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Automatic arc discharge induced helically
twisted long period fiber gratings and its sensing
applications

Bing Sun, Wei Wei, Changrui Liao, Lin Zhang, Zuxing Zhang, Ming-Yang Chen, and Yiping Wang

Abstract—We experimentally demonstrate an automatic arc
discharge technology for inscribing high-quality helically twisted
long period fiber gratings (H-LPFGs) with greatly improved
inscription efficiency for single mode fibers (SMFs). The proposed
technology has been developed by implementing an embedded
program in a commercial fusion splicer, which employs an
ultraprecision motorized translation stage while the tensioning
mass required by conventional inscribing technology is eliminated.
More significantly, the arc-induced H-LPFGs have been reported
to have potential usage as sensors in temperature, refractive index,
twist stress, and strain.

Index Terms—Fiber optics, Fiber optics components, Gratings,
Fiber optics sensors.

I. INTRODUCTION

n recently years, helically twisted long period fiber gratings

(H-LPFGs), where a periodicity in the fiber structure is
created by homogeneous twisting of a fiber with a noncircular
core cross section [1], standard single-mode fibers (SMFs)
[2-3], photonic crystal fibers [4-6], or another by creating a
helical surface deformation along the fiber [7] have drawn wide
attention. Furthermore, the effect of twisting on the propagation
of light in the abovementioned optical fibers has been explored
for controlling the dispersion, excitation of orbital angular
momentum, and elimination of higher-order modes from fiber
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lasers. For instance, twist characteristics of H-LPFGs have
been recently reported [8-10]. The co-directional or
contra-directional twist applied to the helix will effectively
change the grating period, thus make the resonance wavelength
shift towards different directions. Similar to conventional
LPFGs, the resonance wavelength also shifts linearly with the
applied axial strain [11].

As well known, conventional LPFGs inscribing technologies
involved not only UV radiation, CO, radiation, and
femtosecond laser radiation but also based on ion-beam
implantation, etching, mechanical arrangements, acoustic
waves, broadband UV light, and electric arc discharges. Among
these methods, only the point-to-point direct writing technique
by means of a focused CO, laser could be utilized to fabricate
the H-LPFGs [12]. By contrast, electric arc discharge has paved
its way during the past two decades since it is a simple, flexible,
and low cost technique that enables the writing of gratings in all
kinds of fibers [13-15]. Note that LPFG induced by electric arcs
was first demonstrated by Poole et al. [16]. And Yin et al.
recently elaborate the irreconcilable contradictions between the
quality of the resulting LPFGs and the inscription efficiency in
an improved technology, which employs an ultraprecision
motorized translation stage, and the tensioning mass required
by conventional technology is eliminated [17]. However, to our
best knowledge, the H-LPFG induced by electric arc discharge
technology has been little investigated.

On the other hand, H-LPFG based sensors have been
comprehensively studied and widely used in the fields of civil
engineering, industry, biomedicine, and chemistry. More
recently, a new method enabling fabrication of HLPGs in a
thinned fiber with a diameter smaller than several tens of
micrometers has been applied to the refractive index
measurements [18]. To be part of LPFG-based sensing systems,
the resonant wavelengths of H-LPFGs would be very sensitive
to the external temperature, the ambient refractive index, the
twisting rate and the applied stress. To some extent, thinned
fiber based H-LPFGs combines the performance of SMF based
H-LPFGs and tapered fibers. This is because the core diameter
of the thinned fiber proportionally changes in accordance with
decrement of the cladding diameter. On the other hand, a new
kind of thinned fiber based H-LPFGs by means of CO, laser has
been proposed and developed [18], where a sapphire tube is
particularly utilized in place of the focal lens, which thus
enables to robustly and repeatedly fabricate H-LPFGs with a


mailto:cliao@szu.edu.cn
http://mail.njupt.edu.cn/coremail/XJS/pab/view.jsp?sid=BAhLPQllCCyBmUurwVllwfypSTcPvKKO&totalCount=11&view_no=0&puid=10&gid=

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 2

high quality. Furthermore, the proposed method allows
fabrication of H-LPFGs with a diameter less than several tens
of micrometers.

