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Abstract: We have demonstrated the inscription of Bragg gratings into five individual cores of
a seven core fiber using small spot direct UV writing. With this technique, we defined spectrally
multiplexed Bragg gratings consecutively in separate cores as well as spectrally multiplexed
gratings at the same longitudinal location in different cores. The effect of bending on the optical
spectrum was evaluated to allow the differentiation between cross-exposure and cross-talk, and
an alignment process to reduce cross-exposure by 13 dB was found.
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1. Introduction

Fiber Bragg gratings (FBGs) are periodic refractive index patterns inscribed longitudinally in
the core of an optical fiber. These refractive structures cause light of a certain wavelength to
constructively interfere and create a characteristic spectral response in transmission and reflection.
These gratings are often used for sensing and filtering as their spectral response is sensitive to
strain and thermal variations and can be engineered for a specific wavelength, grating reflectivity
and grating apodization [1-3]. This flexibility makes FBGs ideal filters and sensors for various
applications, for example for emission line filtering in astronomy [4,5], vibration monitoring for
structural architectures [6] and temperature monitoring in harsh environments [7].

High thermal stability, chemical inertness, and immunity to electromagnetic interference are
key attributes for using FBGs in harsh environments, while their sensitivity to temperature and
strain allows them to be deployed as sensors and particularly as bend and shape sensors [3,8,9].
Temperature and strain, however, both vary the nominal wavelength of the Bragg grating, which
makes it difficult to separate those effects from each other.

Recent developments in fiber fabrication offer a solution to separate temperature, bending
strain and fiber twist from each other: the development of multicore fiber with a central core.
With the central core being in the neutral axis, a Bragg grating in this central core will only
experience thermal and longitudinal strain effects, which allows thermal and longitudinal strain
referencing for other gratings. The gratings in outer cores of a multicore fiber experience different
amounts of strain depending on their position relative to the bending plane and from twist along
the fiber. This enables the Bragg gratings to measure strain in the fiber due to bend, twist and
thermal variation, allowing this device to be used for shape sensing.

Different techniques that have been used to inscribe Bragg gratings into multicore fiber are
schematically illustrated in Fig. 1. Flockhart et al. reported the first inscription of FBGs into three
of a four-core hydrogenated fiber using a phase mask [6]. In that work all cores were exposed
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with one mask, resulting in the same grating inscription in three cores. However, due to the
different location of the cores, the alignment was not ideal for all cores resulting in a significant
variation of the grating spectra. Barrera et al. used a uniform phase mask and translated the mask
relative to the fiber movement to achieve apodized gratings with comparable spectra in four cores
of a hydrogenated four-core fiber [10]. In an alternative approach, Lindley et al. used a flat top
capillary to provide uniform exposure and therefore uniform grating properties across all seven
cores of their fiber, again with a phase mask [5].

Femtosecond
SSDUW
Phase Mask Point-by-Point

Fig. 1. Schematic overview of different writing techniques for multicore fiber: a) phase
mask inscription, b) femtosecond point-by-point writing c) small spot direct UV writing
(SSDUW).

Phase mask writing is commercially used to fabricate cost-efficient Bragg gratings; the
drawback for using phase masks in multicore writing is the limitation in core selectivity. This
technique exposes all cores simultaneously, but does not allow the inscription of gratings at
different wavelengths into different cores, at the same physical location. In order to minimize
interrogation equipment and so reduce cost, it is beneficial for certain applications to combine all
cores for interrogation and use only one interrogator system. To analyze the grating spectra of
all cores in one channel, spectral multiplexing is required, otherwise gratings of different cores
would spectrally overlap. This approach is difficult to realize using a phase mask.

