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Abstract: We present a detailed method of tapering and drawing photonic lanterns using a
filament glass processing system. Single-mode fibers (SMFs) were stacked inside a low refractive
index, fluorine-doped capillary, which was then heated and tapered to produce a transition from
single-mode to multi-mode. Fabrication parameters were considered in four categories: method
of preparation and stacking of SMFs into a capillary, heat and filament dimensions of the glass
processor, capillary ID, and the use of vacuum during tapering. 19- and 37- fiber lanterns
were drawn, demonstrating good fusion between SMF claddings, a clear differentiation between
core and cladding in the multimode (MM) section, and well-ordered arrangements between
SMFs, which is controlled during the tapering process. The transmission efficiency of a 19-fiber
photonic lantern, compared to an MMF with the same core diameter and NA, has a relative
transmission efficiency of 1.19dB or 67.1%. The steps and parameters provided in this paper
form a framework for fabricating quality photonic lanterns.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

A new era began in the field of astrophotonics with the invention of the photonic lantern (PL), an
optical device that couples light from a multi-mode fiber (MMF) to many single mode fibers
(SMFs) and vice versa [1,2,3,4,5]. Among other applications, PLs have been shown to exhibit
excellent light scrambling properties [6,7] modal noise reduction [7,8], facilitate OH line filtering
[9,10,11] and coupling to single-mode photonic chips. A common form of PL consists of a stack
of SMFs tapered and fused together to form a single MMF. Light couples between the SMFs and
the MM section via a gradual adiabatic taper transition [4].

Common methods of manufacturing PLs include SMF tapering [3,6,12,13], tapering multi-core
fibers [7,8], and ultrafast laser inscription (ULI) [14,15]. The first method involves inserting or
‘stacking’ a bundle of SMFs into a low-index glass capillary, then applying heat and tension to
taper it down to form the MMF section. The claddings of the SMFs fuse together to form the
core of the MMF section, while the capillary becomes the new cladding. Noordegraaf et. al.
[16] produced a 19 fiber PL by this method which was fusion spliced to a 50 um core MMF,
achieving a transmission efficiency of 1.1 dB. Yerolatsitis et. al. produced a 7 fiber PL for use as
a pseudoslit, with an SMF to MMF transmission efficiency of 0.9 dB [17]. Earlier, Noodegraaf et.
al. (2010) produced a large PL with 61 fibers, demonstrating a transmission efficiency of 0.76 dB.

The quality and performance of the fabricated PL depend strongly on parameters such as the
size and number of SMFs, material and dimensions of capillary, the temperature and tension
applied during tapering, method of preparation and stacking of SMFs, and the use of vacuum.
However, there is no guide to date that describes the influence of the parameters on the quality of
PLs. In this paper, we fabricate PLs of 19 and 37 fibers by heating and tapering, using a Vytran
GPX-3000 filament glass processing system, and the method was optimized extensively. We
present a detailed description of what was considered in this optimization.
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2. Theory

Figure 1 shows a diagram of the type of PL used in this study. It consists of an SMF region, a
transition region and an MMF region with a series of SMFs. Although bidirectional adiabatic
propagation is possible in such a device, here we will be focusing on light propagation from the
MM region to the SM region.
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Fig. 1. Diagram of a typical PL, in side view and cross-section.

The MMF region is formed by fusing and tapering a stack of SMFs bundled inside a capillary.
The claddings of the SMFs fuse and form the core of the MMF, with the outer capillary forming
the cladding of the MMF region. It is therefore necessary that the refractive indices of the SMF
cores ny, the SMF cladding n,, and the capillary n3 must be:

ni>ny>ns (1)

Above the cut-off wavelengths of the individual fibers, the propagation characteristics of the
SMFs are preserved in the SMF region. However, at the transition region, where the cores of the
individual SMFs are tapered down into smaller diameters, the mode can no longer be contained,
and is coupled out into the surrounding cladding material. The residuals of the SMF cores remain
present in the MM section but after tapering should be too narrow to effectively couple light
within the design wavelength band.