In this Letter, we first employ a commercial fusion splicer
system (ARC Master FSM-100P, Fujikura) to inscribe
H-LPFGs in the conventional SMFs. As shown in Fig. 1, the
H-LPFG is distinguished in the refractive index modulation of a
helical structure such as a screw. Two cleaved standard SMFs
clamped by the left and right holders of the splicer are spliced
before performing the automatic H-LPFG inscription process
which we implemented in the splicer system beforehand. Then,
it will be stopped once a desired H-LPFG transmission
spectrum is obtained based on periodical monitoring of the
transmission spectrum using an broadband ASE source and an
optical spectral analyzer (AQ6370C, Yokogawa Electric Corp.)
with a wavelength resolution of 20 pm. The transmission
spectrum of the H-LPFG displays several dips that correspond
to coupling of light from the core mode to the cladding modes.
Schematic diagram of the microscopic image of the H-LPFG is
shown in the left inset. Furthermore, the arc-induced H-LPFG
has been reported to have potential usage as sensors in
temperature, refractive index, twist stress, and strain.
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Fig. 1. The schematic of a helical long period fiber grating (H-LPFG). The
insets show side view of the H-LPFG with periodic twisting and the
transmission spectrum of the fabricated H-LPFG, respectively.

Il. DEVICE FABRICATION

Generally, the H-LPFG could also be described by the
conventional coupled-mode theory between the core and the
cladding modes. The period of the H-LPFG is equal to the pitch
of helix, which can be calculated by [19]

Ay =L/N 1)
where Agis period of H-LPFG, L is the length of the twisted
fiber section, and N is the number of twist turns. Similar to
conventional LPFGs, H-LPFGs couple the guided fundamental
mode to forward-propagating cladding modes. For the
single-helix H-LPFG in a conventional SMF, the
phase-matching condition can be described as [20]

Ai = (Meore — nlclad)Ag (2
where n.,,.. is the effective refractive index of fundamental
mode, nt,,, is effective refractive index of i-order cladding
mode, A, is the period of the grating, and 4; is the resonance
wavelength of the grating.

fusion splicer (FSM-100P); (b) first step (discharge); (c) second step (move
fiber); (d) third step (jump).

The automatic H-LPFG inscription program involves two
motors, namely, 6, and SWEEP motors, which is comprised of
the three main parts illustrated in Fig. 2. As shown in Fig. 2 (c),
one part involves 6, motor, with the twist speed, e.g., V=40
degree/s in this program, which determine the required time for
rotating a period is 9 s. Another is to move the fiber according
to the grating pitch (A) and the period, e.g., A=450 um and
N=16, respectively, along its longitudinal axis via the SWEEP
motor, as shown in Fig. 2(d). Here, the grating pitch is
determined by multiplying the Finish Time by the Initial Speed,
e.g., V=50 um/s. Furthermore, accompanied part is performing
arc discharge for N periods of time, e.g., 146 s, as shown in Fig.
2(b). The arc discharge time is determined by subtracting the
Start Time from the Finish Time. We analyzed the influence of
the arc current on the grating growth for the SMF by inscribing
several gratings with the same grating pitch and concluded that
high-quality H-LPFGs in SMFs could be achieved when the arc
current is fixed at STD-2.6 mA. It should be noted that
fabricating LPFGs by use of arc discharge technology belong to
high reproducibility [17]. As a result, the program is
automatically executed by pushing the button labeled SET on
the splicer panel and stopped by pushing the button labeled
RESET. Furthermore, the program is transferable to any
FSM-100 series splicer for the H-LPFG inscription. We have
fabricated two H-LPPFG samples with different values of A in
order to verify the feasibility of arc discharge inscribing
technology. It can be seen from Fig. 3 that the gratings
exhibited good quality with clean spectra, the depth of the
resonant peaks closed to 30 dB, and low insert losses of ~2 dB.
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Fig. 3. Transmission spectra of H-LPFGs inscribed in SMF with different
grating pitch.
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We all know that the fiber transmission spectra are determined
by the helix pitch A4 In the meanwhile we detailed that the
automatic H-LPFG inscription program involves two motors,
namely, 0., and SWEEP motors. However, the twist speed Vg
could range from 1 degree/s to 50 degree/s, as shown in Fig.
4(a), and the speed of the SWEEP motor could range from 10
um/s to 1000 pum/s, as shown in Fig. 4(b). So the required time
for rotating a period is equal to 360 degree divided by V,. As a
result, the helix pitch A4 is determined by multiplying the
required time for rotating a period by the SWEEP speed V.

