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A torsion sensor based on the near-helical (NH) long period fiber grating (LPFG) is fabricated by using a high
frequency pulsed CO2 laser. Each groove of the NH-LPFG is spirally written in the four sides of a single-mode
fiber. The NH-LPFG has a helical periodic vertical index modulation. This is different from the screw-type index
modulation of the common helical LPFGs (H-LPFGs) fabricated in a twisted fiber. The torsion and temperature
characteristics of the NH-LPFG are experimentally investigated. The temperature sensitivity is about
0.0668 nm/°C. The torsion sensitivity is 0.103 nm/(rad/m) and independent of the polarization state of
incident light.
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The long period fiber grating (LPFG) has attracted a
great deal of attention due to the distinguishing features
of low insertion loss, immunity to the electromagnetic interference, light weight, and small volume[1,2]. A variety of
sensors based on the LPFG have been extensively researched, which can realize the measurement of many
physical parameters, such as stain, temperature, bend, refractive index, and torsion[3–6]. Torsion is one of the most
important parameters for some areas including bridges,
buildings, and other engineering structures. For example,
by measuring the relative displacement of different positions in a twisted cylindrical surface, an indirect measurement for the twist rate can be accomplished[7]. However,
the sensor is not easy to apply in engineering due to its
bulky volume. Wang et al. presented a small volume sensor made of a corrugated LPFG; however, it cannot discriminate the torsion direction[8]. Although the LPFGs
fabricated by the CO2 laser can discriminate the torsion
direction and have a small volume, the torsion sensitivities
are relatively lower[9]. One solution is to propose a highly
sensitive directional torsion sensor, but its polarization
dependence is relatively higher[10]. The other solution is
to fabricate some type of helical LPFGs (H-LPFG), such
as an optical fiber torsion sensor based on a chiral LPFG
by twisting a two-mode fiber[11], a paired H-LPFG with
opposite helicities[12], LPFGs written in a twisted singlemode fiber[13], or periodically cascading a series of screwtype distortions[2]. All of these mentioned sensors based
on the H-LPFG are written in the twisted fibers; however,
the special H-LPFG written, respectively, in the four sides
of the optical fiber has not been reported.
In this Letter, a torsion sensor based on a near-H-LFPG
(NH-LPFG) structure was proposed, and both torsion and
1671-7694/2018/100601(4)

temperature measurements were conducted. The NHLPFG is written along a single-mode fiber via the four-side
exposure method. The included angle of every two adjacent grooves is orthogonal, and every four grooves constitute a local helix grating. The torsion sensitivities in
different twist rates and polarization dependences were investigated and experimentally demonstrated. The experimental results show that the proposed sensor has a good
torsion direction dependence and low polarization dependence, and the torsion sensitivity is higher than that of the
conventional CO2 laser-induced LPFG.
The diagram of the experimental setup for the NHLPFG fabrication is shown in Fig. 1(a). The two ends
of a single-mode fiber were, respectively, fixed at two disks
on a rotary platform. A high frequency pulsed CO2 laser

Fig. 1. (a) Experimental setup. (b) Schematic image of the
NH-LPFG.
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(CO2 -H10, Han’s Laser, including the maximum average
output power of 10 W and the laser focus point diameter of
50 μm) was used to fabricate the NH-LPFG in a singlemode fiber. The transmission spectrum of the sensor is
monitored by a super-continuum light source (SC) and
an optical spectrum analyzer (OSA) with a range spectrum from 600 to 1700 nm.
The NH-LPFG has 48 grooves, which were marked from
1 to 48. At first, the CO2 laser was used to etch 12 grooves
in the single-mode fiber (including 1; 5; 9; …; 45). Then, the
two disks were rotated 90°, and another 12 grooves
(including 2, 6, 10; …; 46) were etched in the fiber. Similarly, when the two disks were rotated to 180° and
270°, two groups of 12 grooves (including 3; 7; 11; …; 47
and 4, 8, 12; …; 48, respectively) were etched in the fiber,
respectively. This is the equivalent of the grating simultaneously fabricated by four high frequency pulsed CO2 lasers in the four directions of the optical fiber. As shown in
Fig. 1(b), the axial period is about 500 μm, and the total
length of the NH-LPFG is about 24.5 mm.
Figure 2 shows the evolution of the transmission spectra
of the NH-LPFG when the two disks were rotated from 0°
to 270° with a step of 90°. The resonance wavelength of the
NH-LPFG is 1645.4 nm. The phase-matching condition
for NH-LPFG is similar to that of the conventional LPFG,
and it can be described as
cl;m
λres ¼ ðn co
eff − n eff ÞΛ;

(1)

where λres is the resonant wavelength, and Λ is the grating
cl;m
period. n co
eff and n eff are the effective index of the fundamental core mode and the mth-order cladding mode,
respectively. The cladding mode of the NH-LPFG is
higher than that of conventional CO2 grating by using
the one-side exposure method.
Due to the conventional LPFG written by the high frequency pulsed CO2 laser using the single-side exposure
method, the refractive index distribution within the cross
section is asymmetrical in the symmetrical optical fiber,
which results in generating linear birefringence[14]. A fast
axis and a slow axis are generated on the original