For light to be able to transition adiabatically, the number of optical modes supported by the
SM region (Ny,,) should be equal to or greater than the number supported by the MM region [2].
The approximate number of unpolarized modes supported within an MMF is given by [18]:

2 2
Vium Ty NAum
~ =2 = |/ 2

where V,,,, is the V-parameter for the fiber equal to (wd, NA;um) /4 [4], dy is the diameter of
the fiber core, NA,,, is the numerical aperture and A is the wavelength. Assuming all the cores
in the SM region support a single, unpolarized mode, the number of modes supported by the
SM region, N, is equal to the number of SMFs. However, it is not uncommon for PLs to be
produced with MMFs larger than this condition as a tradeoff between efficiency and avoiding
very thin fibers that are difficult to handle [3].

The arrangement of fibers is also important for efficient coupling between the MM and SM
regions. Ideally, the modes supported by the MM region should match the supermodes supported
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by the SM region [4]. It was considered that the greater the density of cores at the start of the
SM region, and the smaller the gaps between them, the more likely it was that a given mode
be matched. The taper transition length is defined as the length of the fiber between the SMF
and the MMF sections. This taper rate is critical for PLs when light propagates from SMFs to
MMF: a high taper rate can result in light leaking out of the transition region into the surrounding
capillary to become cladding modes [4]. Adiabatic taper length (L) scales approximately with
L o Ng,% [13]. Less has been written about transitions in the MMF to SMF direction. In this
paper, it was ensured that taper angles did not exceed that of the numerical aperture of the MM
region to prevent the transition region being under-filled.

3. Method

Table 1 lists the specifications of the SMFs and capillaries used in fabricating PLs. Florine-doped
capillaries manufactured and provided by T. A. Birks, Centre for Photonics and Photonic Materials,
University of Bath, were used to provide a lower refractive index cladding (n3) for the MM
section. The PLs described in this paper use reduced-clad SMFs with lower than usual cladding
diameters, 80 um. With reduced clad fibers, a higher number of SMFs can be stacked inside
capillaries. Two kinds of SMF were used in order to control mode coupling in the PLs, which is
outside the scope of this paper.

Table 1. Specification of SMFs and capillaries used for this paper

Capillary OD um ID um Index at 1550 nm
Bath University F-doped 900 913 645 1.440

Bath University F-doped 620 628 435 1.427

Fiberware CAP 405/1000; F300 | 1000 400 1.444

SMF Diameter um | Wavelength nm | NA

Newport F-SM1500-6.4/80 80 1550-1650 0.13

Newport F-SM1500-9/80 80 1310-1550 0.15-0.17
Newport F-SMF-28 125 1310-1550 0.14

Figure 2 shows a diagram of a typical stack. Stacks were then drawn and fused using a
GPX-3000 Vytran glass processing system. By applying tension and heat from a tungsten
filament, the cores and claddings of the SMFs could be tapered down to form the core of an
MMEF, with the surrounding capillary forming the MMF cladding. When the capillary ID is at or
close to the minimum needed to contain them, SMFs will take a close-packed and predictable
arrangement referred to as “optimal”. These arrangements depend on the number of SMFs
present [19].

Figure 3 shows micrographs of a 19 fiber PL at different stages of tapering. Individual SMFs
can be seen stacked inside the capillary before tapering. In the early taper region, dark lines show
where air-gaps exist between the SMFs, which thin and disappear along the taper. In the late
taper region, it can be seen that the SMFs have fully fused and no more air gaps remain. The
lighter lines are the residual cores of the SMFs. Last is the newly formed MMF region.

Table 2 gives a step by step procedure for producing PLs. The parameters identified as
important for fabricating PLs fell into four categories: preparation and stacking of SMFs into a
capillary; settings of the glass processor unit such as filament size and power; capillary internal
diameter (ID); and the use of a vacuum during tapering. These parameters are discussed in detail
below. Examples of the parameters used in practice for the PLs used in this paper can be found
in Table 3 in the results section.
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Fig. 2. Diagram of a typical SMF stack inside a glass capillary. The acrylate jacket of
SMFs is stripped before inserting into the capillary.

Fig. 3. Micrographs of various stages of tapering of a 19 fiber PL. A) Untapered SMFs
stacked inside the capillary. B) Early transition region, showing SMFs starting to fuse. C)
Late transition region with fully fused SMFs. D) MMF region.

