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We measured the transmission of tapered and untapered optical fibres as a function of input beam numerical
aperture at 635 nm. The tapered fibres were fabricated with an adiabatic tapering process from graded and stepindex fibres with 50 μm core diameters to form a 100 mm long taper with 5:1 taper ratio. We tested tapered
graded-index and step-index fibres fabricated from commercial Thorlabs products and a custom graded-index
taper. The 5:1 tapered graded-index fibre can give a transmission greater than 0.4 for Thorlabs and 0.6 for
the custom taper. We simulated the transmission of the tapered fibres and found reasonable agreement with the
measured graded-index tapered fibre results across the numerical aperture range of interest. Experimentally,
step-index tapered fibres performed relative poorly and considerably below modelling expectations. Based on our
examinations this arises because the properties of step-index fibre were not robust to the tapering process.
Suitably tapered graded-index fibres may offer a new route for efficient focal ratio reduction of fibre optic sig
nals, e.g., in fibre-fed spectrographs, though we stress that our measurements have been limited to mono
chromatic light in this work.

1. Introduction
Optical fibre is renowned for signal transfer with small losses.The
versatility of fibre and its relatively low material cost also leads to wide
usage in astronomical instrumentation for light gathering [1]. In addi
tion, the use of tapered optical fibre is well established as a focal
reduction and magnification technique [2,3], as well as in applications
such as high-power laser coupling [3–5]. It is possible to fabricate
custom fibre tapers, with different taper ratios and transition lengths,
from all manner of fibre types, depending on the application. We are
developing a prototype high-resolution fibre fed spectrograph named
EXOplanet high resolution SPECtrograph (EXOhSPEC) for smaller tele
scopes (1–3 m) which is designed for 0.10 Numerical Aperture (0.10 NA)
light acceptance and a 10 μm core input fibre. The input beam comes
from telescopes with a 0.20 NA seeing limited image size of 20–50 μm
and beam-size conversion is required. A tapered fibre is a route to a
smaller beam size with good enabling smaller ‘off-the-shelf’ optics
reducing the need for more complex devices such as photonics lanterns

or adaptive optics [2,6]. The fibres tested in this paper are standard
commercial products [7] and customised graded-index fibres. Tapered
fibres were formed from the standard bare fibre [7] and custom fibre and
include taper ratios of 1.2:1, 2.5:1, 3:1, 4:1 and 5:1. All tapered fibres
reported here originate from 100 mm original taper lengths. We have
examined direct fabricated tapers from 25 to 100 mm and by cleaving
the original tapers to create a variety of tapers ratios and lengths. We
have modelled the step-index and graded-index tapered fibres using the
wave optics package of COMSOL version 5.6 [8] and also the nonsequential ray optics models in Zemax [9] scaling up the dimensions.
We begin with some background information about EXOhSPEC and fibre
feeding in Section 2. Geometric optics and Electromagnetic (EM)
waveguide simulations are discussed in Section 3. Next, the experi
mental details are presented in Section 4 including an explanation of the
fibre test setup, the numerical aperture matching technique, trans
mission measurement, and experimental error. Lastly, we show and
discuss our results with untapered standard fibre and tapered fibres in
Section 5.
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Table 1
Tapered and ‘cut back’ tapered fibre descriptions. The SI MM and GI MM fibres
are from Thorlabs and are based on a 50 μm core with 125 μm cladding. The
Custom GI MM is based on tapering a custom 50 μm core graded-index fibre with
600 μm cladding. Cut back tapered fibres have original 100 mm taper transition
length. All fibres have a 50 μm core diameter and are tapered by the adiabatic
heating process at the University of Bath [20].

Fig. 1. A diagram to illustrate a tapered fibre. The NAi is the numerical aper
ture at the untapered end (manufacturer NA) and NAtaper is the effective nu
merical aperture of tapered end.

