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Birefringence is critical in dual-polarization fiber-laser-based fiber-optic sensing systems, as it directly deter-
mines the beat frequency between the two polarizations. A study of pump induced birefringence in dual-
polarization fiber lasers is presented here, which shows that the pump induced birefringence is a result of
the interplay among pump induced refractive index change, laser dynamics, and anisotropy inside fiber lasers.
For erbium-doped fiber lasers, pumping at 1480 nm is better than pumping at 980 nm in lower pump induced
birefringence. Moreover, injection at 532 nm for an adequately long enough time can permanently reduce
anisotropy and, hence, reduce pump induced birefringence.
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Dual-polarization fiber lasers are very popular in fiber-
optic sensing because they convert optical frequency
changes to frequency variations in the radio frequency
(RF) band and permit interrogations in the electronic
domain, which can be faster and more cost effective than
their counterparts in the optical domain2. For such fiber-
optic sensing schemes based on dual-polarization fiber
lasers, birefringence is critical, as the RF frequency varia-
tion is directly determined by the birefringence, which
should reflect the quantity of the expected measurands.
Therefore, intrinsic birefringence of fiber lasers should
be as stable as possible. Otherwise, intrinsic birefringence
will interfere with measurements, resulting in inaccurate
measurements.

Birefringence is a spatial anisotropy of the refractive in-
dex. Therefore, if the refractive index is changed for some
reason, potentially, birefringence can also be altered for
the same reason. For erbium-doped fiber (EDF) lasers,
the absorption and emission spectra of EDF is changed
under pumping. Consequently, the refractive index is also
changed due to the well-known Kramers—Kronig relation,
which is known as the pump induced refractive index
change?. Due to anisotropy inside EDF's, such pump in-
duced refractive index changes can also be anisotropic, re-
sulting in pump induced birefringence as well. However,
for fiber lasers, laser dynamics are also involved in the re-
fractive index and birefringence change, since population
distribution among various energy levels should follow the
laser dynamics. Therefore, for dual-polarization fiber la-
sers, a pump induced birefringence change can be very dif-
ferent for different pumping schemes because different
energy levels are involved in laser dynamics.

Although pump induced refractive index change has
been studied extensively for EDFs, pump induced bire-
fringence and its interaction with fiber lasers still need
further investigation, especially for a dual-polarization
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fiber-laser-based fiber-optic sensing system, because high
measurement accuracy is highly desired. In this Letter, we
present a study of pump induced birefringence for dual-
polarization fiber lasers. It shows that pump induced
birefringence is pumping scheme dependent. For EDF
lasers, a pumping scheme at 1480 nm is better than one
at 980 nm in lower pump induced birefringence. Moreover,
injection at 532 nm for an adequately long enough time is
also effective in reducing pump induced birefringence
through permanently lowering anisotropy.

Some other effects can result in a birefringence change,
such as the thermal effect and the Kerr electro-optic
effect®™. We have discussed and compared all of these
sources and found that pump induced birefringence is
the dominant one’?. Therefore, we only focus on this
effect.

For an EDF, two pumping wavelengths, 1480 and
980 nm, are commonly used to generate the emission at
the band around 1530 nm. For the pumping scheme at
1480 nm, the optical transitions responsible for the absorp-
tion and the emission are between the *I;5 /2 ground states
(level 1) and the *I;3/, metastable states (level 2). The
complex susceptibility associated with these transitions
results in additional refractive index n,, and linear absorp-
tion coefficient a5 through the real and imaginary parts of
the complex susceptibility, respectively. Because the real
and the imaginary parts of the complex susceptibility are
related by the Kramers—Kronig transform, n;, can then
be obtained through the corresponding absorption coeffi-
cient ay, according to?

c oo o9 (@0
7112(0)) = ;PV/{; % da)’, (1)

where c is the speed of light in the vacuum, and P.V. stands
for the Cauchy principle value. Because a;, is proportional
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to N, where N5 is the population difference between level
1 and 2, nyy is then also proportional to Ny,. For a fiber
laser, N, has to follow laser dynamics as well, which is then
determined by the intrinsic loss inside the laser cavity. If a
Lorentzian lineshape is assumed, N, can be expressed as™

2ra,
Ny = 2 (2)

where 1 is the emission wavelength, and a, is the distrib-
uted loss coefficient inside the laser cavity. Therefore,
N9 is also determined by a,. Since the anisotropy of a,
is basically not pump dependent, pump induced birefrin-
gence should not be observed for dual-polarization fiber la-
sers operating on the transitions just between levels 1 and 2,
such as those with a pumping scheme at 1480 nm.

