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Abstract

This thesis is about investigation of untapered and tapered fibre transmission properties by ex-
perimentation and simulation. Tapered fibre fabricated from commercial products and custom
fibre from Bath University was investigated including different fibre type, taper length, and taper
ratios. Simulations of untapered and tapered fibre by consideration of geometrical optics using
Zemax are presented and compared to electromagnetic waveguide simulations using COMSOL.
In addition, the impact of modal noise in tapered fibre is investigated, especially graded-index
tapers, by quantifying macro- and micro-bending loss. Moreover, the fabrication of build-in-
house connector tapered fibre is introduced as a robust and cost-saving tool for spectrograph
link. Lastly, a tapered fibre is tested with a compact EXOplanet high-resolution SPECtrograph
(EXOhSPEC) of the University of Hertfordshire using Tungsten and ThAr lamps. Although
the cladding light is detected clearly in custom graded-index taper, the light throughput in EX-
OhSPEC is improved. Overall these results indicate the potential for reasonable fibre-fed spec-

trograph performance using a ’single tapered fibre’.
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Chapter 1

Introduction

1.1 Introduction

Optical bre is renowned for signal transferring with a small amount of loss. The motivation in
the early era of bre optics development was to gure out how to send the information through
the thin glass over a long distance with a small loss. The idea was to draw a high-quality glass to
a very small size by heating symmetrically and adding another layer with a slightly lower refrac-
tive index to obtain “total internal re ection'(TIR). A collection of stories of the very rst fused-
silica core low-loss bre optics was presented by Hecht (2020). Corning in the USA established
a research team to study the enhancement of the material and drawing technique of bre optics
in 1970. They focused on fabricating bre from pure silica glass. The silica glass-made material
has a signi cantly low loss property which led to effective signal transmission especially when
the technology merged into the decade of phone, internet and other optics link devices (Winzer
et al., 2018). Work by Kapron et al. (1970) shows the rst breakthrough reduced the single
mode bre loss from 60-70 dB/km to less than 20 dB/km by improvement of material doping
and drawing process as reviewed in Hecht (2020). Singlemode bre has the property of allow-
ing only the fundamental mode to propagate through the bre due to the very small core size
which is usually less than 10m. The improvement on lower attenuation in homogeneous core
bre glass or step-index (SI) multimode bre down to less than 4 dB/km was successfully (Keck
et al., 1973) reported not long after. The rise of telecommunications in 1977 attracted studies
on drawing scaled-up waveguides so-called "'multimode' (MM) bre. Early successful usage of
MM bre was by American Telephone & Telegraph (AT&T) with transmission rate 45 Mb/s as
reviewed in the document by Winzer et al. (2018). The core size of multimode bre typically can

1
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be from 10 m to up to hundredsm. Furthermore, the concept of fabricating a gradient pro le
core was introduced as the radial index allows further improvements of low loss waveguides so
called "graded-index' (GI) multimode bre optics (Olshansky and Keck, 1976). A preform of
layers of glass with different refractive index) (@radually decreasaufrom central to the edge

of the core which results in a parabolic refractive pro le. After the fabrication process, the rays
of light can propagate at different speeds and arrive at the other end of the bre with less time
difference than step-index bre. Hence, less modal dispersion, i.e. loss occurs from different
velocities in each mode propagation, occurs in Gl than a homogeneous core or S| bre (Hecht,

2017).

Not so long after the rise of communications applications on typical bre optics, tapered bre
emerged to challenge the dif culty of light or mode coupling waveguide, especially from one
large effective area to a smaller one. If the bre optics is stretched adiabatically i.e., energy is
conserved due to the gradual decrease in the diameter, the light propagation should be contained
within the waveguide with small loss (Marcuse, 1987; Birks and Li, 1992) i.e., a mode travelling
through the adiabatic tapered bre should maintain its shape as the fundamental mode (Marcuse,
1987). Theoretical study in transmission properties of MM tapered bre was done by geometri-
cal optics (Li and Lit, 1985) since 1985. They also introduced the effective numerical aperture
of tapered bre as the ratio of the diameter of the tapered and untapered end which is applied
in this work regularly. Though geometrical optics can predict the mode behaviour at a certain
level, EM wave or beam propagation in waveguide became very functional tools in the studies
(e.g. (Casperson and Kirkwood, 1985; Tovar and Casperson, 1994)). Moreover, to fabricate
tapered bres, the adiabatic criterion was a guide on how steep tapered angle can be (Birks and
Li, 1992) but there was no indication of transmission ef ciency until spectrogram analysis work

introduced by Ravets et al. (2013).

Apart from the use of bre optics in communication networks, there is a growth of bre-link sys-
tems in astronomical instrumentation for light gathering reviewed by works of Barden (1996);
Bland-Hawthorn and Kern (2009); Kryukov (2018). The bre-fed spectrograph was rst in-
troduced named "MEDUSA (Hill et al., 1980) with a short large diameter (i.e. 38D bre

optics as light gathering. There has been ongoing use of optical bres for multiplex gains in
multi-object spectrographs. However, there is a rise of interest in extra-solar planet exploration
and the use of a bre link to the spectrograph for stability performance rather than as a means to
access fainter targets. For terrestrial-based spectrographs, there is a requirement for achieving

higher resolution than before. Instead of classically using a slit for the light aperture entrance
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and attaching the spectrograph directly to the telescope mount, a bre optics link offers exi-
bility in the placement of the spectrograph. This allows the spectrograph to be located on solid
ground and in a stable environment. When the spectrograph is no longer affected by the move-
ment of the telescope, enhancement of the performance can be achieved. The type and size
of bre optics used as the bre link depend on the optics size of the spectrograph. In order

to achieve the high resolution, the optic size of the spectrograph, in general, will be inevitably
relatively large and require environmental control such as a vacuum chamber or other compli-
cated supportive optics and these constructions require tremendous space, budget investment
and planning and maintaining cost (for example HARPS (Pepe et al., 2000; Lo Curto et al.,

2015), CARMENES (Strmer et al., 2014)).

Another issue of light propagation in the multimode bre is modal noise that occurs when the
waveguide allows a number of modes to propagate and this leads to loss from modes interfer-
ence (Rawson et al., 1980; Hill et al., 1980; Tremblay et al., 1981; Mickelson and Weierholt,
1983). The loss depends on the mode in the bre-fed spectrograph and is described as Focal
Ratio degradation (FRD) when the incident f-ratio is degraded after the light propagates through
the bre optics (Ramsey, 1988). This speci c mode-dependent loss is caused by waveguide scat-
tering and deformation of the structure such as macrobending and microbending. This raised
the study of installing mode scrambler to eliminate the impact of signal distortion in some spec-
trographs (Ishizuka et al., 2018; Halverson et al., 2015; Petersburg et al., 2018). However, the
debate whether the modal noise has a signi cant impact on S/N reduction or mode scrambler is
effective was raised in (Oliva, E. et al., 2019). They found this depends on the light illumination

into bre optics.

The application of tapered bre particularly on bre-fed spectrograph is studied. This is moti-
vated by the concept that was discussed (Marcel et al., 2006; Haynes et al., 2012) as tapered bre
can be used as the focal reducer or magni cation. Hence, this can be a replacement for standard
bulky optical apparatus for the unmatched size of the beam from the telescope and the spectro-
graph. Though early work by Avila (1988) showed brie y poor light coupling ef ciency results

of tapered bre for the 3.5m ESO telescope link to the Coude Echelle spectrograph. Geometrical
optics of tapered bre were informatively discussed based on the etendue concept (Marcel et al.
(2006); Haynes et al. (2012)). As the tapered bre can be fabricated from any type such as SM,
SI MM, GI MM or even special core arrangement bre then this comes to the vital question,
“what could possibly be the best candidate for the application in bre-based spectrograph?'. An

example of a special tapered bre “Photonic lanterns (PL)', as the link to the spectrograph was
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successfully tested in the laboratory (Birks et al., 2012; Jovanovic et al., 2012; Spaleniak et al.,
2013). There are now also photonic lanterns employed at observatories in instruments such as
PRAXIS (Content et al., 2014). Photonic lanterns (PLs) can be fabricated by adiabatically merg-
ing several SM cores into one MM core (Birks et al., 2015). However, PLs can be challenging to
fabricate, and tapered single MM bres have not many studies explored as a platform for bre
feeding. A high-resolution spectrograph prototype was developed at the University of Hert-
fordshire named EXOhSPEC (EXO-planet High-resolution SPECtrograph) (Jones et al., 2021).
This study examines the feasibility of using less complicated fabrication methods to produce

graded-index tapers which could be used to link to bre-fed spectrographs.