2. EXOhSPEC and the fibre feeding
The objective of the fibre investigation is to apply the best tapered
fibre design to the fibre-fed system of the high resolution spectrograph
prototype EXOhSPEC. There are a number of potential routes to a
smaller beam size which have been pursued for this. For example, the
successful deployment of adaptive optics systems on a number of tele
scopes [10], or future use of photonics lantern for focal reduction may
facilitate the fibre feeding of astronomical instrumentation [11–13].
Given the promise of some literature results [2,6,14,15] and the relative
simplicity of tapering an optical fibre, we further investigate fibre tapers
as a route to a smaller beam size and in particular graded-index fibre
tapers, which is not commonly used in the fiber-fed spectrograph. There
are presently two EXOhSPEC prototypes, one at the University of Hert
fordshire and one at the National Astronomical Research Institute of
Thailand (NARIT). The overall design concept is described in [16]. The
optical design is described by [17]. The mechanical design of the colli
mator and its performance is modelled by [18] and the data reduction
system for processing the raw data is presented by [19]. Tapered fibre
coupler systems based on this work have been deployed at Thai National
Telescope with the NARIT EXOhSPEC prototype and will be described in
a later publication.

Type

NA†

Part number

Taper
ratio

Final core (μm)

Tapered fibre
SI MM
GI MM
Custom GI MM

0.22
0.20
0.30

FG050LGA
GIF50E
custom fibre

5:1
5:1
5:1

10
10
10

Type

NA†

Part number

Taper
ratio

Final cladding
(μm)

Cut back tapered
fibre
SI MM
SI MM
SI MM
GI MM
GI MM
Custom GI MM
Custom GI MM
Custom GI MM
Custom GI MM

0.22
0.22
0.22
0.20
0.20
0.30
0.30
0.30
0.30

FG050LGA
FG050LGA
FG050LGA
GIF50E
GIF50E
custom fibre
custom fibre
custom fibre
custom fibre

3.1:1
2.5:1
1.25:1
3.79:1
1.47:1
4.4:1
3:1
2.4:1
1.6:1

40
50
100
33
85
135
199
250
370

Table 2
The result of tapered fibre characterisation. All tapers are fabricated from 50μm
core diameter fibre. NA† is the manufactured numerical aperture. NAtaper is the
taper numerical aperture defined in Eq. 1. NAmax is the measured numerical
aperture at Tmax. Tmax is the maximum measured transmission at NAmax. NA* is
the measured NA at 80% of Tmax.

3. Tapered fibre simulations: geometric ray tracing and EM
waveguides
The tapered fibre can be manufactured by either heating and pulling
[2,3,20–23] or chemical etching [24] and can provide beam shaping and
collimation [14,21]. The transmission along the taper shows promise of
low loss even if the core size is small [14,21]. However, we find that
quantitative measurements of taper losses or transmission as a function
of effective numerical aperture are not commonly available in the optics
literature [25] and graded-index tapers are absent. In this section, we
simulated the 5:1 step-index and graded-index tapered fibre by classical
geometric optics and wave optics using two different software packages:
Zemax and COMSOL. We use a variety of acronyms for numerical
aperture and these are defined in the appendix in Table A.1.

Type

NA†

NAtaper

NAmax

NA*

Tmax

Tapered fibre
SI, 5:1
GI, 5:1
Custom GI, 5:1

0.22
0.20
0.30

0.044
0.040
0.060

0.03
0.05
0.05

0.050
0.088
0.096

0.17
0.44
0.66

Cut back tapered fibre
SI, 3.13:1
SI, 2.5:1
SI, 1.25:1
GI, 3.79:1
GI, 1.47:1
Custom GI, 4.4:1
Custom GI, 3:1
Custom GI, 2.4:1
Custom GI, 1.6:1

0.22
0.22
0.22
0.20
0.20
0.30
0.30
0.30
0.30

0.070
0.088
0.176
0.07
0.05
0.07
0.10
0.12
0.18

0.04
0.03
0.06
0.07
0.06
0.09
0.06
0.05
0.06

0.069
0.077
0.20
0.16
0.016
0.16
0.14
0.12
0.18

0.19
0.35
0.30
0.79
0.79
0.48
0.69
0.69
0.72

NAtaper = R NAi =

do
NAi .
di

(1)

