between the prop-
agation constants of the two waveguides. Besides that, as
demonstrated by Chen et al. [19,20], a “donut” shaped waveg-
uide presents suitable geometry and physics conditions to
guide and generate OAM beams. However, to guide a different
topological charge it is necessary to change the waveguide
structure to one with appropriate diameter.

*eduardo@fis.ufal.br

In this Letter, we present the generation and guiding of
optical beams carrying OAM with tunable topological charge.
The topological charge of the output OAM beam basically
depends on the phase of the input coupling beam. This means
that just by properly tilting the input beam we can obtain
different output OAM beams using the same waveguide struc-
ture, opening news possibilities to design photonics chips
applied to different fields, such as optical communications,
information processing, and integrated microfluidics.

II. EXPERIMENTAL SETUP

The direct laser writing technique [21] was used to build
concentric cylindrical waveguides, with a “donut” transverse
profile, inside boroaluminosilicate glassy blades (see Sup-
plemental Material, Sec. A) [22]. A femtosecond laser has
enough energy to start a nonlinear process in the material—
multiphoton absorption, for instance—and subtly modify the
refractive index only within the limit of the laser spot [23].
Figure 1(a) shows longitudinal (or frontal) phase contrast
microscopy images of a 40 μm external diameter cylindrical
transverse profile, and a 3 μm external diameter Gaussian
waveguide in the center of the structure (see Supplemen-
tal Material, Sec. A) [22]. To analyze the refractive index
change along the waveguide diameter we used the defocusing
microscopy technique [24,25], with the same measurement
scheme as in Fig. S1(b) but with transverse waveguide illu-
mination. This technique consists of measuring the contrast
C in two different defocus positions, one above and another
below the zero-contrast position for each written line, thus
obtaining the contrast difference �C of these two positions
of opposite contrast [24]. This contrast difference is propor-
tional to the change in the refractive index, as indicated by
Fig. 1(b).

It is very important to realize that there are three different
regions inside the annular structure which are adequate to
guide the light, as shown in Fig. 1(c). During the femtosec-
ond laser modification process, the refractive index changes
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FIG. 1. Annular waveguide structure. (a) Microscopy image of
cylindrical waveguide transverse profile. (b) Refractive index change
of single line cross sections, modified by the femtosecond laser along
the “donut” diameter. (c) Possible regions to guide the light inside the
annular structure. (d) Output intensity profiles of the guided beams.

positively in the center of the laser spot but slightly negatively
around the central region, as evidenced by Fig. 1(b) [25,26].
Therefore, it is perfectly possible to assume that different
modes, including OAM modes, can propagate in the regions
indicated in Fig. 1(b).

III. RESULTS AND DISCUSSION

Indeed, by directly coupling m = 0, m = 1, and m = 2
topological charges in the 40 μm diameter annular waveguide,

we can observe in Fig. 1(d) the output intensity profiles for
each one of these respective input beams (see Supplemental
Material, Sec. B, for coupling methods) [22]. These results
agree with Fig. 1(c), where each mode couples in a different
region of the annular structure.

Additionally, it is important to point out that it is also
possible to obtain different OAM modes even by coupling
a Gaussian beam at the input port of the chip. Once the
Gaussian beam is coupled, perfectly aligned to the waveguide
axis, as shown in Fig. 2(a), we can tune to other topological
charges by carefully varying the z transverse position of the
waveguide related to the coupling axis (z = 0) using a yz
stage. Figure 2(b) shows the well-known intensity profile of
OAM beams and its corresponding far-field diffraction pat-
tern by a triangular aperture [27,28]. Each topological charge
was obtained for different z positions (vertical direction) or,
equivalently, y positions (lateral direction). Such results are
symmetric around the coupling reference axis. In fact, topo-
logical charges with opposite signals are located in opposite z
(or y) positions around the reference axis, z = y = 0.

The propagation loss coefficient α [29], measured for dif-
ferent waveguides length, is about 0.3 dB/cm as expected
for boroaluminosilicate glass [30]. However, the coupling
efficiency decreases with higher-order OAM guided modes.
The total optical loss, including coupling, propagation, and
scattering on the waveguide walls, is estimated in Fig. 2(c) for
each one of the guided modes.