1.2 Ray propagation in optical waveguide

The law of refraction or “Snell's Law' is well-known for light propagation through media that
have a different refractive index. The incident ray that is transmitted and bent after passing
the two-medium interface is called the “refracted' ray. If the ray has angle of incidg e

refracted angley, Snell's law can be written as:

n;singi = nysing; (1.2)

whenn; andn, are refractive index of incident and refracted ray. Snell's law can de ne how
the light travels from a less optical dense (less refractive index) or more optical dense (larger
refractive index) medium to another medium and how the light is refracted. Figure 1.1 shows
the ray travel from medium a to medium b. If a normal line is drawn perpendicular to the
medium interface, in (al), light bends toward the normal when travelling from a less optical
dense mediumng < np). In contrast, in (a2), if the light travels from the more optical dense to

less dense mediunm{> ny), the light will bend away from the normal line.

There is a “critical anglef|c for each medium. The critical angle is when the incident angle
allows no light transmitted and refracted through another medium. In other words, the light will
be bent 90°from the normal line and travel parallel with the medium interface. Considering light
traveling from medium ar) to a medium with refractive indem,, the critical angley. can be

written by using the equation 1.1 as
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1Mo

= sin
Qc n.

(1.2)

This Snell's law determined how the refractive index of glass has a vital role in a light prop-
agation. The difference of medium's refractive index between angg and cladding ffgjaq)
induces “Total Internal Re ection (TIR)' (Hecht, 2017) of rays propagated through a waveguide
if the core and cladding interface assumed to be symmetry. The lower refractive index of the
cladding layer allows light that incident onto the core-cladding interface to re ect back to the
core region and continues to propagate through the length of the waveguide until reaching the

other end.

Figure 1.1 (b) shows the drawing of the ray is incident with critical angie=(qc) onto the

media interface and refracted with 9§°£90°) and travels parallel to the media interface.

FIGURE 1.1: An illustration of law of refraction. Light travel from medium a to medium b.

Medium a and b refractive index ang andny, respectively. (al) shows ray bends toward to a

normal line due ta, < ny. (a2) shows ray bends away from a normal line due,te ny. (b)
shows the ray bends 90°travel parallel to medium interface causedy..
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Conventional optical bre consists of core, cladding and protective layers such as coating,
strength layer lament and plastic cover (Snyder and Love, 1983; Nelson, 1988) in a cylindrical
shape (showing in Figure 1.2). Though, there are some special shapes such as double cladding,
square-core, hexagonal-core, octagonal-core, multi-core or endlessly single mode bre for a
speci ¢ application. Most commercial optical bres today are made from pure silica and doped

with chemicals for example, germanium, erbium etc. as a cladding layer.

FIGURE 1.2: Drawing of bre optics construction. The conventional bre consists protective
jacket, strengthen layer, coating, cladding and core.

Though there were some non-silica glass bres introduced of uoride glass bre, plastic optical
bre (polymer bre) (Gambling, 2000), silica has tremendous advantages of robustness when
the glass is properly drawn, polished by ame and protected. It has high-temperature resistance.
Silica strength was measured at about 140 000 kgi@m it can support a weight of 18 kg with

a size less than a millimetre (Gambling, 2000). Also, the attenuation is small in Visible (VB)

light and starts increasing in Ultraviolet (UV) light (Sums and Cozens, 1992).

1.2.1 Characteristics of optical single mode and multimode bre

By considering a core size, optical bre can be classi ed into two main types: 1) Singlemode
(SM) and 2) Multimode bre (MM). A single mode bre core diameter is relatively small com-
pared to a multimode bre to allow one mode propagation which is typically in a range of less
than 10 m. The diameter of a multimode bre can be up to hundredsrmafdepending on the
objectives of the application. Multimode bre in general is characterised into two main types:
step-index (SI) and graded-index (Gl) bre. The difference between these two types is how the

core material is fabricated. The core of step-index bre typically has a homogeneous refractive



Chapter 1lntroduction 7

index while the refractive index of graded-index bre is gradually decreased from the centre to
the edge. This leads to a parabolic pro le of refractive index related to the position of the core
whereas the refractive pro le of step-index bre related to the position of the core to cladding
cross-section looks like a “step'. Figure 1.3 illustrates the con guration of each bre type by

showing the refractive index pro le, bre end surface and ray propagation.

FIGURE 1.3: lllustration of single mode (SM), Step-index multimode (SI MM) and Graded-
index multimode bre (Gl MM)

According to TIR, there is a maximum angle of the incident ray to allow light to propagate
through the core without exceeding the critical anglg between the core and cladding inter-
face i.e., rays are contained within the core region. The Critical Angle from equation 1.2 can

also be written as

Nclad

singe = =sin(90 qc) = cogyc (1.3)

Ncore
Whenngag andneore are the refractive index of cladding and core respectively. Considering that
the refracted ray from the air to the core interface has incidence gl to the core/cladding
interface. Thus

Molad — (1 sirPge) = (1.4)

Ncore
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and rearrange the equation as

NeoreSing; = ( r‘(%,ore r‘c%lad) =2 (1.5)

If the maximum angle that ray propagates into the bre core from outside without leaking into

core (TIR) is considered @ = gmax €quation 1.5 can be written as

. 1 =
SINOmax = ni(ngore n(Z:Iad):L 2 (1-6)
core
N;Singmax iS also known as Numerical aperture (NA).nf= ng, NA, in @ homogeneous core

bre, is

NA- (ngore nglad) 1:2; (1-7)

De ning the NA of the step-index pro le is straightforward using the difference in the refractive
index of the core and cladding. However, the continuous parabolic function of a graded index
can be applied to the refractive index pro le. The common form is typically written as (Sums
and Cozens, 1992)

r
nr=ny 1 (:—0)2 (1.8)

n(r) is the refractive index considered at radial distancegris a core refractive index at the
centre of bre and is a peak value of the pro leg is the physical core radius of the bre. In

order to achieve TIR, n(r) is always smaller th&fdding

1.3 EM waveguide: mode propagation in bre optics

Although using ray tracing to study light propagation is effective, especially in large-scale optics,
electromagnetic analysis using Maxwell's equation is considered the fundamental method for
solving waveguide problems. The propagation of light is considered Electromagnetic (EM) eld
propagation instead of rays. Guided waves electric and magnetic elds with time independence

can be expressed in a standard form as
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E=eel P2 (1.9)

and

H=hel b2 (1.10)

E and H are electric elds and magnetic elds, respectively. WithEland travel (propagating)

in the z-direction. e and h are the amplitude of E and H elds larisithe propagation constant.

This guided E and H eld can also be expressed as a ‘'mode'. Each mode can also mean each
path of light. The light that travels con ned in a core region without leaking to cladding and
reaches the other end of the bre is de ned as 'bounded mode'. When light travels through the
bre with many paths, they are called "'multimode'. Also, the single mode bre is when there is

only one ray path of light propagated.

In optical waveguides, the mode can be categorised depending on the eld and the type of
rays. For example, Transverse Electric (TE) and Transverse Magnetic (TM) mode is de ned
as when there is no E or H eld propagating in that considered mode, respectively. In other
words, TE mode is de ned when E is perpendicular to z (optical axis/ propagation axis) and TM
mode is de ned when H is perpendicular to z. TE and TM modes are similar to the meridional
rays (propagated light passes through the optical axis). However, in bre optics, considered as
cylinder shape, modes are mostly hybrid (Hybrid Electromagnetic (HE or EH) mode), which has
a complicated polarization. Hybrid modes are considered as skew rays as the light propagates
along the core surrounding the optical axis. The hybrid modes consist of both electric and
magnetic elds i.e. e and h are 0. This complicated polarization combination of elds in

both E and H can be expressed by Bessel functions (Sums and Cozens, 1992). In addition, a
refractive index of the core typically depends on radial distance but is constrained along the
optical/propagation axis (z). In other words, the refractive index is varied along the radius but
constant along the length of bre optics. Each mode has an individual refractive index. Hybrid
modes can be simpli ed by linear combination and expressed in the "Linear Polarization' (LP)
mode. For exampld,Py; (Fundamental mode) is constructed from1HH_P1; is constructed

from HE,1, TMg1 and Thyy, LPy2 is from HEx», TMgp, TEg2 and LB is from HEs» and EH»

etc. (Sums and Cozens, 1992).