Table 2. Procedure for producing PLs

Pre-taper capillary to give appropriate ID. Keep attached undrawn section
Strip and clean SMFs
Stack SMFs into capillary

Run stacked capillary through filament x 3 for collapse

BN AW N -

Draw and taper stacked capillary to form PL
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Table 3. Parameters used to produce the 19
fiber and 37 fiber PLs described above

19 fiber PL

Capillary Bath University F-doped 620
Reduced capillary | OD 574, ID 393

SMFs Newport F-SM1500-6.4/80
Filament FTAT2¢

Power 130 W

Vacuum Yes

37 fiber PL

Capillary Bath University F-doped 900
Reduced capillary | OD 785, ID 555

SMFs Newport F-SM1500-6.4/80
Filament FTAT3

Power 175 W

Vacuum Yes

FTAV?2 filament also suitable.

3.1.  Preparation and stacking of SMFs

Before inserting the SMFs into the capillaries, it was necessary to remove jackets and clean the
SMFs. Coatings were removed using a room temperature bath of dichloromethane (CH,Cl,).
The fibers were then wiped with a lint free tissue soaked in acetone ((CH3),CO), followed by
Isopropyl alcohol (IPA) (CH;CHOHCHj3). The capillaries were flushed and cleaned with acetone
and IPA as well. It is important to ensure that there is no dirt or grease on the SMFs and capillary,
both to avoid contamination and because any burnable materials left in the stack may damage it
or introduce inhomogeneities during the tapering process.

In order to achieve uniform packing, the SMFs must fit tightly within the capillary. The
capillaries used in this work were acquired with a diameter higher than was needed and drawn
down before use. This was found to be useful when inserting SMF bundles as an undrawn section
could be left attached, the larger internal diameter of which helped to guide SMFs. The SMFs
were dipped in IPA, and the surface tension pulled the individual fibers close into a roughly
circular arrangement. The capillary itself was flooded with IPA to reduce friction between the
SMFs and the capillary wall. Once inserted, a vacuum pump was used to remove any excess IPA
before applying heat. Figure 4 shows a photograph of SMFs stacked into a capillary ready for
tapering.

Capillary

Fig. 4. Photograph of SMFs (left) stacked into a capillary (right).
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3.2. Glass processor unit settings

Important settings of the glass processor unit included filament type and size, the power used to
heat the capillary and fibers, and tension applied during the process. These settings depend on
the specifics of the diameters and materials used for the PL, which are described in the operating
manual of the glass processing system, but there are a few points worth discussing.

Fluorine-doped silica glass becomes viscus at a lower temperature than un-doped glass, varying
with fluorine concentration. The temperature was dependent on the filament power, and it was
found that too high a power resulted in a lower than intended capillary diameter. 100 W filament
power was optimum for the capillaries used in this work, but other capillaries may require a
different power. It is recommended that a number of test tapers are drawn, and their resulting
diameters be compared to the target diameter, to find the optimum filament power. Before
tapering the PL, the stacked capillary was first run through the heated filament three times
to collapse the capillary and the SMFs together and decrease the chance of slipping between
different components when tension is applied. A filament power of 100 W was typically used for
this step.

Tension was monitored during the tapering process using the glass processor unit inbuilt
tension monitor. An initial tension of 20 g was applied by moving one of the holding blocks
before starting. Figure 5 shows the ideal tension variation during the automatic tapering and
drawing process of a PL, as suggested in private discussions with the manufacturer. Tension
starts at 20 g, then drops to zero when the filament heats up. The holding blocks then move,
increasing the tension to roughly 200-300 g. As the stacked capillary starts to stretch, the tension
decreases, dropping to around 20 g for the duration of the draw process. Finally, the tension
drops to zero as the process completes. While this variation is not exact, significant deviations
from it may indicate problems with the process. Figure 6 shows some examples.