A different writing technique, femtosecond point-by-point writing, enables selective writing
into individual cores of a multicore fiber by focusing a femtosecond laser into individual cores.
This technique does not require hydrogenation of the fiber. Donko et al. demonstrated the grating
inscription of four cores of a seven-core fiber in a wavelength range between 1532-1548 nm
[11]. Wolf et al. reported the inscription of gratings into four cores of a seven-core fiber, all
located at the same longitudinal position [12]. Femtosecond point-by-point writing techniques
allow inscription into individual cores, however, the gratings reported are Type II-IR, which are
attributed to micro-voids in the material structure. This typically introduces significantly higher
scattering losses compared to phase mask written gratings [13]. In FBG sensing applications it is
desirable to have multiple FBGs in the sensor, as this enables more sensing points, which can
lead to higher sensing accuracy and spatial resolution. High losses caused by FBG inscription
are therefore to be avoided where possible.

The small spot direct ultraviolet writing (SSDUW) technique can be considered as an in-
between of the two techniques previously explored in Figs. 1 (a) and (b) as it combines UV
inscription typically used in phase mask fabrication with a small, focused beam. The spot size is
comparable to the width of the cores, such that the exposure can be focused in individual cores
[7]. In this paper, we demonstrate a novel technique for the inscription of spectrally multiplexed
Bragg gratings into individual cores of a seven-core fiber. This technique allows cost-effective
inline monitoring and provides more data points per location. We evaluated the effect of bending
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on the optical spectrum to differentiate between cross-exposure and cross-talk and analyzed an
alignment process to reduce cross-exposure by 13 dB.

2. Fabrication and results

The multicore fiber used here was provided by Fibrecore Ltd. It is a seven core fiber with a core
spacing of 34.5 um. The Germanium doped cores are arranged in a hexagon shape with one core
in the center. This fiber was hydrogen loaded for 14 days at 120 bar and room temperature prior
to writing, to enhance UV photosensitivity. The polymer coating was removed, and both ends of
the fiber clamped into rotatable fiber holders with a tension of 0.5 N to straighten the fiber.

The FBGs were fabricated using the SSDUW technique, shown in Fig. 2, where fiber clamps
installed on nanometer-precision Aerotech air-bearing stages translate a fiber underneath an
interference laser spot. The translation velocity of the fiber defines the fluence that is introduced
into the core. The inscription time of a grating is dependent on the fluence which is proportional
to the laser output power. With an average power of 27 mW, it takes approximately 4 minutes to
inscribe a 7 mm grating. A beam of a 244 nm frequency-doubled argon-ion laser light is divided
into two arms before being focused and combined into a 14 um diameter interference spot in one
core of the fiber. This interference spot completely covers the 5 um diameter fibre core of the
multicore fibre. The fixed crossing angle defines the interference pattern spacing and therefore
the central Bragg wavelength, which is designed to be 1550 nm. An electro-optic modulator
(EOM) driven with a sawtooth signal is introduced into one of the interferometer arms, which
allows the fringes to be synchronized with the movement of the fiber. The spatial period of the
sawtooth wave defines the Bragg period, allowing for wavelength detuning.

Beam
splitter

Beam path

244 nm

»
Mirror Fiber cladding

A

Fiber cores

Fig. 2. Small spot direct UV writing set up on the left with an insert of the multicore fiber
during writing. Two beams of a 244 nm frequency-doubled argon-ion laser are focused into
one core of a multicore fiber, where they interfere and create an interference pattern. This
pattern defines the Bragg grating.

With the small size of the interference spot we aim to only structure a single core of a multicore
fiber without exposing neighboring cores; furthermore, approximately 26 gratings planes are
exposed at once, which allows fabrication of gratings with almost arbitrary apodization profiles.
As shown in Fig. 2, the UV induced photoluminescence illuminates all seven cores in the fiber,
but focused primarily into only a single core. The crossing point of the two laser beams was
aligned into one core by moving the fiber vertically and adapting its horizontal position.