V-number (V) is a vital parameter used to explain if the bre is single mode or multimode. This

parameter has a direct relationship with the propagation of a number of modes in a bre, which
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alsoisrelated to bre type and size as shown in the following equation. V-number can be written

as

V  number= ZI—prNA; (2.11)

where r is waveguide core radiuk. is a wavelength that propagates in the bre optics. If V-
number is less than 2.405, the bre is single mode support i.e. there is only the fundamental
mode propagates along the bre (Hecht, 2017). As the next higher order ra&gg occurs

at V-number=2.405, the bre now supports non-fundamental modes. Moreover, V-number is
also used to validate if geometric optics or EM waveguide theory using Maxwell's equations is
suf ciently accurate to solve the waveguides problems. Geometrical optics is valid for a case of
multimode bre with V>> 1 (Snyder and Love, 1983). Also, geometric calculations will have

errors of more than 5% for waveguides with&v 20 (Snyder and Pask, 1973).

In addition, discussions in (Olshansky, 1976; Hill et al., 1980) that number of modes in graded-
index bre is less compared to step-index bre in comparative size and numerical aperture. The

number of modes that Gl and Sl bre can support is

V2

Ng| = Z; (1.12)
V2

Ns| = X (1.13)

respectively. Wher®lg, is the number of modes that Gl bre can support &kglis the number

of modes that S| bre can support. V is V-number as mentioned in equation 1.11.

1.4 Fibre transmission

The term “attenuation’®) is familiar and commonly used in the bre optics eld. The signal or
information or light losses along the length of bre (L) is determined in units dB/km. Decibel or
dB is the fundamental unit used to express measured power on the logarithmic scale. The loss

indBisdB= 1000:0(P,=P) (Nelson, 1988; Hecht, 2017), so attenuation can be written as
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10
a= TIoglo(PozP,): (1.14)

While B andP, are input power and output power, respectively. The transmission is also the
simplest way to determine the loss by the ratio between radiant ux illuminated on the input
surface and measuring at the output surfaced,eB. This is commonly a power measuring in

Watts. Transmission can be written in a relationship with attenuation as

. P -

Transmissiors EO = 10¢( aLt=10:. (1.15)
[

Loss in dB can be compared directly to transmission in %. For example, loss in dB=0.01 mean

there is 99.8% of transmission per km, 0.2 dB = 95% transmission, 10 dB is 10% etc. (Nelson,

1988).

1.5 Gaussian beam propagation

1.5.1 The shape of Gaussian beam

It is important to understand that when considering highly collimated light (very small diver-
gence), particularly on laser propagation, the Gaussian distribution is used to describe the inten-
sity pro le of the beam. This is the so-called "Gaussian beam'. The Gaussian beam is considered
based on the EM wave theory. The shape of the intensity of the Gaussian beam pro le can be
expressed with the Gaussian function as Figure 1.4. There are two widths categorised for the
Gaussian pro le. Firstis Full Width at Half maximum (FWHM), which is the width of the beam

de ned at half of peak irradiance. The other e width which is de ned at 13.5% of the peak

of the pro le.
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FIGURE 1.4: Irradiance pro le of a gaussian beam considering at wavefrari o) prop-
agation. A width at half of the irradiance peak (50% of peak) is FWHM. A Gaussian width is
1/e17 located at 13.5% of the peak.

Ideally, the perfect collimated light has no divergence and has the shape of perfect Gaussian as
shown in Figure 1.4. However, the real-life laser beam is diverged after launching away from
the source and if considering light propagation through a nite aperture, the irradiance of the

Gaussian beam expressed with Gaussian function can be written as

2P

— 2r2=w(2)? _ .
I(r)= lge 7pw(z)2'

(1.16)

lo is a peak of the pro le. w(z) is a beam radius considering the width of 13.5 ofs radial

distance from the axis, and P is total power. The highly collimated beam has a at wavefront
considered at beginning of light emitting from the laser (z=0) then light eventually spreads
after propagation along the distance z, so the at wavefront slowly transforms into a curvature

wavefront, and curvature of the wavefront can be written as
n #

2 2
RZ)=z 1+ % : (1.17)

The R(z) is the curvature of wavefront at the propagation distance z. R(z) is in nity, i.e. no

curvature at distance z=0Qy is the beam waist when wavefront is at and not spreading (beam
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waist at z=0). Typically this is de ned by the diameter size of the laser béarmthe coherent
light wavelength that is propagating. The beam waist considered at distance z after the light at

wavefront turns to curvature wavefront can be written as

" #
I
wW(z)=wp 1+ pT (1.18)

Gaussian beam diverging and increasing of curvature is not linear. Figure 1.5 illustrated the
Gaussian beam propagation from the laser along distance z with beamagaist z=0 the
wavefront is at and spreading over the distance z then returns to be a planar wavefront again
at in nity (R(¥)=¥). A beam waist that is spreading and increasing with distance by a factor of
P 2 is called the 'Rayleigh range'. At the Rayleigh range, the wavefront curvature is maximum.

This Rayleigh range can be written as

(1.19)

FIGURE 1.5: lllustration of Gaussian beam propagation along distance z

The range of Gaussian beam propagation can be categorised by the Rayleigh range. When
curvature can be measured as maximum, these ranges of light propagation are in near- eld and
mid- eld (z 6 Zg. Far- eld divergence is whenz> Zg (z> 10Zz ). Divergent angled) can

be estimated as(2)=z with large z. Optimum waist sizevg(optimum)) can be expressed as

wo(optimum = T (1.20)
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1.5.2 Transformation of Gaussian beam by lens and aperture

Gaussian beam waist and magni cation can be transformed by passing through lenses and aper-
tures. In geometrical optics, considering the light propagates through lenses, the change of

image magni cation and distance can be expressed with the Lens-maker's equation as

1 1 1
i @o"' < (1.21)
when f is the focal length of the lens, s” is the image distance and s is the object distance from

the lens. Magni cation (m) of the image can be expressed by m=s"/s.
Lens-maker's equation can be written by applying Rayleigh range (Self, 1983) as:

., t
f 90 s+ Z2=(s f)

(1.22)

Figure 1.6 illustrates the collimated Gaussian beam propagation and focus by a lens. Rayleigh
rangeZg is changed t@3%ccording to a beam passing through a lens as well as magni cation of

the image spot. The magni cation is usually the ratio between the image and object height. For

a Gaussian beam, this can be considered as the ratio between the beam waist after and before the
light passes through the lens. Applying the Rayleigh range term to the magni cation formula

and the lens-maker's equation, the magni cation of Gaussian beam is

0_ 1 .
T (s D+ (ze=h?

EJES

(1.23)

Hence, a transformed Gaussian beam or focus beam Rayleigh range is

700 2Zq (1.24)
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FIGURE 1.6: lllustration of Gaussian beam transformation by a lens. The collimated Gaussian

beam with waistvy propagates through a lens with focal length f. The focus Gaussian beam

has transformed waistd® The focus beam waist magni cation m is a ratio betwe@fandwo.
Rayleigh range of collimated beaRz is transformed by focuser lens Z§°

The light, particularly coherent light such as from a laser, diffracted by a circular aperture ap-
pears as an "Airy pattern' or "Airy disc'. The pattern of the Airy disc is slightly different from
the Gaussian beam as the light has a circular bright spot in the middle of alternative bright and
dark rings. When intensity drops to the rst zero the spot diameter is de ned as an "Airy disc'
diameter. This is typically used to show the uniform light image spot illuminated from a uni-
form circular pupil. Figure 1.7 shows the example of an Airy pattern (image on the top right
is from Hecht (2020)) and the pro le of an Airy disc. However, when the pupil illumination is
not uniform, which happens in the real life, i.e., the intensity at zero can not be de ned. The

diameter of FWHM and 4e? becomes alternative ways to determine image spot pro le instead.

FIGURE 1.7: Irradiance pro le of airy disc and an example image of an airy disc. The pro le

shows the pattern of a bright spot surrounded by alternative dark and bright rings. The Airy

disc diameter is de ned when the irradiance drops to 0. The top right airy disc image is from
Hecht (2020)
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Focal spot diameter in a diffraction-limited lens can be expressed as

d= KI f=# (1.25)

K is a constant dependent on the truncation ratio. f/# is the f-number of the lens at truncation and
can be de ned by the ratio of lens pupil diameter to lens focal length in the case of a focusing

beam. K of FWHM width and of 2? are

0:7125 0:6445
(T 02160)217° (T 0:2167)2224

Krwnm = 1:029+ (1.26)

and
0:6460 0:5320

(T 028161821 (T 0:28161891

Kiz = 1:6449+ (1.27)
Truncation is one vital factor that should not be neglected. Gaussian Beafriwdist diameter
(denotedDy,)) is truncated when the collimated light passes through a limited size aperture (di-
ameterD;) such as iris diaphragm and lens. For example, Gaussian light is truncated by an iris
diaphragm and focused by a lens with focal length f shown in Figure 1.8. The iris diaphragm di-
ameter, which can be adjusted, can affect the spot diameter of the focused beam. The truncation

ratio is

Dp
T=— 1.28
D, (1.28)

while T>1 approaches the uniform pro le, i.e. Airy disc, an& 0.5 approaches Gaussian

pro le. Note that in this work, £€? is considered as the image spot.

