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Abstract: We demonstrate a new fiber based concept to filter azimuthally
or radially polarized light. This concept is based on the lifting of the modal
degeneracy that takes place in high numerical aperture fibers. In such fibers,
the radially and azimuthally polarized modes can be spectrally separated
using a fiber Bragg grating. As a proof of principle, we filter azimuthally
polarized light in a commercially available fiber in which a fiber Bragg
grating has been written by a femtosecond pulsed laser.
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1. Introduction
Azimuthally and radially polarized beams have attracted significant attention recently. The
reasons for this interest are to be found in the wide application field of these polarizations,
which include efficient material processing [1], microscopy [2], excitation of plasmons [3],
optical trapping [4] and electron acceleration [5]. A stable source with high polarization purity
is required for these applications. The common approach to generate azimuthally and radially
polarized beams is based on converters, which transform a linearly polarized beam in these
polarization states. Three converter types are often used: liquid-crystal-based polarization
converters [6], segmented half-wave plates [7], and interferometric setups [8]. The
disadvantage of these methods is the sophisticated experimental setup with their free-space
beam propagation that makes them sensitive to misalignments which negatively affect the
polarization purity of the converted light.
Although optical waveguides, and fibers in particular, are in principle suitable for guiding,
converting and generating azimuthally and radially polarized modes, there are only a few
methods proposed up to now to carry out this task. Generally, fibers can guide azimuthally
and radially polarized light, but their polarization is not maintained in every fiber. The best
maintenance of the polarization is possible when fibers with strongly lifted modal degeneracy
are used. This can be achieved, for example, using a photonic crystal fiber with a very small
core and a large ratio between hole-diameter and hole-to-hole-distance (pitch) as proposed in
[9]. Another possible approach for guiding and converting such polarizations is to employ a
special fiber design [10]. Through a micro-bend grating and a polarization controller, an
existing linearly polarized beam can be coupled from the core to a radially or azimuthally
polarized beam, which is, in turn, guided in a surrounding ring structure.
Here we present a concept suitable for converting and generating azimuthally or radially
polarized light that exploits the fact that the modal degeneracy is lifted in a strongly guiding
fiber, such as, for example, a high NA step index fiber. This implies that in these waveguides
the azimuthally and radially polarized fiber modes will exhibit different effective refractive
indices. Thus, if the index difference between the modes is high enough, the modes can be
spectrally separated by means of a narrowband fiber Bragg grating (FBG) in a similar fashion
as what was done in [11–13] with weakly guiding fibers and, therefore, with linearly polarized
modes.
The paper is organized as follows: in section 2 the theoretical background of strongly
guiding optical fibers (i.e. fibers with lifted modal degeneracy) is briefly reviewed.
Additionally, the conditions required to filter radially or azimuthally polarized light using a
FBG are presented in that section. In section 3 the experimental setup used for the proof of
principle is described and the results are presented. Finally, some conclusions are drawn.
2. Theory
2.1 Strongly guiding optical fibers
Many optical fiber designs pursue single-mode operation. In step index fibers strictly singlemode designs are possible if the NA of the fiber for a fixed core diameter is low enough. This
type of fiber is by far the most widely used and they belong to the category generically known
as weakly guiding fiber designs [14,15]. It is worth noting that even though weakly guiding
fibers are always characterized by a small difference between the indices of refraction of the
core and the cladding, they do not necessarily have to be single-mode. Generally the modal
properties of fibers are characterized by the V-parameter, calculated with the core radius, the
wavelength and the NA. This way, a fiber can guide higher order modes (HOMs) for Vparameters larger than 2.405.
An important characteristic of the weakly guiding fibers which have been preferentially
used in the last decade is that many HOMs are degenerated (i.e. they share the same intensity
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profile and have nearly identical effective indices) [14]. In practice this means that they
cannot be individually excited with conventional means (or only with extreme difficulty), and
only a degenerated mode formed by the overlap of several HOMs will be observed. As shown
in [15] these degenerated modes are, in a first approximation, linearly polarized. Because of
this characteristic, i.e. their state of polarization, the modes of weakly guiding fibers are called
linearly polarized (LP)-Modes [15]. However, it can be demonstrated that cylindrical
waveguides support the propagation of other polarization states in HOMs, such as the radially
and azimuthally polarized modes [16]. Thus, in cylindrical optical fibers one group of
interesting HOMs sharing a similar intensity profile are the TE01, TM01 and two HE21 modes.
The TE01 and the TM01 being particularly interesting, because they intrinsically show
outstanding polarization characteristics: they are azimuthally (TE01) and radially (TM01)
polarized, respectively, as seen in Fig. 1. However, if the optical fiber has a low NA, these
interesting modes are guided with nearly the same effective refractive index, i.e. they are
degenerated. Consequently, as mentioned before they cannot be individually excited using
conventional techniques and, additionally, mode coupling can easily occur at any imperfection
and, as a result, the observed mode is predominantly linearly polarized and not radially or
azimuthally any more.
On the other hand, it can be demonstrated that in fibers with a high NA (also known as
strongly guiding fibers) the modal degeneracy is lifted [16]. Thus, in our example, the TE01,
TM01 and two HE21 modes will have different effective refractive indices at almost any given
wavelength. Consequently, mode coupling is drastically reduced, the modes can be
individually excited and, additionally, the TE01 and TM01 modes maintain their polarization
during propagation. The intensity patterns together with the polarization directions for the
TE01, TM01 and two HE21 modes and the corresponding degenerated modes, i.e. the LP11
modes, are shown in Fig. 1.