Where di and do are the respective untapered and tapered fibre di
ameters. Note that this effective numerical aperture is smaller than ex
pected from an untapered fibre. If light is incident on the untapered end
at a numerical aperture greater than NAtaper it appears in the cladding at
the tapered end not in the core. A simple estimate of the maximum
geometric optics transmission of tapered fibres can be obtained from the
Etendue. For uptapered fibres the maximum transmission will be the
same as an untapered fibre with the same core diameter and numerical
aperture since energy is conserved and the light is emitted at a numerical
aperture that is R times smaller than the input. For downtapered fibres
the maximum transmission of the tapered core will be 1/R2 times the
maximum transmission of an untapered fibre core and will have an
output numerical aperture scaled from the untapered fibre based on Eq.
1. Hence, the tapered numerical aperture of 5:1 Thorlabs step-index
(originally 0.22 NA) and graded-index (originally 0.2 NA) tapers in

3.1. Geometric optics ray tracing
The Etendue principle can be applied to describe the optical prop
erties of the taper [2,3,26]. Fig. 1 illustrates the geometry of a tapered
fibre. Light travels from the left and is incident on the bigger surface area
with NAi. The light propagates from the wider core to the narrowed part
until it reaches the tapered end with the numerical aperture NAtaper. In
this case, which is light propagating from untapered end toward to
tapered end, energy conservation applies when light propagation in both
core and cladding are considered together.
If the tapering process does not change the core and the cladding
indices, then NAi is manufacturer’s numerical aperture. Considering the
effective tapered numerical aperture when the light injected into unta
pered end, NAtaper can be expressed using the taper ratio R [4] as
2
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1
Zemax GI 5:1
Zemax SI 5:1
COMSOL GI 5:1
COMSOL SI 5:1
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Transmission
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0.6
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0.3
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0

0
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NAeff

0.15

0.2
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Fig. 3. The fibre test setup comprises a 635 nm red diode laser, a collimatedbeam expander consisting of a two lens-telescope using achromatic doublets,
an adjustable iris diaphragm, a beam splitter, a microscope objective lens (4×
or 10× magnification), a three-axis translation calibrated stage and two
power detectors.

Fig. 2. The Zemax and COMSOL simulations of transmission and NAeff of the
50 μm step- and graded-index 5:1 tapered fibre. Both simulations agree on the
drop off transmission of step-index taper is about 0.04 NAeff whereas the drop of
transmission of graded-index taper is about 0.08 NAeff. Zemax results shows no
transmission loss and reach maximum transmission nearly 95% while the
COMSOL results considered coupling loss by a taper itself and results in lower
transmission overall compared to the Zemax results.

the results are shown in Fig. 2. The model inputs were based on 50 μm
core and 125 μm cladding diameter step and graded index profiles of NA
0.20 with a total taper length of 50 mm. The shorter length was chosen to
reduce computing time and in separate calculations results in only small
changes (∼ 2%) with these long adiabatic taper lengths. A wavelength of
635 nm was used. Details of the model parameters and the COMSOL
model files are found in Github.2 The model produces input and output
modal patterns and transmission for each mode with an effective index
ni propagating in the fibre structure where i is the mode number. We
converted the individual mode results into transmission versus numer
ical aperture as follows: The effective numerical aperture for an indi
vidual mode is found from the effective index ni (effective refractive
√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
index of mode i) as NAi = n2core − n2i with a transmission or coupling

our work are 0.044 and 0.040 respectively. The description of the tested
fibres is in Table 1 and NAtaper shows in Table 2. We used the nonsequential mode of Zemax version 19.8 to simulate a scaled up version
of the fibre optics configuration similar to the setup in the experiment.
With this approach of scaling up the fibre dimensions, waveguide mode
propagation is not considered. The non-sequential mode was chosen
because: 1) The ray trace order is not defined thus the light scattering
and diffraction are fully considered, 2) Multiple standard 3D compo
nents are available such as the cylinder and rod which we modelled as
the fibre as well as a variety of sources, and detectors. The composite
optical model had a 0.5 mm rod with a cylinder of 0.5 mm inner radius
and 1.25 mm outer radius with 1 m lengths. The refractive index of the
core and cladding were chosen to imitate the 0.22 NA of step-index fi
bres. The graded-index simulations use a typical parabolic profile for the
core refractive profile to imitate the 0.20 NA of graded-index fibre. A
wavelength of 635 nm was used with 100,000 rays to perform the cal
culations for tapered geometries. Details of the model calculations and
the Zemax model files are found in Github.1 The Zemax results of stepand graded-index 5:1 tapered fibre are shown in Fig. 2 along with the
COMSOL EM waveguide simulations considered in the next section.