A set of six 7mm long gratings were inscribed into five different cores at consecutive positions
as shown in Fig. 3 (a). We initially moved the fiber laterally and vertically to identify the position
of the cores using the fluorescence of the cores at illumination with the laser. Once the core
was identified, we started with the grating inscription. This means that the exposure of other
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cores was initially uncontrolled; however, this method has been improved as later discussed. Due
to limitations in the stability of the Argon laser and hydrogen out-diffusion all the writing was
carried out within a 4-hour window, which limited us to inscribe five cores in this device. Table 1
shows the design Bragg period for the gratings in Fig. 3.
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Fig. 3. a) Schematic of grating location in the multicore fiber and b) resulting optical
reflection spectrum of each core. Each colour in b) represents the optical spectrum of one
core. The colour in a) matches to the spectrum in b). The optical spectra are overlaid to
demonstrate spectral cross-exposure between cores.

Table 1. Design period for Bragg gratings shown in Fig. 3

Grating Period [nm]

Core 1 Core 2 Core 3 Core 4 Core 6
Grating 1 507.8 497.5 487.2 518.0 476.9
Grating 2 509.5 499.2 488.9 519.8 478.6
Grating 3 511.2 500.9 490.6 521.5 480.3
Grating 4 512.9 502.6 492.3 523.2 482.0
Grating 5 514.6 504.3 494.0 524.9 483.7
Grating 6 516.3 506.0 495.7 526.6 485.5

For interrogation, a broadband super luminescent light source (Amonics ASLD-CWDM-5B-
FA) was connected to an optical spectrum analyzer via a 3 dB coupler. A fan-out was used to
individually interrogate the multiple cores. The corresponding optical reflection spectrum is
shown in Fig. 3 (b). A concern of this presented optical spectrum is the appearance of grating
spectra in cores, where these spectra were supposedly not inscribed. So appears core #4 for
example to have three sets of Bragg gratings inscribed: one set around 1400 nm, one set around
1460 nm and one set around 1520 nm. Only the set around 1520 nm was intentionally inscribed
into this core. Evidence of this effect can be seen later in Fig. 4.

There are two effects that can cause such spectral artifacts: cross-talk and cross-exposure.
Cross-talk could be caused by the fan-out and appears when imperfect core alignment at the
fan-out/multicore fiber interfaces allows light to couple from one core into another. The output
is then a combination of multiple cores, which causes FBGs of one core to appear in the
optical spectrum of a different core. Cross-exposure on the other hand appears when cores
are unintentionally exposed during the writing process. These two effects may be separated
through bend testing. Bending the multicore fiber induces different amounts of strain in the cores,
depending on their location relative to the bending plane. This variation in strain will cause the



Research Article Vol. 28, No. 14/6 July 2020/ Optics Express 21304

Optics EXPRESS _——

- S e

o

T
—straight
—bent

| 1 1 1
80 1400 1420 1440 1460 1480 1500 1520 1540

Reflection [dB]
[}
o

1
S

=35

w

o

1 L
80 1400 1420 1440 1460 1480 1500 1520 1540

Reflection [dB]
AN
o o

—
w

Core 3
T

o

N
S

1380 1400 1420 1440 1460 1480 1500 1520 1540

Core 4

M,

1 |
1380 1400 1420 1440 1460 1480 1500 1520 1540

Reflection [dB]
o o

Core 6
T

o

@ & & @ &

T

-40 =¥ T t
1380 1400 1420 1440 1460 1480 1500 1520 1540
Wavelength [nm]

Reflection [dB]
5o

Fig. 4. Strain, for example due to bending shifts the optical response of a Bragg grating.
This spectral response can be used to determine the location of the core relative to the
bending plane. The schematic on the center indicates the core position relative to the bending
plane represented by a dotted line. The central core, core #4, shows no shift due to bending,
as this lies on the neutral axis.
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spectral response of the FBGs to shift according to the amount of strain. If the optical response
of all FBGs in one core shift by approximately the same amount, it can be assumed that these
FBGs are inscribed into this one core. In this case, the spectral artifacts are due to cross-exposure.
If however not all FBGs shift by approximately the same amount, it can be assumed that light
coupled between the cores. This would then suggest that the underlying effect for such spectral
artifacts is cross-talk. In the following section, the bending response is analyzed to evaluate the
origin of the spectral artifacts and thus assess the inscription technique.