Fig. 1. Intensity patterns together with the intrinsic polarization characteristics for the TE01,
TM01 and two HE21 modes. In weakly guiding fibers this set of modes is degenerated giving
rise to the LP11-modes, which are shown on the right-hand side.

The differences in effective refractive index between the TE01, TM01 and the two HE21
modes in a strongly guiding step index fiber when varying the NA (from 0.35 to 0.65) and the
core size (radius ranging from 0.5 to 4 µm) have been numerically calculated for a wavelength
of 1030 nm. Figure 2 (a) shows the effective index difference between the azimuthally
polarized TE01 mode and its nearest neighbor in logarithmic scale (base 10). It should be noted
that the “nearest neighbor” denomination can refer to different modes, as in some cases the
TM01 has a higher effective refractive index than the two quasi-degenerated HE21 modes and
vice-versa. In Fig. 2 (b), on the other hand, the absolute value of the effective index difference
between the TM01 and the two almost degenerated HE21 modes is shown. It should be
mentioned that this difference is negative for fibers operating near the single mode region
(represented by the white areas in Fig. 2), which implies that the TM01 mode has a higher

#152028 - $15.00 USD

(C) 2011 OSA

Received 29 Jul 2011; revised 29 Aug 2011; accepted 29 Aug 2011; published 22 Sep 2011

26 September 2011 / Vol. 19, No. 20 / OPTICS EXPRESS 19584

effective index than the HE21 modes. Additionally, for some combinations of NA and core
size the TM01 mode becomes degenerated with the two HE21 modes, a situation that is
indicated by a zero distance (dark blue stripe) between these modes in Fig. 2 (b).

Fig. 2. Effective index difference (a) between the TE01 and its nearest neighbor mode and (b)
between the TM01 and the two HE21 modes in a strongly guiding step index fiber as a function
of the core radius and the NA, shown in logarithmic scale. The wavelength is 1030 nm.