efficiency of ti. ncore is fibre core refractive index. The overall trans
mission for the fibre structure at a given numerical aperture NA is then
determined by summing over all the modes that can be excited
0⩽NA⩽NAeff . Thus
NA
∑

T(NA) =

ti *Ci (NA)*ΔNAi ,

(2)

0

where Ci (NA) is a slowly varying function expressing the variation in
coupling efficiency with mode number when exciting multiple modes
simultaneously in measurements with a fixed optical configuration. The
3D COMSOL models are shown with Ci (NA)=1, i.e. no corrections for
mode coupling efficiency. In Fig. 2 it can be seen that the consideration
of wave optics makes a very significant difference with the COMSOL
modelling predicting a lower and different shaped transmission as a
function of numerical aperture. The details of individual mode trans
mission are important in low mode number regime being considered.
The calculations included all modes that propagated through the taper
with transmission t > 1%. The summation of overall transmission is
small at NAeff < NAtaper as a result in significant drop transmission in this
range shown in Fig. 2. The Figure also indicates that the difference be
tween step and graded index should be relatively small.

3.2. Wave optics modelling
The Etendue principle applies to highly multimode optical fibre
systems in general. However, some care is needed when considering
optical fibre tapers with small dimensions and in particular electro
magnetic wave optics modelling should be considered. The well-known
V parameter (V = 2λπ rNA, where r is wave guide core radius)[27] is used
to determine number of modes propagated along the fibre by its physical
geometry: core size, numerical aperture and the wavelength in a free
space. Geometric optics calculations will have errors of more than 5%
for waveguides with V < 20[28], i.e., single mode or small number
(<100) of modes waveguides [27]. Our work is investigating the 10 μm
taper core custom grade-index, Thorlabs graded-index and Thorlabs
step-index tapers with 0.10 NAtaper, 0.04 NAtaper and 0.044 NAtaper,
respectively. Thus, V of our custom graded-index, graded-index and
step-index tapered fibre is 4.9, 9.9 and 10.9, respectively, i.e., V is <20
for our tested tapers and wave optics solutions will be required. The
COMSOL 5.6 wave optics module was used to model the tapers in 3D and

4. Experimental detail
This section describes details of the experiment, the fibre test setup,
the principle of the numerical aperture matching technique applied, the
relative transmission definition and the experimental error. We char
acterised optical fibre obtained from Thorlabs [7] and custom tapered

1
https://github.com/Piyamas-Ch/Tapered-and-untapered-fibre-investi
gation/tree/master/Zemax.

2
https://github.com/Piyamas-Ch/Tapered-and-untapered-fibre-investigati
on/tree/master/COMSOL.
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fibres from the University of Bath. The main aim of our setup is to
measure the transmission of the untapered and tapered fibre as a func
tion of the effective input numerical aperture dependence. The setup
drawing shown in Fig. 3 comprises a 635 nm laser diode source, a beam
expansion telescope, an adjustable iris diaphragm, a three-axis adjust
able translation stage and 4× or 10× microscope objective lenses. A 2◦
uncoated deviation prism was used to sample the input beam power and
standard optical power sensors with digital outputs (Thorlabs-SN120B
and Thorlabs-SN120UV) [7] were used for the input and output mea
surements. The output from the beam expansion telescope was a 9.7 mm
diameter collimated beam. Table 1 presents description of 100-mmtaper-length tapered fibres including ‘cut back’ set of tapers prepared
from the 100-mm-length tapered fibre samples. The table present the
manufactures’ numerical aperture (denoted as NA† ), part number, taper
ratio and final core diameters. The tapered fibre ratios mentioned in the
remainder are from the original ‘recipe’ specification from the adiabatic
tapering machine of the University of Bath [20]. We determined the
taper ratios of ‘cut back’ fibres from the cladding diameter measure
ments made with a micrometer and find that these are consistent with
our more difficult microscope measurements of the fibre core.