FIGURE 1.8: Truncated Gaussian beam illustration. The Gaussian beam is transformed by
propagating through a limited size aperture, which is an iris diaphragm. The spot size is trans-
formed according to the aperture size.
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1.6 Tapered bre background

Over the last decade, tapered optical bre became known in various applications in optics such
as high power laser coupling (e.g. Alder et al. (2000), optical sensors for environmental monitor-
ing (e.g. Korposh et al. (2019)), biosensors (e.g. Tian et al. (2011); Kumar et al. (2019)), astro-
nomical instrumentation such as bre-fed spectrograph (e.g. early test with ESO telescope Avila
(1988) and laboratory test (Marcel et al., 2006; Haynes et al., 2012)). Tapered bre is one of the
most effective optics applications for coupling the light from a large effective area to a smaller
one. Tapered bre is the bre optics that was stretched symmetrically as a result of uneven size
in the stretched region so called “waist'. Typically, the tapered bre is fabricated by the adiabatic
“heat and pull' technique (Amitay et al., 1987; Birks and Li, 1992; Marcel et al., 2006; Haynes
et al., 2012; Yerolatsitis et al., 2014; Yerolatsitis et al., 2015). Chemical etching techniques
were successfully used for taper fabrication in some studies (Alder et al., 2000; Yang et al.,
2005). Figure 1.9 shows the structure of tapered bres with the assumption the bre is stretched
symmetrically. There are three main regions in tapered bre, which are 1. untapered region 2.
taper or transition region, and 3. waist region. Ideally, the pulling is controlled with the pulling
rate with stable heating that allows a gradual decrease or increase in core and cladding diameter
along the bre to create two transition regions. In this work transition region is de ned by the
light propagation direction. Downtaper is considered when the light propagates from untapered
end to tapered end and "uptaper' is when the light propagates from tapered end to the untapered
end. The length of transitiorL§own and Lyp) can be selected as symmetric for uptaper and
downtaper or can be selected with different lengths as will depend on the user needs. Note that
in this work, samples of tapered bre mainly investigated on a half of the two-transition-region

as uptaper or downtaper.

"Heat and pull' is one of the most common methods to fabricate adiabatic tapered bre (Birks
and Li, 1992; Yerolatsitis et al., 2015). Itis possible to heat and permanently stretch any bre to
narrow it down over a de ned short length; thus, single mode (SM) bres or multimode (MM)
bres can be tapered to meet the needs of a given application. Typical mechanics of a tapering
machine has two main elements: 1) highly accurate temperature control heat source and 2) bre
holders with adjustable pulling rate. The conventional breis held rmly on the holders and heat

is applied while slowly pulling each end of the bre outward from each other. The parameters
of temperature, stress and speed pulling rate are calculated carefully depending on the required

speci cation such as taper length and ratio.
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FIGURE 1.9: lllustration of tapered bre structure. The bre with original diametgris
stretched out from both sides symmetrically and has tapered ends contained in waist region
with tapered diameted,. The waist length i4,,. The transition length of downtaperligown

and uptaper i p.

The taper length has a vital role in the transmission of the taper. To be able to fabricate an
adiabatic taper there is a minimum taper length that depends on the core size and required taper
ratio. The criterion of an “adiabatic' taper is when the transition of taper angle is less than

W(Snyder and Love, 1983; Musa et al., 2016).

r(9(by by)

W) = 2

(1.29)
whereWis a maximum transition angle for taper to be adiabatic, r(b) is the core radius at point
z where z is the distance along an optical axis of bibg.andb, are the propagation constants

of two modes that have the possibility to couple.

1.7 Overview

This thesis is about the study of non-tapered and tapered bre transmission properties by study-
ing theory, modelling and experimentation on the variety of bre optics to apply the most effec-
tive bre candidate to bre-fed EXOhSPEC. Introduction, review theory and related topics in
this research are presented in Chapter 1. Explanations about ray propagation in bre optics and
characteristics of single mode and multimode bre including mode propagation in bre optics
considering EM waveguide are also presented. The transmission of bres de nition was de ned.
The theory of Gaussian beam propagation is reviewed. Lastly, a background in tapered bre is

presented.
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In Chapter 2, the variety of conventional non-tapered bre transmission properties with coherent
light was investigated. Firstly, the comparison between single mode and multimode bre trans-
mission related to mode number was studied. The preliminary setup designed for transmission
measurement and image taking was presented. Test bres were single mode and multimode bre
with varied core diameters such as I, 25 m, 50 m, and 62.5 m including plastic bre,
endlessly single mode, and square-core bre. The results show the rise of mode numbers as the
bre core size increases. Experimental results of an alignment of input beam position impact
on transmission are also presented. After that the setup to measure transmission dependence
on input beam numerical aperture or effective numerical aperifg:{ with an NA matching
technique was designed. The technique allows optimal coupling light into test bre. Due to
using a variety of microscope objective lenses for light coupling, an improvement of the setup
by a microscope objective lens transmission test was explored. A comparison of 4x and 10x Ed-
mund and Olympus objectives were studied and results con rm Olympus lenses perform better
as the beam coupler for the transmission test. In order to verify bre coupling ef ciency, the
spot size of the input beam at each varied NA was calculated based on Gaussian beam calcula-
tions (Liu et al., 2019) and con rmed with Zemax simulations. The Gaussian beam calculation
results identi ed that the spot size at the smdlei less than 0.05 will be larger than 1@n,

which is the smallest core diameter of our test bre. This suggested the light coupling will be
performed poorly for the setup BtAe < 0.05 which agreed with the experimental results. Un-
tapered 10m step-index, 50m step-index and graded-index bre were simulated. The models
NA were based on Thorlabs Sl and Gl bre and custom Gl bre, which are 0.22, 0.20 and 0.30,
respectively. Experimental results of transmission vel$g of untapered bres as mentioned

are presented and agreed with the simulations.

Tapered bre transmission properties with coherent light illumination were investigated by both
simulations and experimentation in Chapter 3. 5:1 tapered graded-index and step-index Thorlabs
bre were simulated in geometrical optics by Zemax and in EM waveguides by COMSOL. Note
that the tapered length of the samples was 100 mm in this chapter but further additional lengths
were explored and presented in Chapter4. The results proved the 5:1 tapered bre fabricated
from the original 50 m core diameter should be analysed using EM waveguide calculations.
Also, the COMSOL simulation results agreed with the experimental results. The difference be-
tween tapered bre samples prepared by Thorlabs and Bath facilities is discussed. The modi ed
transmission versuNAgs experimental setup was described but still used the same method on

NA variation and NA matching technique. The impact of cladding light was investigated and
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results revealed a small percentage of cladding light contaminated on overall transmission in the
case of 100 mm taper length samples. Though taper length impact of cladding light was further
studied in Chapter 4 as the shorter length can generate more cladding light contamination. In
addition, transmission results showed an unexpected signi cant loss in step-index tapered bre
and this was con rmed with an additional "cut back’ test that the tapered step-index bre poorly
performed in any case. "Cut back' test was designed to measure each tapered bre at different
taper ratios after the taper length was cut off from the original 5:1-taper-ratio length to a bigger
ratio i.e., the length of tapered bre was cut off resulting in a bigger diameter at the tapered
end. This was suspected as the core-cladding interface of step-index bres was destroyed by the

tapering process.

In Chapter 4, the incoherent and coherent light transmission in tapered graded-index and step-
index bre including untapered multimode bre was studied. The main focus of this chapter
was to explore the best candidate graded-index bre that performed the best in terms of trans-
mission. At the beginning of the chapter, the optimal setup for coupling incoherent light into
test bre was explored. Then modi ed coherent light transmission test setup was presented
and used for transmission test comparison to the incoherent light results. The evidence from
the experimentation shows there is more light loss in general for incoherent light in the same
test taper compared to the coherent light coupling. Moreover, the impact of the taper length on
transmission properties was investigated. The results from both COMSOL simulations and ex-
perimentation indicated shorter tapers allow more light transmitted with lower loss than longer
tapers although the cladding light rises accordingly. Then the modal noise of tapered bre was
studied by coupling beam misalignment and bending impact on transmission. There were two
bending techniques presented which are the macro-bending and micro-bending methods. The

main focus of bre for the modal noise test is graded-index Thorlabs and custom bre.

