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Abstract—Long-period fiber gratings (LPGs) have been in-
scribed in nitrogen-doped fibers by electrical arc discharge. The
influence of drawing tension as well as external load applied dur-
ing arc discharge on coupling strength has been investigated. The
influence of drawing tension on the grating’s coupling strength
is found to be negligible, whereas the coupling strength increases
considerably with external load. Tomographic stress profiles of the
fiber have been recorded before and after electric arc discharge.
The axial stress modulation in the core region of the grating was
found to be smaller than 10 MPa and is thus too small to be the
dominating mechanism for grating formation.

Index Terms—Arc discharges, gratings, optical fiber filters,
stress measurement.

I. INTRODUCTION

ONG-PERIOD fiber gratings (LPGs) are important com-
ponents in modern all-fiber devices and systems used
for optical communication networks. For instance, LPGs find
application as gain equalizers in broadband erbium-doped fiber
amplifiers [1], as filters in Raman amplifiers and lasers [2], and
as band rejection filters [3]. Periodic modulation of the fiber’s
index profile allows coupling from the core mode to discrete
lossy cladding modes of the fiber, resulting in several rejection
peaks in the transmission spectrum with negligible back reflec-
tion [4]. The position of the rejection peaks is determined by
the grating period as well as the effective indices of the core and
the cladding modes, whereas the peak strength is proportional
to the overlap of the two involved mode fields with the index
perturbation.
Different techniques have been reported within the last
decade to achieve the necessary changes in the index profile.
Most commonly, fiber cores are exposed to ultraviolet laser
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irradiation, either using an amplitude mask [3] or a point-by-
point technique [5], resulting in a local increase of the doped
core glass refractive index. This method is highly flexible, as it
allows arbitrary adjustment of the period and a wide range of
core refractive index changes. However, the UV-induced index
change may decrease considerably during the lifetime of the
grating [3]. To avoid device degradation, annealing methods
[6] must be applied after the UV exposure, complicating the
fabrication process and increasing device cost.

Ultrashort laser sources have been used alternatively for the
fabrication of LPGs. In 1999, Kondo et al. reported the first
realization of LPGs by focusing 810-nm femtosecond-laser
pulses on the fiber core [7]. Recently, high-quality gratings with
excess loss of less than 0.15 dB have been fabricated using
this technique [8]. However, due to the nonlinear interaction
process between the laser pulses and the fiber core glass, the
correct alignment of the fiber with respect to the pulse train is a
crucial and difficult issue, complicating the fabrication process
considerably.

The origins of index changes induced by UV as well as
femtosecond-laser irradiation have not been clarified in detail
so far. It is widely accepted that the index change comprises two
different parts, one part caused by a modification of defects in
the fiber glass (“color-center model”) [9], another part induced
by a densification of the irradiated doped core glass [10].
The densification results in an increase in core stress for UV-
irradiated [10], [11] as well as for 810-nm femtosecond-laser-
induced [12] gratings.

Complementary LPG fabrication techniques based on ther-
mal effects have been developed. The writing of LPGs using
CO; lasers emitting in the mid-infrared has been reported
recently [13]. Kim et al. measured the residual stress in the fiber
as a function of axial position and concluded that the refractive
index change in such kind of gratings can be attributed to a
release of fiber core stress due to heating with the focused
laser beam [14], [15]. Refractive index and stress are related by
photoelasticity; an increase in core stress results in a decrease
in core refractive index and vice versa [11], [15].

An alternative and cost-efficient method for LPG fabrica-
tion is the periodic exposure of the fiber to an electric arc
discharge [16]. Using this technique, LPGs have been realized
in a multitude of single-mode optical fibers, differing basically
in core dopant [17]. Recently, arc-induced LPGs have also
been fabricated in a photonic crystal fiber [18]. However, as
for UV- and femtosecond-laser-irradiated fibers, the origins
of the arc-induced perturbations have not been identified in
detail so far. Several mechanisms, including dopant diffusion

0733-8724/$20.00 © 2005 IEEE



3948

[16], [19], [20], stress relaxation [21], [22], geometrical defor-
mation [16], [23], [24], as well as changes in glass structure
[17], [18], have been suggested, mostly without providing any
experimental evidence. Depending on writing conditions, only
one or more mechanisms perturbing the index profile might
occur. It is thus of high interest to identify each mechanism
and to clarify its impact on grating formation. In this context,
the goal of this work is to get insight in the influence of stress
changes on the overall mechanism.