For pumping schemes at 980 nm, the scenario is much
different because more energy levels are involved in laser
dynamics. The population is pumped from the *Iy; /2
ground states to the short-lived *Iy; /; states (level 3) from
which the population relaxes to the metastable states to
generate the emission at the band around 1530 nm.
When the pump is sufficiently intense, excited-state ab-
sorption (ESA) becomes prominent, which arises from a
sequential two-photon absorption at 980 nm to pump
the population from the 4115/2 ground states to the 4F7/2
states through the intermediate 1)/, states2. From
the 4F, /2 states, the population experiences a fast decay
to the *Fgjy, the *Sy/5, and the *Hyjpy states (level 4)
and produces emissions at around 690, 550, and 525 nm,
respectively. Therefore, with pumping schemes at
980 nm, the population is redistributed among four energy
levels and produces more emissions besides the one at
around 1530 nm. Because of the ESA, the strength of
the absorption at 980 nm is also changed. All of these pop-
ulation changes in the energy levels and their correspond-
ing absorptions and emissions contribute to the refractive
index change. Moreover, because the laser cavity is trans-
parent to these new absorptions and emissions, their cor-
responding population distribution on the energy levels is
not determined by the intrinsic loss inside the laser cavity.
For example, by solving rate equations, the population dif-
ference between levels 4 and 3 can be approximated ast?

T
Ny = —%(Na + Nig) — Nig Woit35 — 745(Ry3 — Rsy),
(3)

where N;; stands for the population difference between lev-
els jand i, N, is the sum of the population on all levels, z;;
stands for the decay time from levels ¢ and j, R;; is the
pumping rate from levels 4 to j, and W; is the probability
density of the stimulated emission from levels 7 to j. It then
shows that the population difference between energy levels
is dependent on the dopant concentration and the pump-
ing rate except the one between level 2 and level 1.
However, the pump induced refractive index change
does not necessarily result in a birefringence change.

Anisotropy has to be involved in the process so that
the population differences, as shown by Eq. (3) and, hence,
their corresponding contributions to the refractive index
change, can be polarization dependent. For EDFs, such
polarization dependent anisotropy manifests as polariza-
tion dependent gain (PDG)XX which, together with
the polarization of the pump, makes the dopant concen-
tration and the pumping rate, as shown in Eq. (3), pump
polarization dependent. For example, the population
difference between two orthogonal polarization states
for the population difference between levels 4 and 3 can
be obtained as

Tx
ANz = —ﬁ; AN, —143(AR;3 — ARy,), (4)

where A denotes the difference between the two orthogo-
nal polarization states. Therefore, with anisotropy
present, the corresponding contribution to the birefrin-
gence change is also pump polarization dependent, result-
ing in pump induced birefringence. Because the pump
induced birefringence is polarization dependent, a sinusoid
dependence on the pump polarization state is then
expected.

An experiment setup to study pump induced birefrin-
gence in dual-polarization fiber lasers is shown in Fig. 1.
The dual-polarization fiber laser under investigation is a
short-cavity distributed Bragg reflector (DBR) fiber
laser fabricated on an EDF (FiberCore-M12-980-125)
with two fiber Bragg gratings (FBGs) spaced by
5 mm. The FBGs are 5 mm long and are inscribed on
the EDF by a 193 nm excimer. The pump laser of the
fiber laser is linearly polarized. A manual polarization
controller composed of rotatable waveplates is used to
convert the linear polarization of the pump laser output
to the desired polarization states. Provided that the in-
put polarization is a linear polarization, and the two cir-
cular polarizations are the two poles of Ponicaré sphere, a
half-waveplate can rotate it along the equator, and a
quarter-waveplate can rotate it along longitude lines,
and, hence, all of the polarizations can be reached22.
The beat note at about 400 MHz is generated by photo-
detecting the fiber laser output and monitored by an RF
spectrum analyzer. Because the beat note frequency is
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Fig. 1. Experiment setup. WDM, wavelength division multiplexer.
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proportional to the birefringence inside the laser cavity,
its variation reflects the birefringence change.

Pump induced birefringence for a linearly polarized
pump is first studied. The beat note frequencies at differ-
ent pump polarization orientations are shown in Fig. 2 for
two cases of pumping at 980 and 1480 nm. The plane of
pump polarization is rotated by a half-waveplate, and,
hence, the polarization rotation angle shown in Fig. 2 is
referred to as the half-waveplate rotation. Along with
the polarization plane rotation angle, the beat note fre-
quency varies according to the sinusoidal curves. When
the orientation of the pump polarization aligns with
one axis of the fiber, one peak or one valley of the fre-
quency variation appears. The two axes of the fiber can
then be determined. Note that the peaks and the valleys
for 1480 nm pumping do not coincide with those for
980 nm pumping because the polarization rotation angle
is referred to as the half-waveplate rotation instead of the
two axes of the fiber. As the theoretical analysis expects,
the beat note frequency variation for 1480 nm pumping is
much smaller than that of 980 nm pumping because, for
the 980 nm pumping, higher energy levels other than the
o /2 ground states and the T4 /2 metastable states in-
volved in the laser dynamics and the anisotropy resulted
from the pump induced refractive index change, which
manifests itself as a frequency variation. For 1480 nm
pumping, only the *Ij; , ground states and the *I;3 5 meta-
stable states involved in the laser dynamics and the pop-
ulation distribution among energy levels is basically fully
determined by the intrinsic laser cavity loss, which is quite
stable regardless of the pump polarization change.

