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It is known that optical fiber long period gratings (LPGs) exhibit their highest sensitivity to environmen-
tal perturbation when the period is such that the phase matching condition is satisfied at its turning
point. The reproducible fabrication of LPGs with parameters satisfying this condition requires high res-
olution control over the properties of the grating. The performance of an LPG fabrication system based on
the point-by-point UV exposure approach is analyzed in this paper, and the control of factors influencing
reproducibility, including period, duty cycle, and the environment in which the device is fabricated, is
explored. © 2014 Optical Society of America
OCIS codes: (060.2310) Fiber optics; (220.4610) Optical fabrication; (220.4830) Systems design;

(060.2370) Fiber optics sensors; (060.2280) Fiber design and fabrication.
http://dx.doi.org/10.1364/AO.53.004669

1. Introduction

Optical fiber long period gratings (LPGs) are ex-
ploited in a range of applications, including as cou-
plers to optimize the performance of pumping
schemes in optical fiber lasers, as gain flattening fil-
ters, and as sensors [1–4]. LPGs offer a versatile plat-
form for sensor development as a result of their
sensitivity to strain, temperature, surrounding re-
fractive index, and curvature [5]. In recent years
there has been considerable interest in the develop-
ment of chemical sensors with high sensitivity and
specificity by coating the fiber with nanoscale coat-
ings of functional materials [6–8]. For optimum sen-
sitivity to environmental perturbation, it is known
that the period of the LPG should be chosen such that
the phase matching condition is satisfied at its turn-
ing point [9]. This places stringent requirements on
the system used to fabricate the LPGs.

An LPG is a periodic modulation of the propaga-
tion constants of the modes of an optical fiber, which
promotes coupling of light between the core and clad-
ding modes. LPGs typically have periods ranging
from 100 μm to 1 mm. The coupling of light between
the copropagating core and cladding modes occurs at
discrete wavelengths and is dependent upon the
product of the grating period with the difference be-
tween the effective refractive indices of the core mode
and the cladding modes [10]:

λ � �neff �λ� − ni
clad�λ��Λ; (1)

where λ is the wavelength of the cladding mode, neff
is the effective refractive index of the propagating
core mode, ni

clad is the refractive index of the ith clad-
ding mode, and Λ is the period of the LPG.

The modulation of the optical properties of the
fiber may be achieved by modifying periodically
the refractive index of the core by photoinduction or
by physically deforming the optical fiber [1]. The
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refractive index may be modified by exposing locally
the fiber to the output from a high-powered UV laser
[10,11], a CO2 laser [12,13], an infrared femtosecond
laser [14,15], or by ion implantation [16]. Deforma-
tion of the fiber can be caused mechanically (e.g.,
inducing physical periodic corrugations on the fiber)
[17] or by periodically tapering the fiber using a CO2
laser [18] or an electrical arc discharge [19] as the
heat source.

The inscription of an LPGviaUV irradiation can be
carried out via a point-by-point method [20] or by
using an amplitudemask [20]. An amplitudemask in-
troduces a spatial modulation to the intensity of the
laser beam incident on the optical fiber. In the point-
by-point technique, the LPG is formed by exposing a
section of length equal to half the period of the LPG to
theUVbeamfor a set timeand then translating either
the fiber or the laser beam by a distance equal to the
period, repeating the process until the desired length
is attained. Although the fabrication of LPGs using
the point-by-point approach can be more time con-
suming than using an amplitude mask, the flexibility
of the technique allows the user to create LPGs with
arbitrary period, with nonuniform period, and with
arbitrary refractive indexmodulation profile by vary-
ing the dwell time at each point.

By calculating the dispersion of the core and clad-
ding modes of the optical fiber, Eq. (1) can be used to
generate a family of phase matching curves that pre-
dict the wavelengths at which energy will be coupled
from the core to the cladding modes. Examples of the
phase matching curves are shown in Fig. 1, where
the core and cladding mode refractive indices were
determined using the approach presented originally
in [21]. It can be seen that, for coupling to higher
order modes, the phase matching curves contain a
turning point.