The application of the tapered bre concept and tests on high-resolution spectrograph EX-
OhSPEC were presented in Chapter5. The fabrication of tapered bre was explained further
including a preparation method for built-in-house connectors with trifurcated bres and cus-
tomised packaging of spliced tapers. The trifurcated bre prototype comprises tapered bre,
10 m step-index bre and 50m graded-index bre. The tapered bre was originally either
from a Thorlabs Gl commercial product or a custom Gl from Bath University. The methods of
feeding light to EXOhSPEC were described including the EXOhSPEC throughput test. After
that, the results of tapered bre feeding by EXOhSPEC from a Tungsten lamp and ThAr lamp

were shown. The tungsten lamp indicated that the tapered Thorlabs Gl taper does not improve
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the spectrograph performance but custom Gl results are promising. The ThAr lamp results were
mainly used to measure the fullwidth of half maximum of output spots. The focus on 690 nm
wavelength is to simplify the experimentation and was discussed. The results indicated that
ThAr spots of 690 nm obtained by the EXOhSPEC with Thorlabs taper are smaller tham 10

S| bre. Although the light throughput is better in custom Gl taper compared tori@I| bre

and Thorlabs Gl taper, the cladding light was detected and the spots diameter is larger than the

other two. Lastly, the research conclusions are presented including future work in Chapter 6.



Chapter 2

Transmission properties and modes In

conventional optical bre

2.1 Introduction

This chapter is about studying transmission properties and modes in conventional bre optics
i.e. “untapered' bre, both single mode and multimode type. In section2.2, the preliminary
setup for transmission tests related to mode number and the input light illuminating position are
presented. The impact of misalignment is also discussed as this can cause a signi cant light
loss in bre optics. After that in section 2.3, setups for transmission test were explored and op-
timised by selecting the most compatible microscope objective lenses (Edmund and Olympus).
An NA matching technique that allows optimal light coupling into a test bre is presented in sec-
tion 2.3.1. Relative transmission de nition for the experimentation is described in section 2.3.2.
The Gaussian beam theory on bre coupling on the transmission test setup by Zemax simula-
tions is explained in section 2.3.3. This is used to calculate spot size from the variable NA beam

setup to couple into the bre optics.

Moreover, untapered bre was simulated based on Thorlabs and Bath custom bre speci cations

by Zemax calculations of geometric optics in section 2.3.4. Models are step-index and multi-

mode bre with a core size of 10m and 50 m with varied NA: 0.1, 0.2, 0.22 and 0.3. Fibres

that were simulated are custom graded-index bre, Thorlabs step-index and Thorlabs graded-
index bre. Lastly, the transmission dependenceMfy experimental results are presented

from both early and improved version of the setup here.

22
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2.2 Mode number and transmission property impacts on light illu-

mination in single mode and multimode bre

Generally, the number of modes propagation through the bre optics depends on the size and
type according to equation 1.11. Multimode and larger core diameter bre should allow more
modes to propagate. In this preliminary work, images of the spot pattern from bre output were
taken. The setup was designed to take a far- eld image with a ZWO ASI178MM camera by
using a 635 nm red laser diode. SharpCap 3.0 was used to record the images. The setup drawing
is shown in Figure 2.1. The bre input was held on a 3-axis translation stage. The power output
was measured in a relation to the input beam position i.e., transmission variation, while the
far- eld images were taken. Selected exposure time for each image was based on the output
image that was not saturated. As the mode number was counted manually, the likely error from
estimation can be higher than 20% for multimode bre that supports hundreds of modes. While
the error is small (less than 5%) when the single mode or small si2® (m core diameter)

bre was tested.

FIGURE 2.1: Drawing of far- eld image taking setup. The setup is designed to take a far- eld
image of bre output and be able to record the transmission of bre.

Test bres were single mode, 10n multimode step-index, 25m multimode step-index and

62.5 m multimode graded-index bre. All were tested for mode number and transmission
in uenced by the input light illumination. All test bres have jackets and FC/PC connectors. In
this work, the mode was de ned by the bright spot shown on the far- eld image of bre output

as there is a simple concept for the understanding of mode variations from the change of spots
pattern. Thus, the number of modes in this work is a bright spot shown in the output image.
Images of bre output or mode number variation were manually counted as this is considered

to be related to mode number propagation in bre. Results of four bres were presented in a
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relationship between transmission or mode number and input beam position in three axes (x, v,

2).

25 m core diameter step-index multimode bre output images are shown in Figure 2.2. The
positionatx =0 m (ory=0 m, orz=0 m) is de ned as a position when light propagates

into the centre of the bre's core. Experimentally, the centre of the bre core was de ned when

the maximum power output/ transmission was measured. Transmission is a ratio of output power
to input power. After a bre centre position was de ned, the input beam was slightly misaligned

by adjusting a three-axis translation stage in either axis (vertical, horizontal or optical axis) then
the power output was measured at each displaced position. Figure 2.3 shows the mode numbers
increasing by off-centre alignment in each direction. Note that the z-axis is de ned as the focal
plane axis, the x-axis is the horizontal plane and y-axis is the vertical plane. Results show that
changes in mode number are less sensitive in the focal plane or z-axis compared to x- and y-
axis. This is also related to the power output measured in Figure 2.4. Transmission measured
is decreased at each off-centre position and reaches zero when the beam input is completely off
the bre core region. Mode numbers or spots were increased with the off-centre position. Due
to the light was not in the most optimal condition. i.e., light is not incident on the centre of the
core. The mode pattern appeared as lots of speckle patterns as non-fundamental mode instead of
the fundamental mode. This suggests that losses of the bre waveguide are related to the mode

number propagation.

FIGURE 2.2: The output spot images of 28 core diameter step-index multimode bre. The
maximum transmission is de ned at x = @n. T is the transmission of the bre. Mode number
is increased with more off-centre beam distance.
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FIGURE 2.3: The graphic columns demonstrate a number of modes depending on the position
of input beam for a 25m core diameter step-index multimode bre. There is an increase in
mode numbers for each decentered position. Mode number is lowest at the centre position.

FIGURE 2.4: The output transmission versus beam input position in each axis resultsof 25

core diameter step-index multimode bre. The maximum transmission is de ned at xm. 0

Graphs show a drop of transmission as soon as the beam input is slightly off the centre and
reach zero when the beam is completely off the bre input centre.

10 m core diameter step-index multimode bre output mode numbers are related to input beam
position is shown in Figure 2.5 and transmission variation results are shown in Figure 2.6. The
core size is smaller than 25n core diameter step-index multimode bre, hence there are fewer
mode numbers that this bre can support. For 635 nm wavelength, thisnlGore diameter
step-index multimode bre has V-number 4.95 and can support about 13 modes. Compared to
25 m core diameter bre, the transmission dropped more rapidly when the beam input position

was moved further from the core if considering the same scale change. This is because of a
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smaller diameter. Maximum transmission of 1 S| bre is similarto 25 m Sl bre ( 0.14).

FIGURE 2.5: Results of mode number dependence on the beam input position in each axis of
10 m core diameter step-index multimode bre.

FIGURE 2.6: Results of transmission variation dependence on the beam input position in each
axis of 10 m core diameter step-index multimode bre.

Lastly, 62.5 m core diameter graded-index multimode bre output mode number related to
input beam position is shown in Figure 2.7 and transmission variation results are shown in Fig-
ure 2.8. The core size is bigger than 28 and 10 m core diameter step-index multimode bre,

hence there are more mode numbers at the bre output and more transmisBi65)
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FIGURE 2.7: Results of mode number variation dependence on the beam input position in each
axis of 62.5 m core diameter graded-index multimode bre.

FIGURE 2.8: Results of transmission variation dependence on the beam input position in each
axis of 62.5 m core diameter graded-index multimode bre.

2.3 Transmission and effective numerical aperture of single mode

and multimode bres

This section describes details of the experimentation, the bre test setups for coherent light
illumination, the principle of the numerical aperture matching technique applied, and the relative
transmission de nition. Test bres was obtained from Thorfab&hromis Fiberopticg and

custom bre from the University of Bath.

Ihttps://www.thorlabs.com/
2https://chromistechnologies.com/
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Figure 2.9 shows a drawing of the early setup. This setup was designed for transmission mea-
surement and far- eld image recording. Relative transmission in this rst setup is a ratio between
output power and input powerll (= %). An Edmund microscope objective lens (MOL) was
attached to a three-axis translation stage and used to focus the laser (638 nm) beam onto the bre
input end. The iris diaphragm diameter was xed at 9 mm in order to select a rectangular beam
into a circle to match the objective lens entrance pupil size. A rectangular beam was used for
the source. The beam has a width and height larger than 9 mm (maximum iris diameter) as there
was a limitation of source supplies on a circular laser. There were two three-axis translation
stages used which have different precision: course and ne precision. The rst one ham500

ne adjustment at 50 m per revolution and the second has more precision which is B0he
adjustment at 50m per revolution. The Edmund microscope objective lenses (10x and 20x)

speci cation in this setup is shown in Table 2.1.