The calculation also shows that the highest effective index separation for any given NA is
not reached for the smallest core size. Additionally, if azimuthally and radially polarized
beams should be filtered using the same fiber, this fiber should lift the polarization degeneracy
in such a degree that these two modes exhibit a large separation in effective index to one
another and to the other modes. Thus, the optimum fiber core radius can be read from Fig. 2
for any given NA.
From the figure above it is clear that in order to filter an azimuthally and/or radially
polarized beam a fiber with a higher NA is more suitable than a fiber with a lower NA.
Furthermore, smaller cores are normally advantageous (provided that they are not too small).
Such high NA small core fibers are commercially available since they are widely used for
enhancing non-linear effects, e.g. for supercontinuum generation.
Figure 3 shows the simulated lifting of the modal degeneracy in one of these step-index
ultra-high NA fibers with a 1.5 µm core radius and 0.41 NA as a function of the wavelength.
Only the differences between the effective indices of the TE01 (blue line) and the TM01 (red
line) modes to the HE21 modes are shown. It is worth mentioning, though, that for this
calculation the fiber NA is considered to remain constant with the wavelength. This has been
done because the material properties of the fiber are not known. Even though in reality the NA
of the fiber will most certainly not remain constant with wavelength, this will only shift the
features of Fig. 3 but it should not alter the trends revealed by it. Thus, from Fig. 3 it is clear
that for this fiber there are some particularly interesting regions with a highly lifted mode
degeneracy for the azimuthally or radially polarized beams. One of these regions is situated
around 1365 nm, it is characterized by all the modes (TE01, TM01 and HE21) being equidistant.
Moreover, at this particular wavelength the effective index differences between neighboring
modes are larger than at any other wavelength. Another interesting region is found below
1000 nm, where the TM01 mode has the lowest effective index. Thus it can be concluded that
Fig. 3 shows wide regions of lifted mode degeneracy in this fiber that can be used to filter
radially and/or azimuthally polarized light. Unfortunately, exactly in the interesting spectral
region around 1000 nm (where most high power fiber systems operate) the TM01 mode is
degenerated with the two HE21 modes. This implies that with this fiber in this region it will
only be possible to obtain azimuthally polarized light. It should be highlighted, though, that
this limitation is fiber specific. Thus, other fiber designs will be able to provide a high lifting
of the modal degeneracy around 1000nm.
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Fig. 3. Effective refractive index differences between the TE01, TM01 and HE21 modes for a
step-index fiber with a core diameter of 3 µm and a NA of 0,41 as a function of wavelength.

2.2 Filtering of radially and/or azimuthally polarized light using fiber Bragg gratings in
strongly guiding fibers
A fiber Bragg grating (FBG) is a periodic or quasi-periodic modulation of the refractive index
along the fiber. If the modulation period is Λ, a fiber mode with an effective refractive index
neff and a wavelength λ will be reflected by the FBG in the diffraction order m, if the Bragg
condition (1) is fulfilled [17]:
Λ
(1)
λ =2 ⋅ neff ⋅ .
m
Thus, the spectral separation Δλ between the grating resonances corresponding to two
transversal modes with effective refractive index neff,1 and neff,2 can be calculated by Eq. (2).
This way, the FBG maps the effective index differences of all propagating modes into the
spectrum:
Λ
=
∆λ 2 ( neff ,1 − neff ,2 ) .
(2)
m
Additionally, if two modes should be clearly separated, the reflection bandwidth of the
FBG has to be smaller than the spectral separation between two adjacent grating resonances.
Otherwise, if the reflection bandwidth is too large, the spectral wings of one grating resonance
will overlap with the neighboring one and, therefore, the polarization purity of the reflected
light will be reduced. In fact, the ideal situation is that the reflection bandwidth of the FBG is
narrower than the spectral separation between the modes of interest. Thus, each mode is
reflected at its own wavelength and they do not overlap. In this situation a radially or
azimuthally polarized beam can be obtained by addressing the FBG with the appropriate
wavelength (assuming that the corresponding mode has been excited at this wavelength). Of
course the drawback is that the radially or azimuthally polarized modes have to exist in the
fiber first in order to be reflected by the homogenous FBG. However, in a passive fiber this
can be easily achieved by playing with the coupling optics (in free space setups) or by using,
for example, offset splices. The expected stability and polarization purity offered by this
approach is high, because only one mode is reflected at each wavelength.
One additional advantage of this FBG-based approach to filter radially or azimuthally
polarized light is that the Bragg condition allows converting one mode into another at some
specific wavelengths. However, in order to do this an inhomogeneous FBG is required [18].
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For example the fundamental mode HE11 can be converted into a radially or azimuthally
polarized mode. If the complete reflection spectrum is considered, the conversion peaks are
spectrally equidistant to the resonances of the fundamental mode and to the resonance of their
corresponding counterpart TE01, TM01 or HE21. However, this mode conversion is a two-way
road, which implies that any radially or azimuthally polarized mode incident on the FBG will
be converted into a linearly polarized fundamental mode. Therefore, for an efficient
conversion it has to be ensured that only the fundamental mode is excited in the incoming
direction.
3. Experiment
3.1 Experimental setup
For the proof of principle of this technique we use a commercially available step index high
NA fiber (Nufern UHNA7). The cut-off wavelength of this fiber is 1470 nm and its core
radius is ~1.5 µm. However, the most important parameter of this fiber is its very high NA,
with a nominal value of 0.41. Thus, according to Fig. 2 or Fig. 3, it can be expected that in
this fiber the effective index difference between the azimuthally polarized mode and its
closest neighbor is 5.4x10−4 at a wavelength of 1030 nm. On the other hand, for the radially
polarized mode this effective index difference is 8x10−6. The fiber grating (FBG) was written
using a femtosecond laser and the phase mask technique described in [19]. The FBG was 15
mm long with a uniform profile and had a photo-induced index change of around 1x10−3
(peak-to-peak). During the fabrication process the transmission spectrum of the fundamental
mode was measured to obtain an estimation of the grating reflectivity, which was found to be
~23 dB. Taking into account that the period is 712.5 nm and in the setup its second diffraction
order (m = 2 in Eq. (1)) is used, we can expect a spectral separation of 400 pm for the
azimuthally polarized mode and 6 pm for the radially polarized one. As can be seen, and also
as previously discussed, in this fiber it is not possible to fully resolve the radially polarized
mode in this wavelength range since the bandwidth of the FBG is ~150 pm. As a proof of
principle, though, it is still possible to filter the azimuthally polarized mode.