It has been shown previously that, for coupling to a
particular cladding mode, the sensitivity of the res-
onance band is a maximum when the period is
chosen such that phase matching occurs at the phase
matching turning point (PMTP). The evolution of the
transmission spectrum of an LPG in response to, for
example, changes in surrounding refractive index,
under these conditions is characterized by the devel-
opment of a broad resonance band that increases in
extinction ratio with increasing difference between
core and cladding mode effective refractive indices.
As the surrounding refractive index increases fur-
ther, the broad resonance band splits into two, with
the dual resonance bands showing sensitivities of op-
posite sign. This is illustrated in Fig. 2, where the
evolution of the resonance band corresponding to
coupling to the LP019 cladding mode in response to
increasing the surrounding refractive index is simu-
lated, using the approach described in [22] and [23],
where the mode effective indices were calculated us-
ing the approach of [21], and the spectrum calculated
using the matrix method of [24].

In addition to showing high sensitivity to environ-
mental perturbation, the transmission spectra of

LPGs at the PMTP are also sensitive to the period,
as can be seen from the evolution of the spectrum
with increasing period shown in Fig. 3. Figure 3
shows that changes in period <1 μm have a signifi-
cant influence on the spectrum. This sensitivity

Fig. 1. (a) Phase matching curves for modes LP02–LP08. (b) Phase
matching curves for modes LP014–LP020.

Fig. 2. Simulated evolution of the resonance band of an LPG
of period 111 μm, corresponding to coupling to the LP019

cladding mode, in response to changes in surrounding refractive
index. White and black represent 100% and 0% transmission,
respectively.
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places stringent demands on the system used to
fabricate LPGs.

Lan et al. [13] presented an investigation of the
fabrication of LPGs at the PMTP using point-by-
point CO2 laser irradiation, exploring the influence
of period and laser power on an LPG’s transmission
spectrum. It was suggested in [13] that the UV-laser
fabrication of LPGs with period sufficiently short
such that the coupling resonance occurs at the PMTP
is usually undertaken using an amplitude mask, and
that it requires postprocessing of the fiber to adjust
the resonance wavelengths. Here we demonstrate
that the point-by-point fabrication of LPGs using
UV laser irradiation produces high-quality LPGs
at the PMTP, and we investigate the influence of
period, the duty cycle of the grating, the temperature
of the environment in which the LPGs are fabricated,
and the reproducibility of the fabrication process.

2. LPG Fabrication

A. Optical Configuration

The LPGs used in this study were fabricated using
the point-by-point method. The output from a UV la-
ser (injection-seeded, frequency-quadrupled, Spectra
Physics Quanta-Ray Nd:YAG laser, repetition rate of
10 Hz, output energy of 110 mJ at 266 nm, pulse
width 4–5 ns) was directed to the fiber by a series
of optical components, as shown in Fig. 4. A variable
attenuator was used to facilitate control over the la-
ser power incident on the optical fiber.

The beam was directed toward a circular plano–
convex lens of focal length 70 mm, which was used
to focus the beam down as it illuminated the fiber.
Rather than using the lens to control the beam waist
to define the length of the section of fiber illumi-
nated, a slit was placed in front of the fiber, the width
of which was adjusted by means of a computer con-
trolled linear translation stage (PI, M-110.1DG),
which has a resolution of 7 nm and maximum travel

of 5 mm. This allowed the length of the fiber exposed
to be adjusted according to the desired period of the
LPG. The slit width could be set to half the length of
the desired period, ensuring a 50∶50 duty cycle, or it
could be adjusted such that any desired duty cycle
could be achieved. The optical fiber was attached
to a translation stage using v-groove fiber holders
and magnets. The translation stage (PI, M-150.11)
had a resolution of 8 nm and maximum travel of
50 mm. The translation stages controlling the fiber
movement and slit width were controlled in tandem
by using a LabVIEW program that allowed the user
to define the period, duty cycle, dwell time, chirp,
LPG length, and, if desired, the location of any phase
steps. The LPG’s transmission spectrum was moni-
tored by coupling light from a tungsten-halogen lamp
into the proximal end of the fiber and connecting the
distal end of the fiber to a CCD spectrometer (Ocean
Optics HR4000) with a maximum optical resolution
of 0.02 nm.

