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A seven-core fibre for fluorescence spectroscopy
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Abstract: Fibre-optic fluorescent probes need special filtering; this allows them to reject the strong excitation light while transmitting
the weak fluorescent light to the detector. In this paper, a seven-core fibre with optically coupled cores is proposed for fluorescent
probes. Using core-to-core mode coupling for filtration instead of mounting conventional filters would decrease the number of
necessary parts and the size of the probe, making it suitable for spectroscopic applications. The proposed probe was assembled with
the central core being used to transmit and couple the excitation radiation to the outer six cores. Using all the cores for delivering the
excitation light from the source to the sample reduces the risk of sample being photochemically damaged compared to excitation by
a single-core fibre. Fluorescence emission feedback radiation at a higher wavelength can be collected in the outer six cores, and then
the fluorescence signal can be coupled from these cores to the central core. The results from the numerical simulations of the 3D full-
vectorial model show two cases corresponding to peak transmission at wavelengths of 410 nm and 480 nm. Therefore, the selectivity
of the wavelength ensures that the light directed into the central core will pass through it and reach the end of the probe, except for
certain wavelengths, where it will couple and appear at the end of the other cores.
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Sedem—jedrno vlakno za fluorescenéno

spektroskopijo

Izvlecek: Fluorescencne sonde iz opti¢nega vlakna potrebujejo posebno filtriranje, ki omogoca zavrac¢anje mocne vzbujevalne
svetlobe medtem ko na detektor prepusca sibko fluorescen¢no svetlobo. V tem prispevku je za fluorescen¢no sondo predlagano
sedem-jedrno vlakno z opti¢no sklopljenimi jedri. Uporaba rodovnega sklapljanja iz jedra na jedro za filtracijo namesto montaze
obicajnih filtrov zmanjsa stevilo potrebnih sestavnih delov in velikost sonde, ki je primerna za uporabo v spektroskopiji. Predlagana
sonda je sestavljen iz osrednjega jedra, ki se uporablja za oddajanje in sklapljanje vzbujevalnega sevanja na zunanjih sest jeder.
Uporaba vseh jeder v primerjavi z enim samim jedrom vlakna za dostavo vzbujevalne svetlobe od vira do vzorca zmanjsa tveganje
za fotokemicno poskodovanje vzorca. Povratno sevanje fluorescenc¢ne oddaje, na visjih valovnih dolZinah, se lahko zbira v zunanjih
sestih jedrih od koder je nato sklopljeno v osrednje jedro. Rezultati numeri¢nih simulacij s tridimenzionalnim popolnoma vektorskim
modelom prikazujejo dva primera, ki ustrezata najvecji propustnosti pri valovnih dolzinah 415 nm in 480 nm. Pri tem selektivnost
valovne dolzine omogoca da bo svetloba usmerjena v osrednje jedro prehajala skozenj in dosegla konec sonde, medtem ko se
nekatere valovne dolzine sklopijo in pojavljajo na koncu drugih jeder.

Klju¢ne besede: vecjedrno vlakno, fluorescenc¢na sonda, naprave za filtriranje valovnih dolzin, spektralno filtriranje
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1 Introduction

Fluorescence measurement techniques with free beam

Optical fibres have been used in many sensing appli- optics have many optical components, such as an off-
cations [1-2]. Fluorescence-based optical-fibre sensors axis parabolic reflector and dichroic beam splitters. This
are of special interest because of their various appli- bulky optical arrangement requires a precise optical
cations in non-invasive, in-vitro/in-vivo detection sys- alignment. Fluorescence-based optical fibre measure-
tems, drug discovery, the analysis of biomolecules for ment techniques are more convenient compared to
disease diagnostics, environmental monitoring, three- fluorescence-based, free-beam optics techniques due
dimensional, in-situ analyses of living organisms, and to their flexibility, immunity to external electromagnet-
the investigation of tissues [3-6]. ic interference, cost-effectiveness, compactness, small
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size, remote-monitoring capability, long-range opera-
tion and their ability to operate in harsh environments.
Several configurations of fibre probes for fluorescence
spectroscopic systems have been employed. The first
configuration consists of a single-fibre probe: the same
fibre is used to deliver the excitation radiation to the
sample and to collect the emitted radiation.

In the second configuration one fibre is used to trans-
mit the excitation radiation to the sample and a second
fibre is used to collect and guide the emission radiation
to the detection system. Using separate fibres eliminates
the need for fibre splitters, but decreases the chances of
capturing the emission photons, as only a small portion
of the excited fluorescence can be collected.