Fig. 4. Experimental setup used for the proof-of-principle filtering of an azimuthally polarized
beam. PC: polarizing cube, BS: beam splitter.

The experimental setup is illustrated in Fig. 4. A home-made unpolarized single mode
ASE source is used as the light source. It is coupled into the high-NA fiber using a
polarization independent 50% dichroic beam splitter. In order to excite the azimuthally
polarized beam, the focusing lens is purposefully misaligned. Two etalons selectively filter
the ASE source leaving just a 0.2 nm bandwidth range around the desired resonance
wavelength of the FBG. The beam reflected by the FBG is analyzed after the beam splitter,
where a second dichroic band-pass filter with a transmission band of 10 nm is used to filter
out spurious wavelengths coming from the spectrally periodic transfer function of the etalons.
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The polarization is analyzed by using a polarization cube, a rotating half-wave plate and
imaging the near-field on a camera.
3.2 Experimental results
In order to characterize the setup, the reflected spectrum from the FBG (without the etalons
and the beam diagnostics part) is measured and shown in Fig. 5. The background level comes
from a reflection from the ASE-source. The resonance at 1060.8 nm corresponds to the
fundamental mode (HE11), which was theoretically expected at 1059.7 nm. Similarly, the
resonance at 1045.2 nm corresponds to the azimuthally polarized (TE01) mode. The radially
polarized (TM01) and the two HE21 modes are represented by the reflection peak at 1044.4 nm.
The mode conversion peaks are the group of resonances centered around 1052.8 nm. The
presence of these mode conversion resonances indicate that the FBG is not transversally
homogeneous over the core. By offsetting the coupling lens, the intensity distribution in the
different reflection peaks can be changed, thus providing an indication of the coupling
efficiency in any desired mode. Additionally, the double-peak that can be seen at the
resonance corresponding to the fundamental mode (1060.8 nm) points out to a FBG-induced
birefringence. This birefringence is not desirable since it may reduce the polarization purity of
the azimuthally or radially polarized modes. It is worth mentioning at this point that this
birefringence is not inherent to FBGs but it comes as a result of our FBG being too strong and
transversally inhomogeneous (as revealed by the presence of the conversion peaks in the
spectrum). It can be seen in Fig. 5 that the distance between the azimuthally and the radially
or mixed polarized modes is 0.8 nm. This value is, as mentioned before, much higher than our
simulation estimates (~0.4 nm). This discrepancy cannot be explained by fabrication
tolerances of the fiber. Therefore, our hypothesis is that the guiding structure has been deeply
altered by the fs-written FBG, which has resulted in a stronger lifting of the modal degeneracy
in the fiber region comprising the FBG.