B. Fabrication Procedure

The LPGs were inscribed in photosensitive fiber with
a cutoff wavelength of 627 nm (Fibercore PS750), and
all had a length of 35.000� 0.003 mm. Prior to expo-
sure to the output from the laser, the polyacrylate
jacket over the section of fiber to be exposed was
removed by immersing it in a proprietary paint re-
mover that contained dichloromethane. This soft-
ened the coating, which was then wiped off the
fiber. The fiber was subsequently cleaned by wiping
with a tissue soaked in isopropyl alcohol.

The temperature of the fabrication system was
passively maintained at 24°C–24.5°C by placing
the system in an insulated enclosure. A wireless
temperature logger (i-button DS1923) was placed
next to the fiber to monitor the temperature. The
average power output of the laser was also monitored
while fabricating each grating. This was carried
out by monitoring the power of the light from the

Fig. 3. Simulated evolution of the resonance band corresponding
to coupling to the LP019 cladding mode in response to changes in
grating period. White and black represent 100% and 0% transmis-
sion, respectively.

Fig. 4. Optical setup used for fabricating LPGs using the point-
by-point technique.
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redundant output from a beam splitter placed in the
beam path.

To investigate the influence of grating period on
the transmission spectrum for an LPG designed to
operate near the PMTP, a series of LPGs were fabri-
cated with periods lying in the range of 110–111 μm
and all with 50∶50 duty cycle. The influence on the
LPG transmission spectrum of changes in the gra-
ting period in the order of 100 nm was considered.
Before each LPG was fabricated, the period was veri-
fied by placing a length of fiber with its polyacrylate
buffer jacket intact into the system and exposing the
fiber according to the programmed exposure profile.
The exposed fibers, such as those shown in Fig. 5,
were examined under an optical microscope and
the period and duty cycle were measured.

Four LPGs, each of period 110.90� 0.01 μm and
50∶50 duty cycle, were fabricated to investigate
the reproducibility of the fabrication system setup.
The period was selected to correspond with the
PMTP for coupling to the LP019 mode. The investiga-
tion focused on the PMTP, as it is known that LPGs
with periods in this region are highly sensitive to the
surrounding environment, as discussed earlier. With
the aim of investigating the influence of duty cycle on
the LPG transmission spectrum, LPGs of period
110.70� 0.01 μm and 110.90� 0.01 μm were fabri-
cated with varying duty cycles, namely 80∶20,
70∶30, and 50∶50 (where the ratio is irradiated sec-
tion: nonirradiated section). To explore the effect of
changes in the temperature of the laboratory on
the reproducibility of LPG fabrication, a number of
LPGs of period 110.90� 0.1 μmwere fabricated with
the insulation removed.

3. Results and Discussion

Figure 6 illustrates the influence of the period on the
spectra of LPGs around the PMTP. The LP019 mode
resonance band shows a significant sensitivity to
changes in the period of order 100 nm. For example,
there is a 45 nm change in the separation of the dual
resonance bands when the grating period changes
from 110 to 110.6 μm. The lower order modes, which
at this period are further from their PMTPs, show
successive reductions in sensitivity, as suggested
by the analysis presented in Section 2. This observa-
tion agrees with that reported in [13].

With the aim of studying the influence of duty cycle
on the transmissionspectrum,LPGsofperiodwithdif-
feringduty cycles, 80∶20, 70∶30, and50∶50 (where the
ratio is irradiated section: nonirradiated section),
were fabricated. The results are shown in Figs. 7 and
8 for LPGs of period 110.7 and 110.9 μm, respectively.
The resonance band extinction ratio was larger when
the duty cycle was 50∶50. It can be seen that varying
the duty cycle of the fabrication process produces
transmission spectra that make it appear that the
LPG had a different period. This is due to a depend-
ence of the local effective refractive index on the duty

Fig. 5. Optical images of a 110.9 μm period structure inscribed on
the fiber buffer jacket of a single mode fiber with duty cycles
(a) 50∶50, (b) 70∶30, and (c) 80∶20. The darker sections denote
the regions exposed to the laser through the slit.