2.1. Bending response

To evaluate the origin of the previously mentioned spectral features and with it, to analyze the
quality of the inscription technique, the fiber was exposed to bending. The spectral response of
the grating subject to bending is shown in Fig. 4. The fiber was wrapped around a cylinder with a
diameter of 25.4 + 0.5 mm. Evaluating the spectral response of FBGs during bending not only
clarifies the nature of the spectral artifacts and if they are a result of cross-talk or cross-exposure,
but it can also identify the relative locations of the cores with respect to the bending plane.
Compressing a Bragg grating will induce a blue shift, whereas tensioning will result in a red
shift. The location of the Bragg gratings within the multicore fiber are schematically shown on
the left in Fig. 4.

Evaluating the optical spectrum of each core in Fig. 4 on its own, allows to concluded that the
spectral artifacts are a result of cross-exposure, since all grating features (including artifacts)
in each individual core shift by comparable amounts. Note this response is most notable in the
central core, which being on the neutral axis experiences no shift. This undesired cross-exposure
can be seen as a drawback of the inscription technique, however, it has been found to be caused
by an inefficient alignment process. This will be further discussed in the following section.

As indicated in Fig. 4, the spectral shift due to bending varies between the cores depending
on their position relative to the bending plane. For example, the spectral peak for the FBG in
core #3 shifts by 2.3 nm, in core #6 by 1.3 nm and in the central core, core #4, by 0.08 nm. This
small shift is due to unavoidable strain from winding tension and temperature variation. As the
core lies on the neutral axis and therefore does not experience strain due to twist or bend, the
shift in the central core was subtracted from the outer cores as a reference. The axial strain ; for

core#nis [1]
A
£y = 0.78 =221 1
/an

with the strain optic correction factor of 0.78 in silica fiber, the spectral shift in Bragg wavelength
in core #1 Adp; and the central Bragg wavelength in core #1 Ap;. The axial strain of the other
outer cores is calculated respectively.

Thermal variation, bending and axial strain are not the only effects causing a shift in the optical
spectrum of an FBG. The fiber may also experience twist, which is effectively equivalent to an
axial strain for all outer cores. The strain for each core is

&1 1 A, B «a
Eaxial
& 1 A2 B «a
r—l
& |=|1 A3 B «a , @)
Q
&4 1 0 0 «a
AT
&6 1 A¢ B «

where the strain experienced for each respective core, ¢;, is the sum of several components: The
axial strain €,y and the thermal fluctuations aAT are assumed to be equal for all cores, where «
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is the thermal expansion coefficient; the strain induced by bending forms the second coefficient
A7, where A relates to the function outlined in Fig. 5; the third component refers to the strain
induced by twist, where B depends upon the distance that the cores are set away from the center
and Q is the twist per unit length. The twisting strain is approximately equal for all cores except
the central core (#4), which we assume to be negligible.

Bending
plane

d
& = ;sin(ﬁ)

d
&= —sin(f +y)

Fig. 5. A multicore fiber bent at radius r with cross-section shown upper right. Axial strain
&; experienced in each core is related to its distance from the neutral axis.

Using Eqgs. (2) and the measured values of € via Eq. (1), we are able to derive the bend radius r.
The core separation of the multicore fiber is 34.5 um, each core is 5 um in diameter and the fiber
diameter measures 125 um. With &, the equation in Fig. 5 and the set of equations in Egs. (2),
there are five unknowns (8, r, A,, Q, AT) and five equations. The diameter of the cylinder
(measured diameter = 25.4+ 0.5 mm) was calculated to be 27 =2 mm. The fiber manufacturer
states an error of approximately 1% on the cladding diameter of the fiber and it was assumed that
all dimensions vary by approximately this amount [14].