0.9
0.8

Transmission

0.7

Thor GI 0.15NAeff

0.4

Cust GI 0.10NAeff

0.3

Cust GI 0.15NAeff

0.2

Thor SI 0.10NAeff

0

Thor SI 0.15NAeff

0.00

0.20

0.40

0.60

Taper ratio

0.80

1.00

1.20

Fig. 4. Transmission of the cut back tapers versus the taper ratio expressed as a
fraction, e.g. 5:1 is 0.20, 1:1 is 1.0, etc. The presented result is by 0.12NAO
setup. The taper ratio in this graph is the ratio between untapered end and
tapered end diameter. Cut back measurements are shown for the custom
graded-index fibre, Thorlabs step-index and graded-index fibre at the 0.1NAeff
and 0.15NAeff. All tapered fibres have 50 μm untapered core diameter.

that our transmission measurements will be smaller than the absolute
maximums that could be theoretically achieved for the lowest order
modes in multimode fibres and in single mode fibres. Our principal
objective was to achieve consistency across a large range of fibre and
taper geometries. The experimental results at very low NAeff
(NAeff<0.05 for untapered fibre and NAeff<0.02 for SI taper and < 0.05
for GI taper reveal a significant drop in transmission due to inefficient
mode coupling to low order modes, i.e. the mode profile is not matched
at all diameters of the iris diaphragm. To couple the same mode into the
fibre for each iris diameter (NAeff ) is extremely time consuming. Since,
we are principally interested in NAeff > 0.05, the setup is valid to
identify the best performed tapers for the EXOhSPEC. The spectrograph
has a 0.1NA acceptance so we used a method to measure light at
different numerical aperture outputs at 0.24 NA and 0.12 NA by varia
tion of the detector distance. The output detector used for fibre char
acterisation had 9.5 mm diameter and we fixed the detector at two
distances 20 mm and 40 mm. At20 mm from the output fibre end, the
light was detected at 0.24 numerical aperture (denoted as 0.24NAO). At
40 mm from the fibre end, the light was collected at 0.12 numerical
aperture (denoted as 0.12NAO). This emulates the transmission of taper
into the spectrograph NA limitation (0.12NAO) compared to the entire
output of the taper (0.24NAO).

A primary characteristic determining the transmission of an optical
system is the Numerical Aperture (NA). If the numerical aperture and
image size of the optical system matches the fibre’s numerical aperture
and core size then maximum coupling to the fibre core is possible. In
other words, if the beam is incident at a suitable convergence angle on
the fibre it can propagate along the core without leaking into the clad
ding. The collimated beam and focusing lens combination can vary the
NA of the focused beam on the fibre core depending on the aperture
stop. This is the typical technique used in experimental works
[2,3,11,12]. In our test apparatus, we vary the numerical aperture of the
focused beam from the collimated source to a fibre by adjusting an iris
stop diameter at a fixed distance from the microscope objective lens.
Thorlabs presented a beam profile measurement setup which is very
useful for our setup reference [29]. The effective numerical aperture
(NAeff) of our optical system is calculated by the following equation,
diris
,
dMOL

Thor GI 0.10NAeff

0.5

0.1

4.1. Numerical aperture matching technique

NAeff = NAMOL

0.6

(3)