The results presented here can be explained by a care-
ful analysis of the wavefront that arrives at the annular

FIG. 2. Coupling an input Gaussian beam and tuning an output OAM beam. (a) Experimental setup to waveguide coupling and generation
of OAM modes. (b) OAM modes in the waveguide output obtained by varying the z-position offset coupling. (c) Total optical loss of each
propagating mode for 40 μm external diameter and 27 mm length waveguide. The error bars are the standard deviation of the measured
insertion losses, considering Pin and Pout of three different waveguides with the same diameter and length.
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FIG. 3. Analysis of the wavefront coupling in the annular waveguide. (a) Spherical wavefront arriving at the annular waveguide. Inset: Path
difference � considering axial or radial propagation of the wavefront. (b) Experimental points and the theoretical prediction given by Eq. (2)
for the path difference �. The error bars are associated to the uncertainty in the measurement of the distance z.

waveguide. Figure 3(a) reveals that a transverse displace-
ment z in relation to the coupling reference axis (z = 0) is
related to an optical path difference � between these two
points.

This same condition remains valid for any transverse dis-
placement around the waveguide longitudinal x axis. For
reasons of simplicity, we will consider only z-axis transverse
displacements to analyze the generated phase difference.

Using a geometric optics approach, we can calculate the
maximum path difference � associated to the z transverse
position. We need to consider two possible configurations
for the wavefront propagation in relation to the waveguide
input [Fig. 3(a), inset], depending on the R distance to the
focal plane: radial propagation for waveguides positioned very
close to the objective lens focus, and axial propagation (along
the x axis) for waveguides positioned far from the focal plane.

Assuming R0 as the wavefront radius measured from the
focal plane (R = 0) and D as the waveguide diameter, one
may write the maximum path difference as

� =
[

R2
0 +

(
z + D

2

)2]1/2

−
[

R2
0 +

(
z − D

2

)2]1/2

, (1)

and

� = R0 −
√

R2
0 − 2Dz, (2)

where Eq. (1) represents the maximum optical path difference
�, considering the radial propagation, and Eq. (2) considers
the axial propagation (see Supplemental Material, Sec. B)
[22]. It is important to point out that, for the experimental
parameters used here, Eq. (1) has been reduced to Eq. (2).

Figure 3(b) shows excellent agreement between the ex-
perimental points and the theoretical prediction given by
Eq. (2), for the z positions where the OAM beams should be
generated. The experimental points were obtained using the
experimental setup of Fig. 2(a) for two different waveguides
(D = 12 μm and D = 40 μm), varying the z position until
we have observed the OAM modes at the waveguide output.
The theoretical points (continuous lines) were obtained by the
substitution of the used values R0 = 190 μm (R0 = 2000 μm)
with the waveguide of external diameter D = 12 μm (D =

40 μm) in Eq. (2). Interestingly enough, for a specific position
z in Fig. 3(b), for instance, to z = 10 μm, we have � =
0.63 μm (red line), which is approximately � ≈ mλ where
m represents the topological charge (an integer number) and λ

is the wavelength. By a close inspection of the OAM beams in
Fig. 2(b), it is possible to identify the topological charges m in
graphs of Fig. 3(b) as illustrated by the triangles and squares.
This leads us to understand that larger values of � are required
to generate higher-order OAM modes.

As expected from Eqs. (1) and (2), there is a symmetry
around the reference axis. We could observe the generation of
opposite OAM modes when coupling the “donut” waveguide
in opposite z positions (or y positions). As we can see in
Fig. 2(b), the opposite OAM modes m = +1 and m = –1 are
associated with symmetric z positions.

Although Eqs. (1) and (2) are simple expressions they
seem very consistent in predicting different coupling positions
of the waveguide in which an OAM beam can be gener-
ated inside the annular structure. In order to further verify
this, we varied the R0 longitudinal distance and z transverse
distance, for a waveguide of D = 40 μm external diameter,
and localized the different positions in which m = +1 OAM
beams were obtained. Figure 4(a) confirms the consistency
and reliability between the experimental points and theoretical
prediction, considering � ≈ mλ (with m = 1).