FIGURE 2.9: A diagram of an early stage of the transmission measurement setup. The source

is 638 nm laser diode. The iris diaphragm is xed at 9 mm. A microscope objective lens is used

to focus the collimated light into test bre. The 3-axis translation stage is used to adjust the
bre position for light coupling and the detector is placed after the test bre.

TABLE 2.1: Microscope objective lens (MOL) speci cation

MOL focal length (mm) NAwoL Exit pupil diameter(mm)

4x 29.27 0.10 5.85
10x 17.02 0.25 8.51
20x 8.33 0.40 6.66

NAvoL is the Numerical Aperture of a microscope objective lens. Entrance pupil diameter
(FmoL) is calculated by using the equatidlA = % where n is a refractive index which is

1 for air and f is the focal length of microscope objectives lens.

Apart from the conventional bre such as single mode and multimode bre, there were the
special types of bre studied such as a square core, double cladding layers, and endlessly single

mode bres. All tested untapered bre speci cations for this research are shown in Table 2.2.
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Note that test bres were with and without protective jackets. "Bared' bre is used for the bre
without connectors and protective layers and "Connectorised’ bre is used for the bre with a
jacket and FC/PC connectors. The preliminary tests of transmission with this rst setup and
results are shown in Table 2.3.

TABLE 2.2: Untapered bre speci cation comprises of type, geometrical core size, manufac-
turer's NU (NAT), and Part number. Note that the core speci cation of single mode bre is
mode eld diameter. POF-62SR is Chromis Fiberoptics product.

Type Core (m) NAT Part number
SM 2.8-4.1 at488nm 0.10-0.14 SM450
SM 3.6-5.3 at 633nm 0.10-0.14 SM600
SM 4.0 0.5at630nm 0.13 630HP
ESM 12.2 0.09 0.02at1064nm ESM-12B
Double-clad 9 (1st)/ 105 (2nd) 0.12/0.2 DCF13
SI MM 10 0.10 FGO10LDA
Gl MM 25 0.10 FGO025LJA
SI MM 50 0.22 FGO50LGA
Gl MM 50 0.20 GIF50E
Gl MM 62.5 0.275 GIF625
Gl MM plastic 62.5 0.185 POF-62SR
Custom Gl MM 50 0.30 custom bre
S| MM 105 0.39 FP150QMT

TABLE 2.3: Transmission results of untapered bre without NA matching technique applied.
10x Edmund objective lens was used as a focuser.

Fibre NAT Transmission
single-mode 0.10 0.12
f 10 m Step-index 0.10-0.14 0.14
f 25 m step-index 0.10 0.14
f 62.5 m graded-index 0.275 0.55

2.3.1 Numerical Aperture matching technique and the improved transmission

test setup

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 bre's
numerical aperture and core size then maximum coupling to the bre core is possible. In other
words, if the beam is incident at a suitable convergence angle on the bre it can propagate along
the core without leaking into the cladding. The collimated beam and focusing lens combination
can vary the NA of the focused beam on the bre core depending on the aperture stop. This
is the typical technique used in experimental works (Marcel et al., 2006; Haynes et al., 2012;
Jovanovic et al., 2012; Spaleniak et al., 2013). In the test apparatus, the numerical aperture

of the focused beam from the collimated source to a bre is varied by adjusting an iris stop
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diameter at a xed distance from the microscope objective lens. Thorlabs presented a beam

pro le measurement setup which is very similar to the sétup

Figure 2.10 shows the matching setup drawing. There is an iris diaphragm with an adjustable
diameterdis, and a microscope objective lens of either 10x or 20x with entrance gupil.

Collimated light from Laser diode is used as a source.

FIGURE 2.10: Drawing of NA matching setup.

The effective numerical aperturdlfes) of this optical system is calculated by the following

equation:

NAett = NAwvioL

; (2.1)

whereNAgs is an effective numerical aperturdAyoL is the full numerical aperture of a micro-
scope objective lens (MOL). The diameter of the iris diaphragm and the internal stop diameter

of the microscope objective lensdgis anddyorL respectively.

Edmund 10x and 20x magni ed objective lenses were used in the early stage of the setup (Fig-
ure 2.1). The proper magni cation objectives were chosen for each bre, e.g., 10x is matched
with an up to 0.25NA bre such as single model0 m,f 25 m andf 50 m bre while 20x

is matched witif 150 m square-core bre.

There are example results of a relationship between transmission and bre input position after
applying NA matching technique. The graphs present the transmission varies according to the
bre input position along the x- and y-axis. Results of test bres shown here are single mode
(Figure 2.11 and Figure 2.12) and multimode bre with varied core sizes. Multimode bres
results are 10m step-index bre (Figure 2.13), 25m step-index bre (Figure 2.14), 50m
5m-length graded-index bre (Figure 2.15), 62.5n1 3m-length graded-index bre (Figure 2.16)

and 150 m square-core step-index bre (Figure 2.17).

Shttps://iwww.thorlabs.com/images/Tablmages/Multimode_Fiber Beam_Lab_Fact.pdf
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TABLE 2.4: Transmission results of untapered bre with NA matching technique applied.
Transmission results were measured by the setup in Figure 2.9. The test bre has FC/PC con-
nectors and jacket protective layers.

Fibre matched MOL NAgt Transmission

488-633 nm, single-mode Edmund 10x  0.09 0.6
633-780 nm, single-mode Edmund 10x  0.07 0.6

f 10 m 1m-length step-index Edmund 10x  0.10 0.6
f 25 m 2m-length step-index Edmund 10x  0.03 0.6
f 50 m 1m-length step-index Edmund 10x  0.15 0.7
f 50 m 2m-length step-index Edmund 10x  0.10 0.7
f 50 m 5m-length step-index Edmund 10x  0.10 0.7
f 50 m 5m-length graded-index Edmund 10x  0.15 0.8
f 150 m square-core step-index Edmund 20x  0.15 0.7
f 62.5 m 3m-length graded-index = Edmund 10x  0.10 0.8

FIGURE 2.11: A relationship between transmission and beam-input position on the bre input
end of 488-633 nm operating wavelength range single-mode bre (Thorlabs: P1-460B-FC-5).
Maximum transmission is about 0.55.

FIGURE 2.12: A relationship between transmission and beam-input position on the bre input
end of 633-780 nm operating wavelength range single-mode bre (Thorlabs: P1-630A-FC-2).
Maximum transmission is about 0.50.

FIGURE 2.13: A relationship between transmission and beam-input position on the bre input
end of 10 m step-index bre (Thorlabs: FGO10LDA). Maximum transmission is about 0.60.
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FIGURE 2.14: A relationship between transmission and beam-input position on the bre input
end of 25 m step-index bre (Thorlabs: M67L01). Maximum transmission is about 0.60.

FIGURE 2.15: A relationship between transmission and beam-input position on the bre input
end of 50 m 5m-length graded-index bre (Thorlabs: M116L05). Maximum transmission is
about 0.80.

FIGURE 2.16: A relationship between transmission and beam-input position on the bre input
end of 62.5 m 3m-length graded-index bre (Thorlabs: M116L05). Maximum transmission
is about 0.80.

FIGURE 2.17: A relationship between transmission and beam-input position on the bre input
end of 150 m square-core step-index bre (Thorlabs: M101L02). Maximum transmission is
about 0.72.
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This technique was also continued to be used for the improved version of the setup with better
quality objectives Olympus with 4x and 10x magni cations. This is due to an improvement

in transmission results from the trial test by Edmund lenses. Two microscope objective lenses
were used: 4xNAvoL=0.10) and 10xNAvoL=0.25) in order to take wide-rangingAe; data

related to transmission ratio. The microscope objectives were carefully measured to con rm the
manufacturer'sNAyoL speci cation by measuring the exit pupil diameter and the focal length.
Edmund and Olympus objective lens transmission comparison is presented in Figure 2.18. The
10x Olympus lens transmission is slightly better than Edmund objectives and light coupling is
signi cantly better atNAs¢ > 0.17 due to the exit pupil diameter being bigger than Edmund's
even though the manufacturer's NA is the same. There is no signi cant transmission difference
for the 4x objectives. The experimentation was repeated 5 times within the same condition
without changing the alignment and the microscope objective was left on the holder without
any disturbing. For the reproducing measurement such as repeating the same test with the same
objective lens but the alignment of test bre was repeated, the systematic error is contained
within 5-10 %. This is also applied to the bre transmission test in the later sections. Error of

the experimentation was explained further in section 3.3.3.