1) 4)

\ /2) 5)

Time

Tension

Fig. 5. Diagram of ideal tension variation during taper and draw process, 1) initial 20 g,
2) 0 g as the filament heats up, 3) 200-300 g as tension applies, 4) ~20 g as stack stretches,
decreasing tension, 5) drops to zero as process finishes. Not to scale.
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Fig. 6. Examples of tension indicating problems. A) Temperature much too high. B)
Temperature too low or, counter intuitively, slightly too high. Both diagrams are not to scale.
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3.3. Capillary ID

The ID of the capillary is important for ensuring a regular packing between SMFs with the
minimum space. Figure 7 shows two micrograph cross-sections of 37 SMF transition regions
with different initial capillary IDs. In A), 575 um, there are significant air gaps shown in black
between SMFs, and they have not fused together well. In B), 560 um, the tight fit of the capillary
has forced the SMFs into a close packed, regular pattern. At this point in the transition region
they have partially fused, the much smaller air gaps will disappear before reaching the MMF
region (Fig. 3).

Fig. 7. Micrograph cross-sections of the 37 SMF transition regions, from different capillary
IDs. A) Pre-taper ID of 575 um is too large, leading to disordered SMFs. B) Pre-taper ID of
560 um forces SMFs into an ordered pattern.

Note that the B) does not follow an exact hexagonal pattern, the outer ring being closer to a
circle than a hexagon. This is because, while hexagonal packing is the most efficient packing
within unbounded space, this pattern fits better into a circular capillary. This is described in
more detail in Davenport et. al. [19], and has been demonstrated to work up to at least 61 cores
by Noordegraaf et. al. [12,20]. To achieve the desired IDs, capillaries were drawn to a smaller
diameter using the glass processing unit. This had the added advantage of shaping the capillary
as a funnel, into which the SMF bundle could be inserted more easily.

3.4.  Vacuum during tapering

Even when the SMFs inside the capillary are efficiently packed, air gaps remain between them
and between the capillary walls. It is necessary that these air gaps are removed during the taper
or they will interfere with the propagation of light within the MMF section of the PL. A vacuum
pump (Linicon LV-125A) was therefore connected to one end of the capillary during the tapering
process, to remove air bubbles and allow unimpeded fusion to occur between SMFs and to the
capillary.

Figure 8 shows micrographs of two PLs cleaved in the MMF section, drawn with vacuum and
one without. The dark sections seen in A) are air bubbles. Note that the other end of the capillary
does not need to be sealed during tapering, the decreased pressure created by the vacuum pump
is sufficient to avoid air bubbles.
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Fig. 8. Micrograph cross-sections of two MMF sections, A) No vacuum (19 fibers, pre-taper
SMF diameter 125 um, capillary ID 400 um), B) vacuum applied (19 fibers, pre-taper SMF
diameter 125 pm, capillary ID 675 um).

4. Results

Here we present details of several PLs produced by the above method. Table 3 shows a list of
parameters used to produce 19 fiber and 37 fiber PLs.

Figure 9 shows micrographs of a 19 fiber PL cleaved at the transition region and the MMF
region. In the transition region it can be seen that the claddings of the SMFs have fused together.
The SMF cores can be seen in the center of each fiber, some illuminated and some not based on
the particular paths that the side-illuminated light took through the assembly. Fibers have taken
on a regular arrangement of two concentric rings around a central SMF, enforced by the internal
diameter of the capillary. In the MMF region, it can be seen that light is confined within the new
‘core’ of the MMF, surrounded by the cladding that is the capillary. The residual cores are still
visible, too small to efficiently confine light, but continue to have a perturbative effect on the
light around them indicated by the bright points. The positions of these points, where visible,
indicate that the regular arrangement of SMFs has been maintained through the fusing process.

Fig. 9. Micrographs of cleaved cross-sections of a 19 fiber PL. A) Transition region,
illuminated from the side. B) MMF section illuminated from the end. Taper ration: 7.4.
Taper length 5 mm.

Figure 10 shows micrographs of a 37 fiber PL, cleaved at the MMF region. It can again be
seen that light is confined within the new core, and SMFs have taken on a regular pattern of three
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concentric rings around a central SMF. Similarly to the 19 fiber PL, the brighter points of the
residual cores can be seen, and show that the regular arrangement has been maintained.