Fig. 6. Transmission spectra of LPGs written at and around the
PMTP.
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cycle. This was not explored by the authors of [13],
where it would appear that the beamwaist at the fiber
was determined by the position of the focusing lens
and was constant through their experiments.

The repeatability of the point-by-point LPG fabri-
cation system was investigated by fabricating four
LPGs of nominally identical period, 110.9 μm. The
fabrication system was placed inside an insulated
box to maintain the temperature within a �0.5°C
range, corresponding to the resolution of the data
logger used to monitor the temperature. The spectra
are shown in Fig. 9. The maximum difference be-
tween the resonance wavelengths recorded for the
LP017 mode was 125� 15 pm and for the LP018 mode
was also 125� 15 pm. For the LP019 mode, the maxi-
mum change in transmission at the central wave-
length of the band was from 42.4% to 36.3%, a
total change of 6.1%� 0.7%. The slight change in
the extinction of the resonance band could be due
to a slight variation of environmental conditions or
laser power. The laser power was observed to vary
slowly by up to 3 mW over the duration of the
fabrication process. Similar laser power differences

investigated for CO2 laser fabrication [13] were ob-
served to produce large difference in the transmis-
sion spectrum. This might be expected, as it was
shown in [25] that the IR dose has a significant effect
on the induced refractive index change, whereas this
is a much smaller effect for UV irradiation [26].

To further illustrate the importance on the control
of the environment in which the LPG is fabricated,
the insulation was removed, such that the tempera-
ture varied by up to 5°C� 0.5°C, and another five
LPGs, each of period 110.9 μm, were fabricated.
The extinction of the LP019 resonance band exhibited
changes of up to 28.7%� 2.5% (from 74.9% to 46.2%).
The resonance bands corresponding to coupling to
the LP017 and LP018 modes, away from the PMTP, ex-
hibited maximum wavelength shifts of 390� 43 pm
and 130� 14 pm, respectively (Fig. 10).

Another issue that might influence the exact form
of the spectrum is the tension that the fiber is placed
under in its holder. From our experience of the
fabrication of fiber Bragg gratings using similar con-
figurations and methodologies to hold the fiber, we
have found that the strain experienced by the optical

Fig. 7. LPG with a 110.7 μm period with varying duty cycles of
50∶50, 70∶30, and 80∶20 where the percentage ratio is irradiated
section: nonirradiated section.

Fig. 8. LPG with a 110.9 μm period with varying duty cycles of
50∶50, 70∶30, and 80∶20 where the percentage ratio is irradiated
section: nonirradiated section.

Fig. 9. Transmission spectra of four LPGs, each of 110.9 μm
period, fabricated in an environment in which the temperature
was controlled to 0.5°C.

Fig. 10. Transmission spectra of four LPGs, each fabricated with
a period 110.9 μm where the temperature has not been controlled.

20 July 2014 / Vol. 53, No. 21 / APPLIED OPTICS 4673



fiber in the holder is of order 10 μm/m, which would
have a small influence on the transmission spectrum
(changing the period by 1 part in 105). It might be
anticipated that this effect might be larger for CO2
laser-based inscription, as the tension might lead
to fiber elongation (and thus a change in the period)
as the fiber is heated by the CO2 laser [27].

4. Conclusion

We have demonstrated that the point-by-point fabri-
cation of LPGs using UV laser irradiation produces
high-quality LPGs at the PMTP. It has been shown
that, in order to create reproducible gratings, a num-
ber of parameters have to be taken into account.
These include the resolution of the translation stage
used to move the fiber in front of the laser, control of
the duty cycle, and the control of the temperature of
the laboratory. The system is shown to have good
reproducibility when the temperature is passively
controlled; the depth of the LP019 mode has a varia-
tion of 6%, but the central wavelength and mode pro-
file remained unchanged. At the PMTP, changes of
<100 nm in the period of the LPG can lead to a large
change in the transmission spectrum. The results
confirm the observations reported on the fabrication
of LPGs using a CO2 laser in [13] and expanded the
fabrication parameters considered. The require-
ments on the fabrication system are relaxed consid-
erably when fabricating LPGs with periods away
from the PMTP.
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porting this work via grant EP/H02252X. For
inquiries relating to access to the research data or
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tact Cranfield University Library and Information
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