where NAeff is an effective numerical aperture. NAMOL is the full nu
merical aperture of microscope objective lens (MOL). The diameter of
iris diaphragm and the internal stop diameter of the microscope objec
tive lens are diris and dMOL respectively. We used two microscope
objective lenses: 4× (NAMOL= 0.10) and 10× (NAMOL= 0.25) in order to
take wide-ranging NAeff data related to transmission ratio. The micro
scope objectives were carefully measured to confirm the manufacturers
NAMOL specification by measuring the exit pupil diameter and the focal
length. Coupling light into the fibre cores requires care to achieve
consistent results with multimode fibres. We used a truncated Gaussian
beam propagation calculation [30] (found in Github3) to estimate input
coupling variations. The set up will produce the largest spot size with a
Gaussian (1/e2 ) waist of 47 μm and with the iris diaphragm set at 1 mm
using the 4× microscope objective lens. The 4× measurements will thus
have some coupling losses at this setting for fibres having smaller core
diameters than 50 μm. The focal spot sizes for the 10× objective were
less than 20 μm for all iris settings. We also measured the focal spot sizes
directly with a scanning small core fibre and these agreed with the
calculations. Note we make no attempt to exactly match the fibre core
diameters with the Gaussian waists from the two focusing objectives so

4.2. Relative transmission
We measured the power at the fibre end and sampled the input beam
with the beam splitter. The power at the position after the beam splitter
is defined as P1 . P2 is the power output after the fibre end and P3 is the
power output of the reflected beam from the beam splitter. The intensity
of beam after the beam splitter P1 is directly proportional to the intensity
P3 with proportionality constant α. The parameter α is determined from
the measured beam with the two detectors at different positions and is
written as αP3 = P1 . The transmission is the ratio of power output to
input, which is
T=

P2
P2
=
.
P1 α P3

(4)

The transmission measurement includes all input and output losses
and fibre absorption losses. The latter are very small with the one metre
lengths used for testing. The measurements are done repeatedly each
time the iris is adjusted. The power output of P2 and P3 are recorded five
times for each measurement. The mean and standard deviation of each
recorded data point is calculated. The same apparatus and procedure
was used for all fibres.

3
https://github.com/Piyamas-Ch/Tapered-and-untapered-fibre-investigati
on/blob/master/Zemax/Gaussian-spot_calculations.JPG.
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Fig. 5. Visualising the impact of cladding light: Output light distribution at the end of the tapered region for a Thorlabs graded-index 5:1 tapered fibre without (i)
and with (ii) index matching gel applied to the transition to suppress the cladding light. The image of cross dispersed spectral orders of Tungsten for a tapered 5:1
graded-index fibre and for an untapered 10 μm core fibre as shown in (a1) and (b1), respectively. “Line out” traces along the green lines shown in (a1) and (b1) are
plotted in (a2) and (b2), respectively. In these spectra, we see that the cladding light present in the tapered fibre output broadens the spectral lines, causing ’wings’.

4.3. Cut Back measurement

Based on (i) and (ii), we can use the Maxlm DL6 [31] aperture analysis
function to compare the intensity of the core and cladding area. With our
0.1NAeff input setup, we found that the cladding light in this example
(considering outer ring area in (i) and (ii)) decreased to 1.8% from 4.3%.
For the ’worse’ case of a 5:1 step-index taper we find about 9% cladding
light contamination before applying the index matching gel. So,
although we can ameliorate and measure the impact of a cladding light it
remains a key factor to consider in the tapered fibres.

An additional set of measurements was performed on three tapered
fibres to look at how the transmission characteristics change with taper
ratio. The configuration of the tapers was a lead-in of untapered fibre of
length 400–500 mm followed by the 100 mm taper. All samples have
50 μm core diameter and were tapered to 5:1 taper ratio. We cut back
and carefully cleaved each sample to decrease the taper ratio from the
original taper ratio 5:1 to 1:1 (until all the 100 mm tapered length was
cut off). For each ‘cut back’ the transmission is measured as well as the
fibre size (and thus the new taper ratio is determined). The beam inputs
for the cut back measurements were 0.10 and 0.15 NAeff. The ‘cut back’
results are shown in Table 2 and Fig. 4.