Birefringence induced by pump polarization states
other than linear polarizations is also examined. Figure 3
shows a scan of the beat note frequency versus pump
polarization states for the 980 nm pumping, which is ac-
tually a map of the Poincaré sphere with linear polariza-
tion states at the equator and circular polarization states
at the poles. In Fig. 3, the z axis and the y axis stand for
the longitude and the latitude of the Poincaré sphere, re-
spectively, with the equator at the bottom of the figure.
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Fig. 2. Beat note frequencies versus linear polarization orienta-
tions of the pump.
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Fig. 3. Beat note frequency versus pump polarization states for
pumping at 980 nm.

Because the two axes have been determined through the
experiment shown in Fig. 2, the coordinates employed in
Fig. 3 are referred to as the two axes of the fiber with the
slow axis assumed to be at the origin point. Figure 3 shows
that the peaks and valleys of the beat note frequency
variation appear at linear polarization states launched
along one of the two axes. For circular polarizations
and linear polarizations with a z/4 orientation to the
two axes, the beat frequency is at the medium of the
two maxima.

The power of the beat note for various launched pump
polarization states is also measured and shown in Fig. 4.
Because the measurement takes a long time to complete,
and the beat note power is easily disturbed by various
environmental interferences, the results at each line of lon-
gitude are normalized according to the maximum of that
line of longitude to remove disturbances. It shows that the
maxima of the beat note power also appear at linear
polarization states launched along one of the two axes.
However, compared to the maxima of beat note frequency,
the peaks and valleys are reversed for beat note power.
The variation of beat note frequency and power at
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Fig. 4. Beat note power variation for different pump polarization
states for pumping at 980 nm.
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different pump polarization states is also measured for
1480 nm pumping, and results similar to Figs. 3 and 4
are obtained. The variation range of beat note power is
roughly the same for both 980 and 1480 nm pumping.
However, the variation range of beat note frequency is
much smaller for 1480 nm pumping, which is about
1.13 MHz in contrast to 5.94 MHz for 980 nm pumping.

It has been shown that an injection of a green laser at
532 nm can reduce the pump induced birefringence for
pumping at 980 nm™Y. Further investigation shows that
such an injection has a profound effect on fiber anisotropy.
An experiment is designed to demonstrate this, and the
results are shown in Fig. 5. A new dual-polarization fiber
grating laser is fabricated with a beat note frequency of
about 440 MHz. Its pump induced birefringence is mea-
sured sequentially for different pumping schemes.
980 nm pumping is first employed, and the frequency
variation range is about 4 MHz. Then, without surprise,
1480 pumping shows a much smaller frequency variation
range of less than 1 MHz. 980 nm pumping is then
employed again, and the range is as large as the first mea-
surement. A green laser at 532 nm is then injected into the
fiber laser together with a 980 nm pump laser, and the
variation range becomes smaller, as expected. After
injection at 532 nm for about 120 m without 980 nm
pumping present, the fiber laser is then pumped again
at 980 nm alone. The pump induced birefringence is much
smaller now, resulting in a frequency variation range of
about 1 MHz. The average beat note frequency is also
significantly dropped to about 10 MHz. It then shows that
the injection at 532 nm reduces the fiber anisotropy, which
is similar to annealing by the heat treatment of fiber
lasers.

It is then inferred from experimental results that the
pump induced birefringence may stem from the inscription
of FBGs by the excimer. The ultraviolet (UV) radiation of
the excimer makes higher energy states partially popu-
lated. Because the UV radiation is polarized, additional
anisotropy is then introduced®2). Such anisotropy in-
volved in laser dynamics is to be shown as pump induced
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Fig. 5. Beat note frequency variation for sequential pumping at
different wavelengths.

birefringence. Provided the injection time is adequately
long enough, the injection at 532 nm can make the pop-
ulation at higher energy states return to the ground states,
resulting in reduced anisotropy and, hence, reduced pump
induced birefringence.

Therefore, to reduce pump induced birefringence, two
methods can be employed. The first one is to reduce
the anisotropy of fiber lasers by injection at 532 nm or
annealing through heat treatment for an adequately long
enough time. The second one is to pump at 1480 nm in-
stead of 980 nm to prevent higher energy states from being
involved in laser dynamics.

Pump induced birefringence in dual-polarization fiber
grating lasers is studied through theoretical analysis
and experiments, which is shown to be a result of the inter-
play among pump induced refractive index change, laser
dynamics, and anisotropy inside fiber lasers. It has a
maxima when the pump is linearly polarized along one
of the two axes of fiber lasers. Pumping at 1480 nm pro-
duces much smaller birefringence than that of pumping at
980 nm, because higher energy states do not involve laser
dynamics. Moreover, injection at 532 nm results in a sim-
ilar effect as that of annealing through heat treatment to
reduce anisotropy and, hence, reduce pump induced
birefringence.
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