Fig. 5. Reflected spectrum of the FBG measured with an optical spectrum analyzer.

With the above described diagnostic setup, the reflection peaks coming from the FBG are
individually spectrally filtered and analyzed. The modes TE01 and TM01 (and eventually even
the HE21) can be clearly identified using a camera and a polarizer. However, in discerning
between modes, the transmission direction of the polarizer is of capital importance. The two
lobes shown in Fig. 6 appear for each of these modes after going through the polarizer, but for
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a TE01 the zero-intensity line separating the lobes should be oriented parallel to the
transmission direction of the polarizer (transmission direction indicated by the white arrows in
Fig. 6). On the other hand, for a TM01 that zero-intensity line should be oriented orthogonal to
the transmission direction of the polarization cube. Additionally, if the half-wave plate is
turned, the rotation direction of the two lobes helps to distinguish between the TE01/TM01
(they rotate in the direction of the half-wave plate) modes and the HE21 modes (they rotate in
the opposite direction of the half-wave plate). In the paper the measured beam shows all the
characteristics of a TE01 mode. Figure 6 shows the theoretically expected azimuthally
polarized beam for this fiber (above) together with the experimental measurement at 1045.2
nm (below). The column (a) in Fig. 6 illustrates the full intensity pattern of the azimuthally
polarized mode. Without any polarization analysis, it exhibits the characteristic doughnut
shape. In Fig. 6 column (b-e) the results of the polarization analysis with different
transmission directions of the polarizer (indicated by the white arrows) is shown in falsecolor. It should be pointed out that all the false-color pictures have been normalized to the
maximum intensity of column (a). A video obtained by rotating the half-wave plate can also
be seen in Media 1. It is worth mentioning that in this setup, due to the mentioned
birefringence of the FBG, no perfectly azimuthally polarized beam could be filtered. This
explains the non-perfectly symmetric polarization results shown in Figs. 6 (c) and (e).
Additionally, the polarization of the analyzed beam is further affected by the dichroic beam
splitter used (which exhibits a slight polarization dependence). The impact of these effects is
particularly clear in Fig. 6 (e), which shows a nearly linearly polarized doughnut shape. In
spite of these experimental caveats, it can be seen that the polarization purity of the
azimuthally polarized beam is reasonably high. In future work we expect to overcome the
described problems and to further enhance the polarization purity.

Fig. 6. Theoretical azimuthally polarized beam (above) together with the corresponding
measurement (below) at 1045.2 nm. (a) Intensity distribution without PC and half-wave plate.
(b-e) Polarization filtered beam with the PC and half-wave plate at different transmission
directions as indicated by the arrow. A video showing the rotation of the polarization filtered
beam with the half-wave plate is presented in Media 1.

4. Conclusion
In conclusion we have presented a new fiber based mode filter for azimuthally and radially
polarized light. This simple concept uses only a strongly guiding fiber with a FBG. Therefore,
this approach makes compact all-fiber setups possible.
The lifting of the modal degeneracy in strongly guiding fibers has been simulated at 1030
nm and its dependence on different core diameters and NAs has been analyzed. It has also
been shown that a narrowband FBG in a strongly guiding fiber can lead to the spectral
separation of the azimuthally and radially polarized modes.
This concept has been experimentally verified in a proof-of-principle experiment that uses
a commercially available strongly guiding fiber. In this setup the azimuthally polarized mode
has been successfully separated. The results of this proof-of-principle experiment are very
encouraging.
The proposed technique can theoretically generate radially or azimuthally polarized light
with very high polarization purity. This concept is in essence a modal filter that can be easily
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integrated in a fiber laser cavity to build an azimuthally or radially polarized all-fiber
oscillator.
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