4.5. Experimental error
There are two major factors that give rise to uncertainty in the
experiment: (1) the influence of the physical optics and (2) the envi
ronmental conditions. The optical signal in the fibre has noise because of
mode interference [32]. We found the measured transmission varied by
approximately three percent in repeat measurements on the same fibre.
The initial alignment of the fibre was performed by maximising the
output to the detector by varying the focus (z) and position (x,y) of the
input fibre with respect to the microscope objective. This position was
then fixed during the measurements and optimised when the iris
diameter was changed. The NAeff of the beam launched into the fibre is
then changed by varying the diameter of the iris diaphragm. The nu
merical aperture at the maximum transmission is called NAmax. The
setup will not give absolute maximum transmissions for core diameters
smaller than 50 μm at NAeff less than 0.02. Small core (∼ 10 μm) fibres
can be accurately tested at NAeff>0.05 with both 4× and 10× objectives.
Also, as presented in Section 4.4 the impact of cladding light will in
fluence the measurements. In the worst case, it increases the measured
transmission values by less than 5% for tapered fibres with the index

4.4. Cladding light
A key element of fibre construction is to ensure that light remains in
the fibre core and is not significant in the cladding. This is particularly
the case for a high resolution spectrograph where cladding light will
degrade the resolution. Fig. 5 presents a number of images chosen to
represent our measurements of cladding light. The top row of ‘typical’
images present the impact of cladding light of a tapered fibre taken ‘faceon’ (i) and in a prototype EXOhSPEC spectrograph image appearing as
‘blurred’ orders of tungsten light in (a1). The green ‘line out’ trace from
(a1) is displayed in (a2) showing very significant ‘wings’. These images
can be contrasted with those in the row below where cladding light is
relatively absent. In the left-hand example images we show the cladding
light from a 5:1 Thorlabs graded-index taper fibre with no index
matching gel around the cladding (i) and with index matching gel (ii).
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Fig. 6. The transmission and NAeff results of untapered and tapered fibres. Step-index and graded-index fibre results show in left and right graph, respectively. Both
untapered fibres have 50 μm core diameter and all tapered fibres presented in both graphs are 5:1 tapers. UT and T denote untapered fibre and tapered fibre,
respectively. ‘GI cust’ abbreviates a 5:1 custom graded-index tapered fibre. The COMSOL graded-index and step-index 5:1 taper simulation results are shown as
dotted lines. 4× and 10× are the microscope objective lenses used. One sigma error bars are smaller than the data symbol.

matching gel. In addition, the fibres were contained or installed in very
clean and stable grips. The lab environment was temperature stable to
±2 ◦ C with a filtered air supply. The setup allowed only relatively small
impacts from any external mechanical factors on the fibre such as
touching or bending. We used a standard cleaning process to ensure the
fibres remained clean since dust on the fibre face produces fluctuating
results. Reproducibility for each fibre transmission measurement is less
than 5% error. The error of each repeated measurement is mainly due to
external physical movement of the fibre from touching, bending and
slight misalignment. The error for ‘cut back’ measurement is larger than
our other measurements and can reach about 5% error in transmission
measurement because the cleaving procedure is difficult to perform
consistently. The manual cleave does not guarantee an ideal perpen
dicular flat end.

The optimum tapered fibre for EXOhSPEC would comprise a 5:1
taper transition from a 50 μm core science fibre from the telescope to the
10 μm 0.10 NA spectrograph. In Fig. 6, we present the experimental re
sults along with the COMSOL simulations. Comparing 5:1 experimental
tapered fibres results based on 0.12NAO (results for the EXOhSPEC
limitation), the graded-index tapered fibres have a transmission at least
two times better than the step-index tapered fibre. The best performing
fibre is the 5:1 custom graded-index fibre. The light loss in the taper is
less than 40% across a range of 0.06 to 0.09 NAeff shown in Fig. 6. The
COMSOL simulations indicate consistency with the experimental data
for the graded-index tapered fibre. The ‘drop off’ transmission for the
graded-index and step-index taper simulations is at 0.08NAeff and at
0.04NAeff, respectively. The transmission data for the graded-index ta
pers extends to lower NA than the simulations. We found there is an
additional cladding layer observed in both the step- and graded-index
Thorlabs fibres. These undocumented proprietary layer profiles are
not included in the simulations but added coures are likely to favour
additional low order modes. The maximum transmission for gradedindex taper is 45%. We note that the COMSOL result of step-index the
5:1 taper model suggests it should perform better compared to the
experiment results, i.e., ideally the step-index taper can achieve about
60% maximum transmission at the NAeff < 0.05 and 30% transmission
at NAeff = 0.1. While the maximum transmission from the experimen
tation is about 17% at the NAeff < 0.05 and less than 10% at the NAeff =
0.1 which is significantly low compared to graded-index Thorlabs and
custom taper with the same taper ratio (see Table 2). The poor trans
mission of these tapers is probably due to changes at the core/cladding
interface. The design of the Thorlabs step-index fibres is proprietary but
a common design is a silica core with a fluorine doped silica cladding
and silica ‘outer’ cladding leading to strong cladding modes. We observe
that it is difficult to identify the core and cladding light separately at the
far-field image output of these tapers. This leads to the suspicion that the
heating and pulling of the tapering process may have modified the
interface between core and cladding at the small taper dimensions so
that the refractive index difference between core and cladding may have
largely disappeared. The resulting ‘cladding’ modes are stripped off by
the index matching gel leading to low transmission at all input NAeff.