Fig. 2. Transmission spectra of the NH-LPFG under increasing
rotation angles.
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symmetrical optical fiber. Linearly polarized light (LP) incident along the x axis is defined as LPx, and LP incident
along the y axis is defined as LPy. The optical path of LPx
passing through the LPFG along the fast axis is different
from that of LPy passing through the slow axis. Therefore,
the spectral characteristic of the LPFG has a certain
polarization dependence. The NH-LPFG can effectively
reduce the asymmetrical degree of the refractive index distribution of the cross section. There is a low linear birefringence in the NH-LPFG. So, the x-axis optical path and
y-axis optical path are equal after passing through the
NH-LPFG. The dependence between the spectral characteristic and the polarization states can be decreased; even
the NH-LPFG can have great potential as the LPFG of
independent absolute polarization.
The diagram of the torsion measurement of the proposed sensor is shown in Fig. 3. The NH-LPFG was placed
between a fixed disk and a rotatory disk. The distance between the two disks was 0.17 m. The polarization controller was used to control the polarization states of the input
light from the SC. An OSA was used to monitor the transmission spectrum of the NH-LPFG in the torsion
experiments.
The spectra of the NH-LPFG response to the torsion
rate were measured without the polarization controller.
The twist rate can be calculated by the following formula:
r ¼ α∕l, where α is the turning angle of the NH-LPFG,
and l is the distance between the two disks. The rotation
angle varied from −180° to 180° at 30° intervals; therefore,
the corresponding twist rate r is applied from −18.3 to
18.3 rad/m with a step of 3.05 rad/m. The transmission
spectra of the NH-LPFG with different twist rates in
the non-polarization state are illustrated in Fig. 4(a). It
is found that the resonance wavelength (at 1645.4 nm) increases linearly towards the longer wavelength when
the twist angle increases in a clockwise direction (same
as the rotation direction during fabricating NH-LPFG),
and the resonance wavelength has an opposite response
when the twist angle increases in a counterclockwise
direction. As is shown in Fig. 4(b), the torsion sensitivity
of the NH-LPFG in the non-polarization state is
0.103 nm/(rad/m), which is higher than that of the conventional LPFG written by the CO2 laser.
After the polarization controller is attached to the SC
and the fixed disk, the polarization dependence between
the polarization state and the torsion sensitivity can be
attained.
Figure 5 shows the spectra of resonant wavelengths in
both 0 and π∕2 rad polarization states, where 0 rad corresponds to the polarization state along the fast-axis

Fig. 3. Experimental setup for torsion measurement.
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Fig. 4. (a) Transmission spectra and (b) wavelength shift of the
NH-LPFG in response to the applied torsion in the nonpolarization state.

Fig. 5. Transmission spectra of the NH-LPFG in two polarization states.

direction of the fiber, and π∕2 rad corresponds to the
polarization state of the slow axis. When the polarization
controller is turned from 0 to 2π rad, the maximum resonant wavelength and the minimum resonant wavelength
are 1645.6 nm (π∕2 rad) and 1645.4 nm (0 rad), respectively. The resonant wavelength separation (RWS)[10]
can be written as
min
Δλres ¼ λmax
res − λres ;

(2)

Fig. 6. Transmission spectra for the NH-LPFG in (a) 0 rad,
(b) π∕4 rad, and (c) π∕2 rad polarization states under an applied
torsion ranging from −18.3 to 18.3 rad/m. (d) Wavelength shift
of the NH-LPFG versus the different torsion angles in three
polarization states.
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been measured in non-polarization and three further
polarization states, which are 0.103, 0.097, 0.106, and
0.106 nm/(rad/m) in the range from −180° to 180°, respectively. They are higher than those of the conventional LPFGs by a CO2 laser. The obtained RWS is
0.2 nm. The experimental results indicate that the
NH-LPFG can decrease the effect between polarization
states and torsion sensitivity. Furthermore, the temperature sensitivity of the NH-LPFG has also been measured as 0.0668 nm/°C. The proposed torsion sensor
has a promising prospect for twist measurements.

Fig. 7. Dependence
temperature.
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where λmax
res is the maximum resonant wavelength, and λres
is the minimum resonant wavelength. The RWS is 0.2 nm.
Figures 6(a), 6(b) and 6(c) show the transmission spectra
change with the increase of the twist rate in three polarization states, 0, π∕4, and π∕2 rad, respectively. In these
three polarization states, the resonant wavelengths
have a linear red-shift in a clockwise direction, while they
have a linear blue-shift in a counterclockwise direction.
Figure 6(d) shows the dependence of the resonant wavelength on the twist rate in three kinds of polarization states.
The three torsion sensitivities are 0.097, 0.106, and
0.106 nm/(rad/m), respectively. The torsion sensitivity
of the NH-LPFG in the three polarization states is almost
as large as that of the NH-LPFG in the non-polarization
state. This indicates that the influence of different polarization states on the torsion sensitivity is small.
The temperature sensitivity of the NH-LPFG is experimentally investigated by changing the temperature of the
heating device. When the temperature of the heating device varied from 30°C to 150°C with steps of 20°C, the resonant wavelength of the NH-LPFG has a red-shift with
the increase of the temperature. The temperature sensitivity of the NH-LPFG is about 0.0668 nm/°C, as shown
in Fig. 7.
A torsion sensor based on the NH-LPFG by using the
high frequency pulsed CO2 laser has been proposed
and experimentally investigated. The NH-LPFG is
the grating of the helical periodic vertical index modulation. The torsion sensitivities of the NH-LPFG have
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