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Periodical rocking long period gratings in PANDA fibers
for high temperature and refractive index sensing’
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We report periodical rocking long period gratings (PR-LPGs) in PANDA fibers fabricated with CO, laser. The
PR-LPGs achieve very high coupling efficiency of 19 dB with 12 periods and a 3.5° twist angle in just one scanning

cycle, which is much more effective than the conventional CO, laser fabrication technique. This type of LPGs exhibits

polarization-selective resonance dips which demonstrate different sensitivities to environmental parameters. The high

temperature and external refractive index sensitivities are measured simultaneously, so it can be used as a

wavelength-selective polarization filter and sensor.
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A long-period grating (LPG) provides an efficient
method to couple light from the guided mode to the
cladding modes at specific resonance wavelengths!'!, so
it has widespread applications in telecommunication"
and sensing'®. Various techniques, such as the traditional
UV writing technique®™, femtosecond laser writing tech-
nique[4], CO, laser irradiation?, arc discharge[(’], and
chemical etching technique!”, are used to fabricate LPGs
in the standard telecommunication fibers. Apart from
single-mode fibers, LPGs have been fabricated in po-
larization-maintaining (PM) fibers for applications as
in-fiber polarizers and sensors’™. Because of the bire-
fringence in a PM fiber, the coupling to the same order
cladding mode generates two resonance wavelengths
corresponding to two orthogonal polarization states of
the fiber.

Recently, an LPG with a helix-profile refractive index
modulation has been reported'*'?. This helical index
modulation was induced by CO, laser irradiation on one
side of the fiber, while the fiber was continuously rotated
around and translated longitudinally along its axis.

In this paper, we report a novel type of LPGs by rocking
a PM fiber back and forth to induce permanent twists
periodically along the fiber. As known, periodical rotation
forth and back around the principle axis of PM fiber can
induce polarization rocking filters (PRFs)!"*! which couple
the two polarization states of fundamental mode when a
pitch is the beat length, as shown in Fig.1(a) and (b). How-
ever, when the pitch satisfies the phase-match condition of
coupling between core mode and cladding mode while the
twist is induced by asymmetric CO, laser irradiation,
which results in the permanent torsion strain in the

cross-section of the fiber and the refractive index peri-
odical modulation""), as shown in Fig.1(c) and (d), the
PR-LPG appears.

The mode coupling for the PR-LPG may be complex.
In the CO, laser irradiation region, the twist induces tor-
sion strain, which results in changes in the refractive
index or the dielectric permittivity. Since the CO, laser is
irradiated from one side of the fiber, asymmetric change
of permittivity will occur in the cross-section of the CO,
laser irradiated section. The periodic perturbation of the
permittivity along the fiber, according to the well-known
coupled-mode theory, results in resonant coupling be-
tween the fundamental core mode and higher order clad-
ding modes and forms an LPG.

(a) (b)

\

1760
1740
1720
1700
1680
1660

1620
1600

Fig.1 (a) Schematic of PR-LPG (The dark grey sections
have a rotation angle of 8 with respect of the light grey
sections. The black section is twist.); (b) Angle profile
along fiber; (c) Twisted fiber; (d) Temperature distribution
of the cross-section of the fiber

In the CO, laser irradiated region, the twist induces
torsion strain, which results in changes in the refractive
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index or the dielectric permittivity'”. The perturbation
of the dielectric tensor may be written in the form of

£(z) = R(e)(‘z‘ :)R(—H)f(z) : )

where ¢, and &, are respectively the effective refractive
indices of the fast mode and slow mode in the CO, laser
irradiated region. They are affected by the built-in shear
stress, which are mainly determined by the magnitude of
the applied twist. 8 is an effective twist angle. R(6) is

R(0)= (cos@ —sin&j '

sinfd cosf
fz) is a periodic function of z and takes non-zero value
only in the CO, laser irradiated region. f{z) may be
expressed in terms of a Fourier series as
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The induced change in the dielectric tensor may then
be expressed as
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where ¢, is related to ¢, &, and f,, which are difficult to
be quantified since the exact distribution of permittivity
variation is not known.

The coupled-mode equation for the fundamental core
mode may be derived as
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where A" and 4" are the field amplitudes for the
horizontal and vertical polarization states, respectively.

<E:; EC’Z>ZU EEdxdy is the field overlap integral of

the core and cladding modes, and C, is a coupling
coefficient for the mth order grating. When the twist
angle @ is small, the term of sin°0 may be neglected, then
the coupling constant can be expressed as

K = %sin 2(9.” EVE)dxdy =

C, . e
~sin 20[[ EX EYdxdy . (6)

The experimental setup is shown in Fig.2(a). A polar-
izer is used to launch linearly polarized light to a section
of PANDA fiber (birefringence of 5x10™*). The PMF is
fixed to two clamps with 12 cm separation between them.
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One clamp is fixed to a motor-driving rotation stage that
could oscillate at a fixed angle with a constant speed at a
given frequency controlled by Labview program, shown
in Fig.2(b), which can control the fiber to rotate back and
forth automatically. During scanning, the high-frequency
CO, laser pulses hit the fast axis of the PMF repeatedly
and induce a local high temperature to soften the silica of
the fiber. By applying a small twist, a small permanent
rotation is induced in the soften region. The schematic
structure of the twisted PANDA fiber is shown in Fig.3.
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Fig.2 (a) Experimental setup for fabrication of
PR-LPGs in PANDA fiber; (b) Operation interface of
the fabrication system