2.2. Reduced cross-exposure inscription

The large amount of cross-exposure in the reflection spectrum in Fig. 3 (b) is desired to be
minimized. In an attempt to reduce the cross-exposure of the technique, the alignment process
was altered such that instead of just linearly translating the focus of the dual beams, the fiber
was also rotated about its axis (like the barrel of a revolving pistol) to ensure that the targeted
core is the upper most and closest to the UV beams. This method was to align and inscribe the
central core first and then rotate the fiber about its axis until the crossing of the laser beams target
the next core. This can be identified by monitoring the fluorescence of the cores with a camera.
For fine alignment, the fiber was then again vertically and laterally translated to ensure the cross
section to be aligned in the desired core. This allows the two beams to be focused directly in the
desired core and reduces diffraction due to neighboring cores.

To demonstrate this approach, the inscribed FBGs were spatially multiplexed as shown in
Fig. 6 (a). This consists of two Gaussian apodized Bragg gratings (each 7 mm long) with a spectral
spacing of 5 nm, written into four individual cores. All gratings were spectrally multiplexed.
The first two sets were defined in different cores at the same longitudinal location, whereas the
following two sets were written sequentially into different cores. The spectral response of the
individual cores is shown in Fig. 6 (b).

This fiber shows significantly less cross-exposure; reducing from 1.7 dB between core #2
and #4 in Fig. 3 (b) to 14.7 dB between core #1 and #4 in Fig. 6 (b), assuming equal coupling
efficiency between cores. These values were determined by subtracting the peak amplitudes at
1462 nm between core #2 and core #4 in Fig. 3 (b) and at 1464 nm between core #1 and core #4 in
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Fig. 6. Two Bragg gratings inscribed into each core. a) Schematic overview of the grating
location. b) Optical reflection spectrum of all cores overlaid. The grating color in b)
corresponds to the grating location in a).

Fig. 6 (b) after normalizing the background reflection. Individual plots of the gratings are shown
later in Fig. 7. The desired decrease in cross-exposure can be ascribed to a more consistent
alignment process, where the targeted core was aligned to be the uppermost core. The crossing
point of the two incoming laser beams was therefore directly focused in this core, without being
diffracted by neighboring cores. This fiber alignment was achieved by rotating the fiber like
the barrel of a revolver. This shows that SSDUW is capable of defining gratings at the same
longitudinal location in different cores of a multicore fiber with negligible cross-exposure.
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Fig. 7. The relative shift of the optical reflection spectrum was used to determine the
position of the cores in the multicore fiber. The schematics on the right and left visualise the
location of the cores relative to the bending plane.

The spectrum along with the location of the cores relative to the bending plane is shown in
Fig. 7. The central core #4 displays no spectral shift in response to bending. Gratings inscribed
into cores on opposite bending planes (core #3 and #7) show an opposing spectral shift. Bending
was again used to identify the location of the cores, particularly the central core.
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3. Conclusion

We demonstrate for the first time the inscription of fiber Bragg gratings into selective cores of a
multicore optical fiber using small spot direct UV writing. We demonstrated the inscription of
gratings at the same longitudinal position along the fiber, but in different cores.

To establish the location of the cores in the multicore fiber, an optical reflection spectrum of
the bent fiber was taken and compared to the optical reflection spectrum of the straight fiber. This
allowed to determine the core location relative to the bending plane and to identify the central
core.

We reduced undesired cross-exposure by 13 dB by addressing the cores through rotation during
the alignment process. With this alignment process, we assured that the desired core is uppermost,
which reduces undesired exposure and diffraction on neighboring cores. We also introduced
bending as a technique to distinguish cross-exposure from cross-talk.

This work presents a novel method for individual inscription into selected cores of a multicore
fiber. It allows to fabricate more sensing points in a single location by co-locating the gratings on
the same longitudinal location in different cores offering future enhanced sensing capability.
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