In the third configuration fluorescence measurements
are made with fibre bundles, where half of the fibres
carry the excitation radiation, while the other half re-
turn the emission radiation [7, 8]. There are also other
designs that include a central excitation fibre surround-
ed by a number of collection fibres located in one or
more rings known as collection rings [9].

In the fourth configuration, probes based on a multicore-
coupled structure have been proposed [10]. Multi-core
fibres (MCFs) have many advantages over fibre bundles,
such as an increased stability, as each core will under-
go the same environmental changes, like temperature
increases, vibrations and pressure changes. The overall
size is also reduced; this is because multiple cores can be
designed in a fibre with the same width as a single-core
fibre. The core separations throughout the fibre are con-
stant, compared to fibre bundles made by inserting mul-
tiple single-core fibres into a capillary, and adding extra
functionality to MCFs is easier and more readily repeat-
able than for a fibre bundle. It also offers new oppor-
tunities. The first opportunity is the sinusoidal spectral
response due to the coupling between the cores, which
allows correlating the property being measured with ei-
ther the intensity changes or the spectral shifts over the
section of the sinusoidal. They have been widely used in
a variety of different applications, such as fibre sensors
[11], spatial division multiplexing [12], microwave pho-
tonics [13], fibre lasers [14], and amplifiers [15].

Our objective is to introduce a new type of optical fi-
bre, with novel capabilities for fluorescence detection,
as shown in Fig. 1. One advantage of our proposed MCF
probe is the use of core-to-core coupling for filtration in-
stead of external conventional filters. Fluorescence-based,
optical-fibre probes with conventional external filters re-
quire proper fixations and careful positioning. Another
limiting factor that applies to the filters is the outer diam-
eter of such probes. For these reasons, the replacement of
the conventional external filters with another, alternative
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filtering is still of interest [16, 17]. The integration of fibre
Bragg gratings into the fibre cores has already been sug-
gested [18, 19]. The challenge is, however, to optimize the
filtering characteristics of the MCF filter in order to match
the excitation/emission wavelength fingerprint of any
selected fluorophore. Therefore, MCF filters with differ-
ent structures resulting in appropriate optical properties
have to be designed and the optical filtering characteris-
tics must be determined to enable the fabrication of the
optimal filter for the detection of a selected fluorophore.

Sample

Figure 1: Seven-core fibre for sending the excitation
light to the fluorophore and collecting the emitted
fluorescence light.

Here, we focus on the design of a seven-core fibre
with coupled cores that we intend to use as a probe
for fluorescence spectroscopy. The paper is structured
as follows. In Section 2 the fundamentals of the seven-
core fibre structure are presented on the basis of the
Eigen mode expansion theory. Then, in Section 3, the
numerical simulations of the complete modal analysis
via a 3D full-vectorial model based on the EME method
is used to illustrate the modal characteristics of the su-
per modes inside the MCFs. In Section 4 the simulation
results obtained by FIMMWAVE and FIMMPROP will be
discussed. Finally, the conclusions will be drawn.

2 Fundamentals of seven-core fibres

MCFs can be classified into three categories: multicore,
single-mode fibres with coupled cores; multicore, sin-
gle-mode fibres with uncoupled cores; and multicore
few-mode fibres. For all the MCF structures we consider
the homogenous, identical, 7-core MCFs consisting of
one central core labelled (1) concentrically surrounded
by hexagonally distributed six cores labelled (2-7) as
shown in Fig. 2. For simplicity of design and fabrication,
we assume that each core has an identical radius and
refractive index r. and N respectively, while the clad-
ding has a refractive index of n as in Table 1. The values
of refractive indexes correspond to fluorine-doped fi-
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Figure 2: Seven-core coupled structure consisting of
6 cores symmetrically disposed around a central core.

bre [20] at the wavelength 415 nm. It is also assumed
that the MCF cross-section is uniform along the z-axis.

Table 1: MCF parameters and their values.