II. EXPERIMENT
A. Fibers Under Investigation

Three nitrogen-doped fibers have been investigated within
this study. The fibers were drawn from the same preform at
different drawing tensions. The preform has been manufac-
tured by reduced-pressure plasma-chemical deposition [25].
The nitrogen-doped core layers incorporate 1 at% of nitrogen
and are deposited in a pure silica supporting tube, which itself
is embedded into several pure silica jacketing tubes. Drawing
tensions of 65, 125, and 195 g, respectively, were used, corre-
sponding to drawing temperatures of 1940, 1905, and 1880 °C
at constant drawing speed. The difference in drawing tension
results in different residual stress profiles due to a mismatch in
core and cladding viscosity at the drawing temperature [26].
The core and cladding diameters of the three fibers were
measured using a Photon Kinetics 2400 Fiber Geometry System
and found to be 6.0 + 0.2 ym and 126.0 £ 0.3 pm, respectively.
Refractive index near field measurements yield a core—cladding
index difference of (1.10 & 0.06) x 1072 for all fibers under
investigation. The photoelastic contribution to the refractive-
index difference [27] was hence too small to be detected within
the error of the refractive-index measurement.

B. LPG Inscription

For LPG inscription, the respective fiber was mounted be-
tween the electrodes of a conventional splicing machine (BICC
AFS3100). Therefore, one end of the fiber was clamped in a
V-groove fiber holder on top of a motorized translation stage
and a weight was attached to the other end of the fiber to keep
it under tension. To evaluate the influence of this external load
on the grating spectrum, three different weights (5.1, 22.8, and
36.3 g) have been used within the experiment. An electric arc
was applied to the fiber using a current of 9 mA and a discharge
time of 1 s for all gratings. The resulting peak temperature
and full-width at half-maximum (FWHM) of the temperature
distribution in the fiber during the discharge was estimated to
be about 1320 °C and 1.6 mm, respectively [28]. After each
arc discharge, the fiber was moved by one grating period before
the next discharge was applied. Thus, a periodic perturbation of
the fiber was achieved, which resulted in the desired coupling
behavior of the grating. For all gratings, a period of 400 pim was
chosen and 40 discharges were applied to the fiber, resulting in
a total grating length of 16 mm. The LPG transmission spectra
have been recorded using a white-light source and an optical
spectrum analyzer with a wavelength resolution of 1 nm.
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Fig. 1. LPG spectra obtained for grating inscription in fibers drawn at different
drawing tensions using arc discharge. The external load was set to 22.8 g.

C. Tomographic Stress Measurements

To determine the two-dimensional stress profile of the fibers,
a setup similar to the one presented in [29] has been installed.
The axial-stress-induced phase-retardation profile of the fiber
is determined polarimetrically for 60 projection angles from
0° to 180°. Subsequently, the axial stress profile is calcu-
lated from the projection data by an inverse Radon transform
[30]. The imaging system used consists of a 10x objective
(NA =0.3) and a charge-coupled device (CCD) camera
(768 x 574 pixels). The sampled area in the object plane has
a size of about 520 x 390 um?2. In the vertical direction, the
area is divided into seven rows of 82 pixels. To improve the
signal-to-noise ratio, we average over the 82 pixels, resulting in
seven sampling points with a resolution of about 55 pm along
the fiber axis. The transverse spatial resolution is given by the
diffraction limit of the objective and is about 1.3 ym.

III. RESULTS
A. LPG Inscription

To investigate the influence of fiber drawing tension on the
grating spectra, LPGs have been written in each of the three
fibers using exactly the same arc-discharge parameters. The
external load applied to the fiber was set to 22.8 g. The three
grating spectra obtained are shown in Fig. 1. For each of
the three fibers, five loss peaks in the transmission spectrum
can be identified. The corresponding change in core refractive
index was found by comparing the spectra with simulated
data obtained by calculations using the IFO_Gratings software
package from Optiwave. For sinusoidal modulation, the core
index was found to have an amplitude of about 3 x 10~*. No
significant dependence of peak loss or coupling strength on
drawing tension could be observed within the reproducibility of
the grating-fabrication method. In contrast, the peak positions
were found to differ significantly for the three fibers under
investigation. However, no correlation was found between peak
position and drawing tension.