Fig.3 Schematic diagram of the structure of PR-LPG
in PMFs

In order to distinguish the twist angle, before fabricat-
ing the gratings, a straight line was carved on the surface
of the PANDA fiber by a femtosecond infrared laser, as
shown in Fig.4(a), serving as a marker to visualize the
induced twist along the optical fiber. Fig.4(b) shows a
particular twist profile when rotating the clamp by 15°. A
rocking angle profile as a function of position along the
fiber is given in Fig.4(b): the twist region is about 50 pm
long and the separation between the two twists is 475 um,
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which means the pitch of this grating is about 950 um.
The actual twist angle is directly measured from the mi-
croscope image of Fig.4(b), from which % in Fig.4(c) can
be read directly, R is the radius of fiber, and 6 can be
calculated by f=arcsin(4/R) and found to be about 3.5°,
indicating about 1/3 of the applied rotation is transferred
to permanent twists in CO, laser heated regions. Fig.4(d)
and (e) show the twist angle profile along the fiber.

o il

Fig.4 A PR-LPG fabricated in a PANDA fiber: (a) Mi-
croscope image before rotating; (b) The angle profile
along the fiber; (c) Schematic diagram of calculating
rocking angle; (d) and (e) Rocking angle profile along
the fiber

Fig.5 shows the normalized transmission spectra of the
PR-LPG in a PANDA fiber. The resonance wavelengths
for the two polarization modes are 1537.2nm and
1 546.2 nm, respectively, and the corresponding grating
intensities are 19.2 dB and 15.2 dB, respectively. The
insertion loss of the PR-LPG is ~ 0.7 dB.

By using mode index and field distribution of the
PANDA fiber and C,, as variable fitting parameters, we
calculate the transmission of coupling between the fast
mode and the cladding mode for a PR-LPG, as shown in
Fig.5. The calculated transmission spectra agree well
with the experimental results demonstrated in Fig.6.

From Eq.(6), it is seen that the twist angle will affect
the coupling constant through sin26 as well as C,,, which
is also affected by @ through the shear stress-induced
perturbation of the permittivity. The larger the twist angle,
the bigger the induced torsion strain, and the more the
change in permittivity. The pitches which make the full
coupling condition satisfied depend on the twist angle, as
shown in Fig.7, which provides an effective technique to
adjust the device length and the bandwidth of the filters.

One of the potential applications of the novel LPGs is
for sensing. By inscribing the rocking LPG on this fiber,
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two polarization-dependant resonant dips will be shifted
due to the change of external environment. The re-
sponses of the wavelength dips (the fast and slow mode
resonance dips) to high temperature and refractive index
can be different due to the coupling with different clad-
ding modes, so simultaneous measurement of high tem-
perature and refractive index can be achieved through '

AA=AATHBAR, Als=CAT+DAR, @)

AT [4 B|[A4, ®
AR| |C DAL
where Alrand Algare respectively the wavelength shifts
of fast mode and slow mode resonance dips, induced by
high temperature variation AT and gas pressure AR, A
and B are high temperature coefficient and refractive
index coefficient of fast mode resonance dip, and those

corresponding to slow mode resonance dip are C and D.
The equation will be

AT | |-10.51 0.106 || A, ©)
AR| | —24 0085 A4 |
The refractive index responses of the PR-LPG are tested
by immersing the device into refractive index oil. The
refractive index sensitivity is obtained by monitoring the
resonant wavelength shift from 1.3 to 1.4 with the step of
0.02. The two resonant wavelengths corresponding to the

two polarization states as a function of refractive index
are shown in Fig.8.
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Fig.5 Spectra of a rocking LPG fabricated in PANDA
fiber with 3.5° twist angle and 8 periods
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Fig.6 Comparison of calculated and measured
transmission spectra of a PR-LPG
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Fig.7 (a) Calculated and (b) measured transmission
spectra of PR-LPGs with different twist angles
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Fig.8 Resonant wavelength as a function of refractive
index
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Fig.9 Resonant wavelength as a function of high
temperature
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The high temperature responses of the PR-LPG are
tested with a high temperature furnace. Before tests, the
grating was heated from 22 °C to 700 °C at an average
rate of 10 °C/min and pre-annealed at 700 °C for 1 h.
Then the high temperature sensitivity is obtained by
monitoring the resonant wavelength shift from 22 °C to
700 °C with the step of 100 °C. The shifts of resonant
wavelengths with high temperature are shown in Fig.9.

A PR-LPG is fabricated in a PANDA fiber by scanning
a CO, laser beam transversely across the fiber while it is
twisted alternatively. Theoretical and experimental re-
sults demonstrate that the twist angle can affect the
resonance coupling. Very efficient polarization-selective
resonant coupling is achieved for a grating with 13 peri-
ods and just one scanning cycle. The responses of such a
rocking LPG fabricated in PANDA fiber to high tem-
perature and refractive index are experimentally investi-
gated. The two polarization-selective resonance dips
show different coefficients, which can be used for si-
multaneous measurements.
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