FIGURE 2.18: Comparison of transmission of Edmund and Olympus objective lens. A re-
lationship between transmission and effective numerical aperture is presented for 4x and 10x
objective lenses. One sigma errors of transmission are contained within the plotting symbol.

Then transmission setup was modi ed (shown in Figure 2.19). The position of a detector for
input power measurement was xed in one place. This is for same-time recording with out-

put power. This eliminates time-consuming input and output power measuring that was done
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separately in the previous setup. Beam expansion was added to the setup to match the input
beam to the entrance pupil size of the microscope objective leasn). Previously, the beam

shape was rectangular. The new setup has a round shape beam. The setup drawing shown in
Figure 2.19 comprises a 635nm laser diode source (Thorlabs: CPS635R), a beam expansion
telescope, an adjustable iris diaphragm, a three-axis adjustable translation stage and 4x or 10x
Edmund/Olympus 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) were used for the input and output measurements. The out-
put from the beam expansion telescope was a 9.7 mm diameter collimated beam. One important
change here is an adjustable iris diaphragm that allows the beam input numerical to be adjusted.
This leads to the discovery of how to optimally couple light into the bre in this research. NA
matching technique is explained further in section 2.3.1. Also, the change of setup shows slight
improvement on th&lA¢ > 0.17 as example results of 5@n step-index untapered and tapered

bres in Figure 2.20.

FIGURE 2.19: An illustration of an improved version of bre transmission test setup. The

bre test setup comprises a 635 nm red diode laser, a collimated-beam expander consisting of

a two lens-telescope using achromatic doublets, an adjustable iris diaphragm, a beam splitter,

a microscope objective lens (4x or 10x magni cation), a three-axis translation calibrated stage
and two power detectors.
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FIGURE 2.20: A comparison of transmission verdu.« between early setup (Figure 2.9) and

the improved setup (Figure 2.19). Test bre used for comparison are Thorlabs & unta-

pered (UT) bre. one sigma errors of transmission are contained within the plotting symbol.
Systematic error is about 5%.

2.3.2 Relative transmission

According to the setup in Figure 2.19. The power at the bre end was measured and sampled the
input beam with the beam splitter. The power at the position after the beam splitter is de ned
asP;. P, is the power output after the bre end amy is the power output of the re ected
beam from the beam splitter. The intensity of the beam after the beam splitierdirectly
proportional to the intensiti?s with proportionality constard. The parametea is determined

from the measured beam with the two detectors at different positions and is writié® asP;.

The transmission is the ratio of power output to input, which is

P
— 2.2
P (22)
The transmission measurement includes all input and output losses and bre 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 outgt aidP3 are recorded ve

times for each measurement. The mean and standard deviation of each recorded data point are
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calculated. The same apparatus and procedure were used for all bres. All untapered bres were

measured with one metre lengths of bre and cleaved ends unless otherwise noted.

2.3.3 Gaussian beam bre coupling

Coupling light into the bre cores requires care to achieve consistent results with multimode
bres. A truncated Gaussian beam propagation calculation was used to estimate input coupling
variations. Useful explanation on the truncated beam is referred from the document provided
by CVI Melles Griof'. Our setup calculations speci cally can be found in Githulbhe Gaus-

sian beam waist transformation by lens and truncation problems for the setup of a coherent
light transmission test setup in this work can be calculated to identify the nal image spot. Fig-
ure 2.21 shows the drawing of Gaussian beam propagation in the transmission test. The 635 nm
laser diameter is 2.9 mm so the beam waigis 1.45 mm. There are three lenses in this setup
denoted as L1, L2 and L3. The rst two lenses with separated distances L=130 mm are used to
magnify the overall beam size 3.3 times with focal lengths L1=30 mm and L2=100 mm. An iris
diaphragm with a variable diameter range 1-9mm is placed after the second lens and located
before the third lens. The third lens is the microscope objective 4x or 10x with focal length L3=
45 mm or 18 mm, respectively. Considering the collimated beam focused by the rstlens L1, the
Rayleigh rang&g can be obtained by 1.19 and is 10401.89 mm. The distance between the laser
and the rst lens (s) is 55mm. Image distance of L1 (s”) obtained by equation 1.22 is 30 mm.
The magni cation of the beam after the L1 is 0.0029 (calculated from equation 1.23). Hence,
the transformed Gaussian beam from L1 has a transformed vaﬁst-’l(lS m and Rayleigh

range after the rst lens i23°0.09 mm, which is calculated from 1.24. After that, the beam is
collimated by the second lens L2 (f2=100 mm). A similar approach with the lens L1 was ap-
plied. AsS, = 100 mm according to telescope optics (L=f1+f2). The magni cation is 1155.77,
Z%%s 115576.53 mm andd®fs 4833.33 m.

The collimated beam now has waist diametef®: 96.666 mm. Truncation factor of the beam
is calculated from equation 1.28 for 4x and 10x objective lenses. The spot diameter is calculated

by equation 1.25, considering K frome/in equation 1.27.

4https://www.physics.utoronto.ca/ ~phy326/hene/Gaussian-Beam-Optics.pdf
Shttps://github.com/Piyamas-Ch/Tapered-and-untapered-fibre-investigation/blob/master/
Zemax/Gaussian-spot_calculations.JPG
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FIGURE 2.21: Gaussian beam transformation and truncation of the coherent light test setup.

The coherent light is 635 nm. The setup comprises three lens L1, L2 and L3 with focal lengths

f1, f2 and 3. f1=30 mm, f2=100 mm and f3, which can be selected from either f{3=18 mm for

10x objectives or 45mm for 4x objectives. The iris diaphragm has an adjustable diadagter (
from 1-9 mm.

The setup will produce the largest spot size with a Gaussi@f) ({@aist of 47 m and with the
iris diaphragm set at 1 mm using the 4x microscope objective lens. The 4x measurements will
thus have some coupling losses at this setting for bres with smaller core diameters tham 50

The focal spot sizes for the 10x objective were less than2@or all iris settings.

Zemax 19.8 is used to model comparative setups in order to calculate the focal spot of a 635 nm
Gaussian beam. The setup Zemax model shows in Figure 2.22 The le is also located ifPGithub
The non-sequential mode was selected. The beam original waist was 1.45 mm sndievhed

as 1. A pair of lenses in the telescope were selected as paraxial lenses with focal lengths 30 and
100 mm, respectively. The stop Circular Obscuration aperture type was de ned to imitate iris
aperture and the size of the iris aperture can be adjusted at the minimum radius box. The stop
aperture location is after a pair of AC doublet lenses with 30 mm and 100 mm focal lengths.
The focuser located after the aperture stop is either a 45 or 18 mm focal length paraxial lens for
the 4x and 10x microscope objective lens, respectively. The calculations by Zemax agree with

Gaussian beam calculations and there was no signi cant difference.

FIGURE 2.22: A 2D images of Zemax model of the transmission dependenb#\gnsetup.

All three lenses in the model are paraxial. A pair of lenses #1 and #2 magni ed beam input x3.3

and the adjustable aperture stop is located before the focuser lens. the focal length of the focuser
can be selected either 45 or 18 mm in order to imitate 4x and 10x objectives, respectively.)

Bhttps://github.com/Piyamas-Ch/Tapered-and-untapered-fibre-investigation/tree/master/
Zemaxparaxial bre _setupZMX)
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The focal spot sizes were also measured directly by scanning a small core bre through them
and these agreed with the calculations. Note there is no attempt to exactly match the bre
core diameters with the Gaussian waists from the two focusing objectives so that transmission
measurements in this research will be smaller than the absolute maximums that could be theo-
retically achieved for the lowest order modes in multimode bres and in single mode bres. Our

principal objective was to achieve consistency across a large range of bre and taper geometries.

The experimental results at very IdWAcx (NAes< 0.05 for untapered bre anblAe«+< 0.02 for

Sl taper anck 0.05 for Gl taper reveal a signi cant drop in transmission due to inef cient mode
coupling to low order modes, i.e. the mode pro le that is not matched at all diameters of the iris
diaphragm. To couple the same mode into the bre for each iris diamig) is extremely

time consuming. Since, the principal interest isNAg> 0.05, the setup is valid to identify

the best performing tapers for the EXOhSPEC. The spectrograph has a 0.16NA acceptance so
a method used to measure light is for different numerical aperture outputs at 0.24 NA and 0.12
NA by variation of the detector distance. The output detector used for bre characterisation has
9.5 mm diameter and the detector was xed at two distances 20 mm and 40 mm. At 20 mm from
the output bre end, the light was detected at 0.24 numerical aperture (denoted as 0.24NAO).
At 40 mm from the bre end, the light was collected at 0.12 numerical aperture (denoted as
0.12NAO). This emulates the transmission of the taper into the EXOhSPEC spectrograph NA
limitation (0.12NAO) compared to the entire output of the taper (0.24NAO).