In addition, LPGs have been inscribed using three different
external loads. All gratings were written in the fiber drawn with
the lowest drawing tension of 65 g. The corresponding grating
spectra are shown in Fig. 2. The loss peaks have been assigned
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Fig.2. LPG spectra obtained for grating inscription with varying external load
in the fiber drawn with the lowest drawing tension of 65 g.
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Fig. 3. Tomographic stress profile of the nitrogen-doped fiber drawn with a
tension of 125 g.

to the corresponding cladding modes. The peak positions of the
gratings do not depend on external load, whereas the peak trans-
mission losses increase with increasing external load. Rejection
losses of the HE; g resonance vary from —18.5 to —0.55 dB with
external loads of 5.1 to 36.6 g. For the highest external load, an
excess loss of about —2 dB is found; in contrast, the excess loss
in the two other LPGs does not exceed —0.25 dB.

B. Tomographic Stress Measurement

To get direct information about stress changes due to arc dis-
charge, tomographic stress measurements have been performed
in the fibers before and after grating inscription. A typical stress
profile obtained is illustrated in Fig. 3 for the fiber drawn with
a tension of 125 g. Before discharge, the stress profiles of all
fibers are found to be symmetric.

One-dimensional stress profiles of the three pristine fibers are
illustrated in Fig. 4(a). The fiber cores are under compressive
stress, whereas the surrounding silica tubes exhibit tensile
stress. Fig. 4(b) shows the core and outermost cladding tube
stresses plotted as a function of drawing tension. As expected,
a linear dependence of stress on drawing tension is found [26].
Extrapolation to zero drawing tension yields the stress values
of the preform, where only thermal stresses are present. If
drawing-induced stresses were annealed completely after arc
discharge, the fiber stress profile would equal the preform stress
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Fig. 4. (a) Residual stress profiles of the three fibers drawn at different
tensions. (b) Core and cladding tube stress change with drawing tension.

profile with a tensile core stress of about 20 MPa and an almost
vanishing stress value in the cladding. For the fiber drawn with
the highest tension of 195 g, where the initially compressive
core stress is almost —60 MPa, a stress modulation of up to
80 MPa could thus be achieved theoretically, corresponding to a
potential index modulation of 5.2 X 10~ [11], which is indeed
sufficient for grating realization.

After the arc discharge, the stress profile has been changed
considerably. In Fig. 5, two-dimensional (2-D) stress profiles
of the fibers drawn with a tension of 195 g (above) and 65 g
(below) are shown after LPG inscription. For both cases, the
externally applied load during arc discharge was set to 22.8 g.
The stress in the fiber exhibits mirror symmetry along the axis
of arc discharge. The stress profiles do not depend on the initial
stress profile, neither at the position of arc discharge (“mark”),
nor in-between two adjacent arc-discharge positions (“space”).
The initially compressive core stress has been annealed to a
tensile stress of 15 MPa in the “mark” and 10 MPa in the
“space” region, respectively. For both “mark” and “space,” the
fiber stress at the air—cladding interface has turned compressive.

In Fig. 6, the modification of axial stress with external load
applied to the fiber during discharge is shown for the fiber
drawn with the highest tension. Again, we find stress modifica-
tions with mirror symmetry along the axis of arc discharge both
in the “mark” (left column) and in the “space” (right column)
regions of the LPG. Clearly, the quantity of residual stress in
the cladding increases with external load for both regions. The
residual stress in the “space” region is almost twice as large as
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Fig. 5. Arc-induced two-dimensional stress profiles of the nitrogen-doped
fiber for drawing tensions of 195 g (above) and 65 g (below). External load
applied to both fibers was 22.8 g. The left and right columns show the profile at
the position of arc discharge and in the middle of two discharges, respectively.
Almost no dependence on the initial stress profile is found.
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Fig. 6. Arc-induced two-dimensional stress profiles of nitrogen-doped fiber
(Tdraw = 195 g) as a function of external load applied during discharge (5.1 g
above, 22.6 g middle, 36.6 g below). The higher the external load, the higher is
the residual stress in the cladding.

in the “mark” region. However, the residual core stress is only
slightly affected by the external load. For all loads, the residual
core stress is approximately 15 MPa in the “mark” and about
10 MPa in the “space” region.