Fig. 10. Micrographs of cleaved cross-sections of 37 fiber PLs. MMF section illuminated
from the end. Cleave damage is also shown. Taper ration: 15.0. Taper length 5 mm. The
MMF surface was damaged during cleaving, but the shape of the core and cladding can still
be seen.

Figure 11 shows the refractive index profiles of the MMF section of a 19 and a 37 fiber PL,
taken with a refractive index profiler (Interfiber Analysis IFA-100 multipwavelength Optical Fiber
Analyser). In this case the 19 fiber PL was drawn to give a core of 50 ym in order to compare to
the MMF mentioned below. The 37 fiber PL was drawn to a smaller size to test the limits of the
system. Different taper ratios can be achieved by varying the speeds of the holding blocks.
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Fig. 11. Refractive index profile of A) a 19 and B) a 37 fiber PL, MMF section. The low
refractive index capillaries formed the claddings of the MMF (blue), the claddings of the
SMFs fused to become the cores of the MMFs (A) orange, B) yellow), and the residual cores
of the SMFs show an ordered pattern (A) red, B) orange).

In both cases it can be seen that the lower refractive index capillaries surround the fibers
forming claddings, and the claddings of the SMF fibers have fused together to form MMF core
regions. The residual cores of the SMFs can be seen inside the MMF core regions, showing
ordered arrangements, demonstrating that the order seen in Fig. 10 is maintained through the
tapering process. The red/orange dots representing the residual cores are significantly larger than
the cores themselves (calculated to be approximately 440 nm) due to the diffraction limit of the
633 nm light used in the measurement.

Next, the transmission of a 19 fiber PL was measured in the MMF to SMF direction. SMFs
used were 14 F-SM1500-6.4/80 and 5 F-SM1500-9/80, inside an F-doped 620 capillary. It
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was tapered, with parameters given in Table 3, to a 50 pm MMF core diameter and 0.22 NA at
1550 nm. A diameter larger than the mode-matching condition was chosen (Eq. (2)) to allow a
cladding diameter of 78 um, large enough to be practically handled, and to allow an effective
comparison to be made with a 50 um core MMF.

Light from a 1550 nm laser diode (45 mW, QDFBLD-1550-50N, QPhotonics LLC) was
coupled into the MMF end, overfilling the angular aperture. Output light was then measured
using an integrating sphere (25.4 mm diameter sphere, InGaAs photodiode, S144C, Thorlabs).
In order to isolate the transmission efficiency of the PL from effects such as coupling efficiency
into the device, transmission was tested with an MMF patch cable with the same core diameter
and NA under the same conditions (core diameter 50 um, NA 0.22, M14L.02, Thorlabs) . This
gave a transmission efficiency of the PL of 67.1 + 0.6%. This compares well to PLs produced by
other groups.

5. Conclusions

A common method for producing PLs is to apply heat and tension to a capillary containing
a stack of SMF, tapering the stack such that SMFs fuse into a single MMF core. This paper
presents parameters that should be taken into account, outlines a method, and characterizes a 37
PL produced using optimum fabrication settings.

Parameters considered included preparation and stacking of SMFs into a capillary, settings of
the glass processor unit, capillary ID, and the use of vacuum during tapering. A 37 fiber PL and
a 19 fiber PL were demonstrated, where the claddings of the SMFs were demonstrated to fuse
into a single, solid core at the MMF section, and a clear differentiation between this core and the
MMF cladding formed by the capillary. Order was observed in the fiber arrangements, enforced
by matching the capillary internal diameters with the fiber stacks, and this order was maintained
during tapering process.

The results demonstrate the production of PLs with clearly defined SMF and MMF sections.
During tapering, MMF cores formed from fused SMF claddings, maintaining the order enforced
during stacking. The transmission efficiency of a 19 fiber PL was measured relative to a MM
patch cable with the same core diameter and NA, finding a relative transmission efficiency of
67.1 £ 0.6%, comparing well to similar devices produced by other groups.

It is hoped that this paper can be used as a resource for researchers wishing to draw their own
PLs. Optimum parameters will differ depending on the desired PL being drawn, and researchers
must experiment to find which are appropriate for the situation. However, this paper presents
which parameters are important to consider, and how the optimum parameters can be found.
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