5. Results and discussion
We quantified the transmission of different fibres with tapers and
supplemented these with ‘cut back measurements’ and effective nu
merical aperture. The ‘cut back’ result reveals clearly that the tapered
step-index fibre performs poorly with any taper. For example, the 5:1
tapered step-index fibre measurements revealed a peak transmission of
17% compared to 35% for the cut off 2.5:1 taper (see in Table 2 and
Fig. 4). The Thorlabs graded-index fibre tapers and the custom gradedindex fibre taper showed high transmissions at all taper ratios. The re
sults of the simulations and measurements of fibre transmission related
to NAeff are presented in Fig. 6. The untapered fibre measurements
provide a firm basis for the more difficult tapered fibre measurements
and are also useful in comparing the relative performance of the fibres
with a fixed setup and consistent test methodology. The complete
measurements of untapered fibres can be found in Github.4 We note that
all values of NAmax are smaller than the manufacturer quoted NA† in
Table 2 and so we include NA* which is based on 80% of maximum
measured transmission of the fibre. Using 80% allows us to approxi
mately match the quoted numerical aperture of fibres from manufac
turers. Since we only used two different input coupling lenses for testing
it is likely that our peak transmission numbers are not optimum for all
fibres because of non-optimum mode matching. The measurements
should, however, allow a fair comparison between the various fibre
types. The NAmax are presented as maximum transmission for each
tapered fibre and are shown in Table 2.

6. Conclusions
Our investigation of fibre transmission versus numerical aperture is
principally aimed at quantifying the expected transmission of tapers to
be used for optical reformatting for a high resolution fibre-coupled
spectrograph. Of particular interest to our designs are 50 μm core

4
https://github.com/Piyamas-Ch/Tapered-and-untapered-fibre-investigat
ion/tree/master/Untapered-fibre-results.
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fibres and tapers from 50 μm to 10 μm. We measured a variety of fibres
and tapers for transmission with a numerical aperture matching tech
nique to assess their properties and to help mitigate the issues facing
system designers of instruments such as fibre optics spectrometers. All
the fibres were tested with the same instrumental apparatus. Adiabatic
tapers made from commercial Thorlabs step-index and graded-index
fibres and custom graded-index tapered show a range of characteris
tics. Graded-index tapers show a more consistent and higher trans
mission versus numerical aperture than do equivalent step-index
tapered fibres. For the experimental results, the Thorlabs graded-index
tapers and custom graded-index tapers give transmissions of over 40%
and 60% into a numerical aperture <0.10 for 0.12NAO, respectively.
The 5:1 step-index tapered fibre should have transmission greater than
50% for the 0.05 NAeff or at the drop-off numerical aperture according to
ouPleaser COMSOL simulations. The simulations and the cut back
measurements suggest that our step-index tapers are undergoing some
deterioration in the tapering process which is disturbing the core/
cladding boundary at high taper ratios. A future set of measurements on
tapers fabricated from step-index fibre with a germanium doped core
rather than a silica core may resolve this issue. Future laboratory work
on tapered fibre couplers will investigate the transmission versus NAeff
of tapers and injection units using representative (telescope) optics and
incoherent light sources with variable point-spread functions.
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