IV. DISCUSSION

The results reported in the previous section allow us to
get substantial information about the contribution of stress
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changes to the LPG-formation process. As the three fibers under
investigation were drawn from the same preform, they should
have almost the same dopant concentration profile. In contrast,
as shown in Fig. 4(a), the fibers exhibit significantly different
stress profiles. The larger the drawing tension, the stronger is
the compressive core stress. If stress relaxation was the mech-
anism dominating the grating-formation process, the strength
of the LPG rejection peaks should increase with fiber drawing
tension. For higher drawing tension, more stress can potentially
be annealed by the discharge [Fig. 4(b)], resulting in a higher
photoelastic index change. However, as illustrated in Fig. 1,
there is no significant dependence of rejection peak strength
on drawing tension. Only the position of the peaks changes
significantly for the three fibers. We attribute the difference
in peak position to the small differences in core and cladding
diameter. The tomographic measurements presented in Fig. 5
confirm the negligible impact of initial stress on the grating-
formation mechanism. The two fibers with different initial
stress exhibit nearly identical stress profiles after arc discharge.
In both the “mark™ and the “space” regions, the core stress has
been almost completely annealed. The remaining modulation
of core stress between the two regions is smaller than 10 MPa,
corresponding to a core index modulation amplitude of less
than —3.25 x 107° [11], and is thus almost one order of mag-
nitude too small to cause the rejection peak strength illustrated
in Fig. 1.

The magnitude of external load is crucial for the LPG cou-
pling strength, as depicted in Fig. 2. The higher the external
load, the higher is the rejection peak strength. The correspond-
ing 2-D stress profiles are illustrated in Fig. 6. Again, as for
the gratings presented in Fig. 5, the stress modulation of the
core remains smaller than 10 MPa. Thus, the corresponding
change in refractive index is again too small to cause the index
perturbation responsible for grating formation. The amplifica-
tion of coupling strength with external load (Fig. 2) cannot be
explained by core stress changes.

In the cladding tubes, an increase of remaining stress with
external load is observable (Fig. 6). The corresponding changes
in refractive index alter the effective indices of cladding modes,
which, in general, are sensitive to even small perturbations of
the index profile. Due to the asymmetry of the profiles, the
external load might therefore affect the polarization properties
of the grating [31]. Possible explanations for the asymmetry
are an inhomogeneous temperature distribution in the arc and/or
the occurrence of shear stress in the fiber due to a misalign-
ment, as reported for the grating-formation process in [32].

It is clear from Figs. 5 and 6 that the external load applied
to the fiber, rather than the initial stress profile, determines the
amount of residual cladding stress after arc discharge. This
implies that the initial stress profile is replaced by another
stress profile, which is basically determined by the external load
applied to the fiber: The higher the external load, the higher
the residual stress. There are, in principle, two possibilities
for the external load to influence the residual stress. It might
hamper the stress annealing for temperatures above the an-
nealing point, or introduce new stress, comparable to drawing-
induced stresses, when the temperature reaches the softening
point. Glass viscosities of 10*%* and 1076 define the annealing
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Fig. 7. Temperature distribution [28] and corresponding stress relaxation [35]

for a single arc discharge.

and softening point of glass [33]. For silica, the corresponding
temperatures are about 1150 and 1650 °C, respectively [34].
The approximate temperature of 1320 °C induced by the arc
in the fiber is considerably below the softening point. We
thus suggest at this point that the higher residual stress for
increasing external load is caused by a stress-induced slowdown
of annealing. The external load inhibits further stress relaxation
by keeping the fiber under constant elongation. However, to
corroborate this assumption, a more detailed analysis of the
influence of externally applied stress on annealing is necessary.

From the temperature profile of the arc [28], the dependence
of stress relaxation on axial position can essentially be deter-
mined by extrapolating the data presented by Mohanna et al. in
[35] for temperatures below 1080 °C. The stress relaxation in
optical fibers is governed by

Z —exp [~ (at)"] ()

0o

where o( is the initial stress, ¢ the annealing time, a =
exp[19.78 — 2.45 x 10* x (1/T)] min~* with T in kelvin, and
b is 0.68 for high temperatures. Both temperature and stress
relaxation are illustrated as a function of axial position in
Fig. 7. The 1/e? full width of the stress-annealed region is
about 1 mm. The discharge time used to calculate the stress
relaxation is 1 s. For a given period of the LPG, the axial
temperature modulation due to arc discharge as well as the
corresponding stress relaxation can be determined from Fig. 7.
The maximum temperature of 1320 °C occurs at the position of
discharge, whereas the smallest temperature of about 1270 °C
is reached midway between two discharges, i.e., at a distance of
200 pm from the maximum for a period of 400 pum. The
peak-to-peak temperature modulation thus only yields about
50 °C with corresponding stress relaxations of 71% and 57%,
respectively.

To confirm these theoretical predictions based essentially on
the assumed discharge temperature by experiment, the stress-
measurement setup was used as a polarization microscope to
get the birefringence information as a function of axial position
for a fiber subjected to a single arc discharge (Fig. 8). The
higher the contrast between fiber and surrounding index liquid
in Fig. 8, the higher is the remaining stress in the fiber. The
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Fig. 8. Stress relief after a single arc discharge. The length of the annealed
region is about 0.94 mm.

length of the stress-annealed region can thus be estimated to be
about 0.94 mm, which is in good agreement with the theoretical
value illustrated in Fig. 7.