Parameter Value

I'o 2 [um]
A 7 [pm]
Neo 1.45125
Ny 1.449

3 The 3D full-vectorial Eigen Mode
Expansion (EMLE) method

In this section the EME method is used to model the field
propagation in the MCFs. The EME method has been
well known in photonics for some time through the film-
mode matching (FMM) method [21], [22]. It is based on
the idea that any solution of Maxwell’s equations in the
region of the waveguide can be written in terms of a su-
perposition of the forward (propagating along +z) and
backward (propagating along -z) propagating modes
[23]. The field in any section can be written as a linear
combination of the 2D eigenmodes with the corre-
sponding propagation constants 3,.Such modes can be
calculated using Fimmwave’s mode solvers:

N
y/(x,y, Z) =2(Cl:fejﬂ’2 + Cl.be""ﬂfz)l//i (x,y) M

i=1

where Y=[E, H] is the mode profile, B, is the corre-
sponding propagation constant and ¢/, C/are the for-
ward and backward complex arﬁplitude coefficients of
the i'"mode, respectively.
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Figure 3: Electric field of the seven super-modes using a finite-element mode solver.
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For MCFs with coupled cores, the pitch distance be-
tween the cores is reduced in order to increase the
core-to-core coupling. As a result, evanescent core
coupling occurs and light propagates through all the
cores as a super-mode. Each super-mode is a linear
superposition of the individual core modes. The total
number of non-degenerate super-modes equals the
number of cores. The super-mode patterns are calcu-
lated using a finite-element mode solver (Fimmwave
by Photon Design). The intensity patterns for the seven
super-modes of the seven-core fibre design based on
table 1 are shown in Fig. 3.

In theory, if the excitation radiation is only launched
into the central core, only the super-modes with none
zero intensity in the centre core, performing the mode-
overlap conditions, can be excited. These modes are
SM, and SM_in Fig. 3.

Currently, analytical expressions have been proposed
for the propagation constants and the super-modes in-
side the MCFs with circularly distributed cores [24-27].
In addition, a semi-analytical model [28] was calculated
for the transmission of light in the MCF using the equa-
tion

T(4)=1-PPysin’ (247C(A)L) e
where P, and P, are the fraction of light carried by the

super-modes SM, and SM,, respectively, C is the core-
coupling coefficient and L is the MCF segment length.

4 Simulation results and discussion

The methodology was applied to simulate different de-
signs of seven-core fibre by changing the lattice param-
eters, core diameters and scanning the transmittance
in the external cores and the central core of the MCF in
a certain range of wavelengths until we reach the op-
timum design, which matches the excitation/emission
wavelength fingerprint of any selected fluorophore.

In order to simulate the propagation dynamics of the
seven-core fibre design based on table 1 as a function
of the fibre length for a wavelength of 415 nm the light
launched into the central core of the MCF, i.e,, A (0)=1.
Then the transmitted power in every core is detected
by an “offset” single-mode waveguide having a radius
similar to that of the cores in the MCF. The result is pre-
sented in Fig. 4. This figure shows how the power trans-
fer to the outer cores after the coupling length and
then swings back again along the length of the MCF.

To further numerically simulate the transmission char-
acteristics of the proposed seven-core fibre, we define
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Figure 4: Propagation dynamics of a homogeneous
seven-core MCF for the case of light injected into the
central core.

the transmission function Tp (A ) for the pt core as the
ratio of the power output from this core to the power
input into the central coreatz=0.

Next, we set the MCF length to an integer multiple of
the coupling length and run the simulation to scan the
transmittance in all the cores as a function of the wave-
length. The results are shown in Fig. 5. The important
features in Fig. 5 are the two cases corresponding to
the peak transmission at wavelengths of 365 and 410
nm. Therefore, the central core can be used to transmit
and couple the excitation radiation of 365 nm to the
outer six cores. Using all the cores for delivering the ex-
citation from the light source to the sample in compari-
son to excitation by a single-core fibre reduces the risk
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Figure 5: Transmittance of the central core and the
outer cores as a function of the wavelength.
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of the sample causing photochemical damage due to
high light power density. Then the fluorescence emis-
sion feedback radiation (415 nm) can be collected in
the outer six cores, and the fluorescence signal can be
coupled from these cores to the central core.

5 Conclusions

A novel type of fibre probe has been proposed. It can
be used for many applications such as efficient fluo-
rescence signal collection and spectral filters. With an
appropriate choice of parameters, the probe can be de-
signed to offer a narrowband spectral filter.

Changing the optical or geometrical parameters
influences the effective refractive index of the coupled
modes and therefore leads to variations in the coupling
coefficient and the overall response of the coupled sys-
tem.

One obvious challenge is to optimize the filtering char-
acteristics of the MCEF filter in order to match the exci-
tation/emission wavelength fingerprint of any selected
fluorophore. This can be done by changing the geo-
metrical parameters of the MCF probe.

Our future work will be to splice a conventional single-
core, step-index, single-mode fibre to the central core
of the fabricated MCF and to measure the transmis-
sion characteristics of the proposed fibre probe with a
broadband light source and an optical spectrum ana-
lyser.
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