2.3.4 Untapered bre transmission: simulations and experimentation

The untapered bre was simulated by the non-sequential mode of Zemax version 19.8. The
scaled up dimensions of the bre optics con guration is used as to approach geometrical optics
rather than EM waveguide, so mode propagation is not considered. The composite optical model
had a 0.5 mm rod with a cylinder of 0.5 mm inner diameter and 1.25 mm outer diameter with
1m lengths. For 0.22 NA step-index bre, the core is selected as silica and the cladding index
is de ned as 1.4419 to imitate the 0.22 NA bre. The graded-index simulations use a typical
parabolic pro le for the core refractive pro le to imitate the 0.20 NA and 0.30 NA of graded-
index bre. The design of custom graded-index bre has 6.25 mm outer diameter with the same

inner diameter as Thorlabs bre. A wavelength of 635 nm was used with 100000 rays to perform
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the calculations for tapered geometries. Details of the model calculations and the Zemax model

les are found in Github.

Figure 2.23 presents Zemax simulations of 10 Sl (0.10NA), 50 SI (0.22NA), 50 GI (0.20NA),
and 50 custom Gl bre in a relationship between transmissiorN#kg. The detector in the sim-
ulation collected light from both the core and cladding. The trends of each bre were gradually
decreased d¥l Aot > NAT except for custom Gl bre results. The transmission of the custom

Gl bre is constant over the range bfA. because the cladding diameter (620) is relatively

big compared to the other three bres (12&). When the input NA exceeds the bre's NA, the

light that leaked to the cladding propagates through the cladding region and reached the other
end. This was collected at the detector. Whereas, smaller cladding bre such as 10 SI (0.10NA),
50 SI (0.22NA) and 50 GI (0.20NA) has no light leak to cladding and propagates to the other
end of bre whenNAg exceeded NA

FIGURE 2.23: Results of Zemax model of untapered bre. There werer(5] (0.22NA),
10 m SI (0.10NA), 50 m custom GI (0.30NA) and 50m Gl (0.20NA) bre presented.

For the transmission experimentation, test bres are listed in Table 2.2. Untapered bre results
were tested with the improved setup (Figure 2.19). Some results were tested with Edmund ob-
jective lenses. Conventional and endlessly single mode bre results show in Figure 2.24 and
2.25. Comparison between the 488-633 nm and 633-780 nm operating wavelength range for
single mode bre results are presented. Note that single mode bres have a jacket and FC/PC

connectors and all light from bre output was collected into a detector in both 0.12NAO and

https://github.com/Piyamas-Ch/Tapered-and-untapered-fibre-investigation/tree/master/
Zemax
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0.24NAO setup. Later ESM bre was tested (Figure 2.25) including MM bre. For the multi-
mode bre, results are divided into two sets from 1)early setup and 2)improved setup. The early

MM bre results were connectorised bre while the later results were bared bre.

FIGURE 2.24: Transmission versiéAgs results of two different operating wavelength ranges

single mode bres (Thorlabs: SM450 (488-633 nm) and SM600 (633-780 nm). These results

were measured with 10x Edmund objective lens with the improved setup with 635 nm coherent
light.

Figure 2.25 shows the results of Endlessly single mode (ESM) photonic crystal bre. This -

bre was tested with Edmund lenses with an improved setup. Light collected to the detector at
0.24NAO.

FIGURE 2.25: Transmission versudAq results of Endlessly single mode (ESM) photonic
crystal bre. These results were measured with Edmund objective lenses with a magni cation
of 4x, 10x and 20x.
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Untapered multimode step- and graded-index bre transmission vétags results with the
early setup presented in Figure 2.26. All light of the bre output was collected. There are
various core diameter sizes presented: d0) 25 m, 50 m, 62.5 m and 150 m. Note that
the core of 150 m step-index bre is a square shape. The 50 step-index multimode bre

has similar overall transmission compared to 627bgraded-index bre.

FIGURE 2.26: Transmission versidAgx results of untapered SM and MM bre. Test bres

core diameter sizes are 10, 25, 50, 62.5 and 180These results were measured with Edmund

objective lenses with the early setup without an accurate translation stage for light coupling into
a bre. All light is collected at the output. All bres are connectorised bre.

After the more accurate model three-axis translation stage was applied with the modi ed trans-
mission test setup (Figure 2.19). There is combination results from both Olympus and Edmund
objective lenses. This setup improves light coupling into a test bre. There5%6 change on
repeating the same test andL0% change with a new setup to repeat the experimentation. Note
that this time 'bared' bres were tested instead of FC/PC connectors with jacket layer bres.
Figure 2.27 shows transmission results from the improved setup test. Light collected at 0.24NA
(0.24NAO) and 0.12NA (0.12NAOQ). Tested bres are 6215 Plastic optical bre, 62.5m Gl
Thorlabs bre, 50 m Gl Thorlabs bre, 50 m Sl Thorlabs bre and 10m Sl Thorlabs bre.



	Abstract
	Acknowledgements
	Contents
	List of Figures
	List of Tables
	List of Abbreviations
	1 Introduction
	1.1 Introduction
	1.2 Ray propagation in optical waveguide
	1.2.1 Characteristics of optical single mode and multimode fibre

	1.3 EM waveguide: mode propagation in fibre optics
	1.4 Fibre transmission
	1.5 Gaussian beam propagation
	1.5.1 The shape of Gaussian beam
	1.5.2 Transformation of Gaussian beam by lens and aperture

	1.6 Tapered fibre background
	1.7 Overview

	2 Transmission properties and modes in conventional optical fibre
	2.1 Introduction
	2.2 Mode number and transmission property impacts on light illumination in single mode and multimode fibre
	2.3 Transmission and effective numerical aperture of single mode and multimode fibres
	2.3.1 Numerical Aperture matching technique and the improved transmission test setup
	2.3.2 Relative transmission
	2.3.3 Gaussian beam fibre coupling
	2.3.4 Untapered fibre transmission: simulations and experimentation

	2.4 Summary

	3 Tapered fibre and transmission properties with coherent light illumination
	3.1 Introduction
	3.2 Geometrical optics and EM waveguide considerations in tapered fibres
	3.2.1 Geometrical optics of tapered fibre
	3.2.1.1 Etendue and tapered fibre
	3.2.1.2 Zemax models

	3.2.2 EM waveguide of tapered fibre
	3.2.2.1 COMSOL models


	3.3 Tapered fibre experimentation
	3.3.1 Tapered fibre sample preparation
	3.3.2 Cladding light in 100mm-taper-length tapered fibre
	3.3.3 Experimental error
	3.3.4 Transmission and NAeff with coherent light experimental and simulation results
	3.3.4.1 Transmission and NAeff of the connectorised step-index and graded-index taper
	3.3.4.2 Transmission and NAeff of the bared step-index and graded-index taper
	3.3.4.3 Cut Back measurement
	3.3.4.4 Taper length impact on transmission by COMSOL simulations and experimentation


	3.4 Summary

	4 Incoherent light and the optical untapered and tapered fibre transmission property
	4.1 Introduction
	4.2 Incoherent light transmission test
	4.2.1 Incoherent source coupling setup
	4.2.2 Experimental results of transmission dependence on NAeff in optical tapered fibre with incoherent light
	4.2.3 Cladding light in short tapered lengths

	4.3 Modal noise in optical fibre
	4.3.1 Modal noise test setup
	4.3.2 Modal noise experimental results
	4.3.2.1 Source illumination impact on transmission
	4.3.2.2 Fibre bending impact on transmission


	4.4 Throughput and transmission
	4.5 Summary

	5 Application of tapered fibre on EXOhSPEC
	5.1 Introduction
	5.2 Tapered fibre and EXOhSPEC
	5.3 Tapered fibre prototype
	5.3.1 Trifurcated fibre preparation method

	5.4 Spliced tapered fibre
	5.5 EXOhSPEC and the fibre feeding
	5.5.1 EXOhSPEC fibre coupler transmission and throughput
	5.5.2 Tungsten lamp results
	5.5.3 ThAr light results

	5.6 Summary

	6 Conclusions
	6.1 The future

	Bibliography