Our results basically agree with results about stress transfor-
mation due to fusion splicing reported in [36]. There, complete
annealing of drawing-induced stress was reported for a region
of about 1.5 mm in length after arc discharge. The region of
complete stress annealing is about 50% smaller in our case,
as illustrated in Fig. 8. We attribute this difference to different
discharge conditions used in our experiment.

Since the distance between two adjacent discharge positions
within the grating is only 400 pm, there is a strong overlap
between the stress-annealed regions, resulting in an almost
negligible modulation of core stress, as found in Figs. 5 and 6.
For LPGs with larger period, we expect a stronger contribution
of stress modification to the grating-formation process. Indeed,
we could observe loss peaks with double strength for gratings
written with a period of 540 um and a fourfold increase in
coupling strength for a period of 680 pym. We thus conclude
that, if the grating period is large enough, stress annealing can
also enhance the coupling strength in arc-induced LPGs.

So far, we still lack an explanation for the LPG-formation
mechanism and its sensitivity to the external load. Periodic
diameter reductions, as reported in [24], could be observed
in the LPGs written with the two higher external loads using
an optical microscope. For the LPG written with an external
load of 22.8 g, the fiber diameter decreased by ~ 5% at the
position of discharge, the LPG written with 36.3 g showed
reductions of about 10%. The diameter changes of the fiber
will, in principle, also affect the core geometry. The resulting
change in the refractive-index profile could thus be the origin of
the coupling of the fundamental core mode to cladding modes.
The strong amplification of coupling strength with external
load (Fig. 2) strongly supports this assumption. However, a
systematic modeling of the influence of core-diameter changes
on coupling strength is necessary to corroborate this hypothesis.

From the amount of diameter reduction for a given external
load, we can reevaluate the maximum temperature in the region
of discharge. The change of diameter with external load is given
by [37]

lﬁ — _b (2)
rdt n
where r is the fiber radius, p the pulling stress in newtons
per square meter, 7 the viscosity, and ¢ the time. For diameter
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reductions of 10% and 5% at corresponding external loads of
36.3 and 22.8 g, we find viscosities of 1g(n) = 9.46 and 9.56,
respectively. Following Doremus [34], the temperature value
associated with these viscosities is around 1400 °C, which is
in reasonable agreement with the assumed peak temperature of
1320 °C.

As another possible mechanism for grating formation, dopant
diffusion in the region of discharge has been suggested [20]. For
nitrogen-doped fibers, the fabrication of mode field converters
and LPGs by thermodiffusion has been reported in [19]. How-
ever, the heating times used within this study are much shorter.
For a temperature of 1500 °C, no dopant diffusion could be
observed in nitrogen-doped fibers after annealing for 3 h [38].
In addition, if diffusion would occur for the short times reported
here, we would expect a significant correlation of core diameter
with drawing temperature, which could not be observed. We
thus estimate the influence of dopant diffusion to the grating-
formation process to be negligible.

V. CONCLUSION

Long-period fiber gratings (LPGs) have been inscribed in
nitrogen-doped fibers by electrical arc discharge. The influence
of drawing tension as well as external load applied during arc
discharge on the grating coupling strength has been investi-
gated. For the grating period used within this study, the influ-
ence of drawing tension on coupling strength is found to be
negligible, whereas coupling strength increases considerably
with external load applied during discharge. Tomographic stress
profiles of the fiber have been recorded before and after electric
arc discharge. The axial stress modulation of the affected core
region was found to be smaller than 10 MPa and is thus too
small to be the dominating mechanism for grating formation.

We conclude that for LPGs, where the full-width at half-
maximum (FWHM) of the heating source is larger than the grat-
ing period, the effect of stress annealing on grating formation is
negligible. Grating formation is mainly governed by a periodic
diameter reduction of the fiber, which can be reinforced by an
external load. However, when the FWHM of the heating source
is smaller than the grating period, residual stress relaxation may
dominate the coupling strength. For high external loads applied
to the fiber, we nevertheless expect the diameter reduction to
have a significant impact on the grating-formation process.
The grating-formation process is thus basically independent of
the fiber dopant. In any case, to identify clearly the different
mechanisms as a function of different writing parameters, a
detailed comparison of experimental data with simulated data
is crucial.
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