So far, we have been disregarding a possible phase dis-
tortion on the wavefront of the input beam. We started to
investigate how an intrinsic beam phase structure could con-
tribute with the modes that would couple with the waveguide.
In this case, we took as reference (z = 0) the same reference
used when coupling a Gaussian beam, without an azimuthal
phase structure. Maintaining all the geometric parameters
(D = 40 μm, R0 = 500 μm) fixed, the output modes depend
on the azimuthal phase shift, owing to the Laguerre-Gauss
beam with topological charge, leading to a different transver-
sal displacement z for the corresponding output topological
charge of a Gaussian input. Now we need to properly choose
a new phase shift of the input beam and the transverse offset
in order to tune a certain OAM beam in the waveguide output.
This fact is clearly shown in Fig. 4(b).

Therefore, there is an adequate phase match �coupling that
allows the coupling of beams with a photonic chip in such
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FIG. 4. Matching the input beam phase shift to the coupling parameters. (a) Geometrical parameters for coupling a m = +1 OAM beam.
Experimental (red dots) and theoretical (black continuous line) points matching the coupling of the OAM, relating z and R0 positions. All
points agree with the relation � ≈ mλ. The error bars are associated to the uncertainty in the measurement of the distances z and R0. (b)
Output topological charge as a function of the transversal z position to Gaussian and Laguerre-Gauss input beams.

way that the input coupling phase depends on the coupling
geometric parameters and on the phase shift of the input beam:

�coupling = �(R0, z, D) + �beam, (3)

where �(R0, z, D) is the phase difference generated by the
coupling spatial parameters and �beam corresponds to the op-
tical path difference imposed to the wavefront during the
coupling in each point of the “donut” waveguide input face.

For better characterization of the waveguide mode tun-
ability we calculated some output modes’ power spectra, all
for a Gaussian input mode. In order to perform this task we
first evaluated the output modes’ phase, applying the Fourier
transform method of fringe pattern analysis [31]. For each
z position indicated on the top of each image in Fig. 5, the
measured off-axis fringe patterns of the interference between
the modes and a uniform plane wave is shown in the inset.

After obtaining the complex field, we calculated the OAM
components performing a transformation that linearly sorts
all modes, assuming that the phase of each component mode
is azimuthally symmetric and the amplitudes are radially
symmetric (see Supplemental Material, Sec. C) [22]. The
dominating modes in the power spectrum are indicated for
each z position. In particular, z = –11 μm, z = 0 μm, z =
+11 μm, and z = +20 μm, that correspond to OAM modes
shown in Fig. 2(b), draw attention to the high purity of those
modes, presenting normalized power at least 50% higher than
other propagating and nonvisible modes [32]. When there
are two dominating modes (for instance, z = –16 μm, z =
–8 μm, z = +7 μm, and z = +15 μm), it is possible to note
that these modes are spatially separated with negligible over-
lap. Such fact arises as a consequence of the propagation in
different spatial regions of the waveguide [Fig. 1(b)].

FIG. 5. Power spectra of the different output modes. The insets show the interference between the output modes and a reference plane
wave. For each spectrum the dominating modes are indicated and related to the measured intensity. For example, in z = 15 μm we can clearly
see the modes of topological charge m = 1 and m = 2 in the inset, but in z = 20 μm we just see the mode corresponding to m = 2.
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IV. CONCLUSION

In summary, we show that the coupling between an OAM
beam and a waveguide is described just by a phase shift
and the output modes show reasonable purity, it even being
possible to propagate two nonoverlapping, different modes
at the same time. Our discoveries open a wide window of
opportunities to the development of waveguides and photonic
chips capable of generating and guiding different OAM modes
in a simple way. The coupling basically depends on a sin-
gle parameter �beam, simplifying the design and waveguide
writing process. These results can be useful for coupling
of superpositions of OAM in waveguide structures for opti-
cal communications and information processing applications.

Moreover, integrated microfluidic and photonic chips can ben-
efit the possibility of guiding different OAM beam modes,
useful for selecting different microparticle sizes in an embed-
ded optical tweezer system.
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