(b)

Fig. 4. The twist speed V, could range from 1 degree/s to 50 degree/s (a) and the
speed of the SWEEP motor could range from 10 pm/s to 1000 pm/s (b).

I1l. EXPERIMENTAL RESULT AND DISCUSSION

We have first investigated the responsivities of the H-LPFG for
the temperature with an ASE source and an optical spectrum
analyzer in our experiment. To investigate the thermal
performance, the H-LPFG was first placed in a column oven,
where the temperature can be discretely changed from 20<€ to
100<C with a resolution of 0.1<€. The measured results were
shown in Fig. 5. As the temperature was increased, the
spectrum was linearly shifted to the long-wavelength direction
with a responsivity of ~70 pm/<€, which is almost the same
level as that reported in [12].
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Fig. 5. Dependence of the resonance wavelength on temperature.

To characterize the refractive index (RI) performance, a set of
refractive  index matching liquids (Cargille Labs,
http://www.cargille.com/) with a RI from 1.40 to 1.45 was
employed. Such refractive index matching liquids were
employed as the ambient solutions, which were filled around
the ambient region of the H-LPFG. Meanwhile, the temperature
remained at a room temperature. Figure 6 shows the measuring
results for the transmission spectra of the H-LPFG. It was found
that as the refractive index was increased, the two loss peaks
began to shift to the short wavelength direction, i.e. ‘blue’ shift.
The curve is fit by exponential function with a high
goodness-of-fit coefficient R? value.
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Fig. 6. Resonant wavelength shift of the H-LPFG at different surrounding RIs.
The inset shows the transmission spectra of the proposed device immersed in
the liquids with a RI of 1.40 and 1.45.

Fig. 7 shows that the experimental results when the co-direction
and contra-direction twist stress were applied on the H-LPFG,
respectively. The inset showed the transmission spectra of the
SMF-HLPG. It indicated the response of the resonance shift
and corresponding grating contrast of the H-LPFG to the
applied twist. It was found that the resonance wavelength shifts
linearly towards longer wavelength when co-directional twist
was applied and the opposite process occurred when
contra-direction twist was applied. The contrary behavior
agreed with the theoretical analysis. The resonance wavelength
(~1515 nm) of the H-LPFG varied monotonically and linearly
with a sensitivity of -46.46 nm/(rad/mm), which is an order
magnitude higher than that of the conventional CO,-laser
written LPFGs [12]. The grating contrast decreased when the
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twist was applied on the H-LPFG, which can be attributed to
the decrease of coupling coefficient caused by the torsion [21].
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Fig. 7. (a) Resonance wavelength versus twist rate. The inset is the transmission
spectra of the H-LPFG.

We also investigated the responses of the H-LPFG to the
applied tensile strain. First, one end of the H-LPFG was fixed,
and another end was attached to a translation stage with a
resolution of 10 um. The total length of the stretched fiber,
including the SMF and the grating, was 190 mm. The
wavelength shift of the interference fringe around 1515 nm was
measured while the tensile strain was increased from 0 to 480
pe with a step of 50 pe. As shown in Fig. 8, the dip wavelength
of the resonant wavelength of the H-LPFG sample shifted
linearly toward a longer wavelength with the increased tensile
strain. Providing an optical spectrum analyzer with a resolution
of 0.02 nm was employed, a strain sensitivity of 1.88 pm/ue
could be achieved. Additionally, the minimum intensity of
interference fringe, i.e. dip intensity, exponentially increased
while the applied tensile strain was increased from 0 to 500 pe.
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Fig. 8. Measured shift in resonance wavelength as a function of axial strain.

IV. CONCLUSION

In conclusion, a promising arc discharge technology was
proposed for fabricating H-LPFGs with the improved quality
and inscription efficiency, where a preset automatic program in
a commercial fusion splicer using two fiber holders rather than
a single holder and a tensioning mass was implemented. It is
possible to tailor the resonant dip by simply adjusting the
temperature, ambient refractive index, twist rate and axial
strain. Automatically, it has potential usage as sensors.

However, this elaborate work is still in progress. Moreover,
potential applications are in nonlinear chiro-optical effects,
polarization control, filtering, microscopy, and spectroscopy.
Note that we have not made the analysis of polarization
characteristics of the fabricated H-LPFG due to limited
experimental devices.
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