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Thermally diffused expanded-core fibers with gain or loss
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Abstract—Wwe investigate the modal properties of thermally diffused
expanded-core fibers (TEC) with loss or gain. The corresponding
Helmholtz equation with complex refractive index profile is solved
numerically using Galerkin’s method. The imaginary part of the modal
electric field results in wave-front distortion showing that the power
flows out or into the doped region according to the sign of the imaginary
part of the refractive index. The spectral characteristics of the calculated
gain or loss are discussed. Our results may potentially be useful to
design high power fiber lasers or amplifiers using TEC technique.

Thermally diffused expanded-core (TEC) fiber (Fig.1)
can have very low insertion loss [1-3] and solve
alignment problems of connecting two single mode fibers
(SMFs) with different core sizes or coupling a SMF to a
laser diode, and also of assembling micro-optic
components [4,5]. Moreover, TEC fibers have been
recently used for the design of band-edge filters with a
high cut-off property or tunable comb-filters [6,7]. A
TEC fiber has an enlarged mode field radius (MFR)
obtained by heating a conventional single-mode fiber
locally at a high temperature (~1300-1650 °C) and
diffusing some dopants as Ge or F into the core. The core
expansion rate depends on the heating temperature, the
heating time and the dopant intensity in the fiber core [8].
TEC fiber has the feature that although thermal diffusion
changes the refractive-index profile, the normalized
frequency does not change and hence the single mode
condition is maintained through the process. Recently,
TEC-fiber has been proposed to suppress stimulated
Brillouin scattering in high power fiber lasers or
amplifiers. Compared to conventional large mode area
fiber, a total 7 dB suppression is achieved [9].
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Fig. 1. Schematic illustration of a thermally expanded core fiber.

The critical characteristics in fiber lasers or amplifiers
are the gain and loss along the length of the fiber. Except
for models based on rate and propagation equations, an
alternative method is to analyze optical fibers whose
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refractive-index profile is described in terms of a complex
function. The gain or loss can be described by the
imaginary component of the complex propagation
constant, which is critically dependent on the imaginary
component of the complex refractive-index profile.

In this letter, we analyse, for the first time to our
knowledge, the modal characteristics of TEC fibers with
gain or loss. Under the weakly guiding approximation,
the scalar Helmholtz eigenvalue equation, for a given
azimuthal mode number m, can be written in polar
coordinates as
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where E=E(r) represents the radial variation of the modal
field, k is the free-space wavenumber and g is the
propagation constant. The refractive index profile n(r) of
the TEC fiber can be successfully approximated by
[8,10]:
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where A is the core radius of the fiber after the heat
treatment, ng, and n are the refractive indexes of the core
and the cladding of a step-index fiber, before the heat
treatment, respectively. The expanded core radius is given
in terms of diffusion coefficient of the dopant D and the
heating time t as A= 2+/Dt .

As we are dealing with a structure with loss or gain, we
consider in (2) a complex index core: Ng, = Ngor +iNge; and
therefore the refractive index of the TEC fiber with gain
or loss can be written in complex form as

n*(r)=Re[ n*(r) |+ Im[ n*(r) | (3)

Consequently, the scalar Helmholtz eigenvalue
equation  becomes non-Hermitian, meaning the
eigenvalues may be complex. We thus expect the
propagation constant to have both real and imaginary
part, writing f=pr+igi. If Biis positive the solutions will
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decay exponentially correspon-ding to loss in optical
power, whereas a negative value of firesults in solutions
increasing in power along the fiber length, corresponding
to amplification.

We apply Galerkin’s numerical method in cylindrical
coordinates to find the modal field of the TEC fiber with
complex refractive index profile [11]. The main
advantage of the method is its versatility and robustness
in treating circular fibers with arbitrary index profiles.
The complex modal field is expanded in a set of
associated Laguerre-Gauss basis functions

ER)=Y a0 () @

where
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L"(R) are the associate& Laguerre polynomial and N is

the number of basis functions used. The normalized
parameter R is defined as R=or?/a® where ¢ is an
arbitrary positive number that affects the convergence,
accuracy and computational time [5]. Then, Equation (1)
is transformed into a matrix eigenvalue equation for the
propagation constant as Ha= f°a, where the elements of
the complex NxN matrix H, are given by
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where
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The eigenvector a is a column vector that contains the
complex coefficients a;. In our calculations, the parameter
o is chosen equal to the expanded core radius A of the
TEC fiber and the complex eigenvalue problem is solved
using optimized EISPACK matrix eigensystem routines
[12]. As a final result, the complex propagation constant
of a guided mode is obtained and the gain or loss of the
propagating signal power, in decibels per meter, is given
by g (dB/m) =20 log (e) Im(p).

The TEC fiber under consideration has a thermally
expanded core with radius A = 13 um which corresponds
to 10 h of thermal diffusion of GeO, atoms into the core
of a standard SMF-28 fiber at 1300°C [8]. We found that
only the fundamental mode (LPg;) exists at wavelength
2=1.55 um and the mode field radius of the fiber has been
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expanded to 20 um. Such SMF with over-expanded core
can be used for designing stimulated Brillouin scattering
suppression fiber-amplifiers [9].

Figures 1(a) and 1(b) show the real and imaginary part
of the fundamental mode, respectively, for three different
values of the imaginary part ne, at wavelength A=1.55
pum. The imaginary part of the modal electric field is a
result of the imaginary part of the refractive index
introduced into the fiber core. As it is seen, the imaginary
parts of the modal fields in Fig. 1(b) are overlapped after
multiplication by 10 for nw,izlo’5 and by 100 for ngi=
10°®. An apparent characteristic of the imaginary part of
the modal field is that the field reaches the minimum at a
radial distance equal to the mode field radius of the
fundamental mode (~20 um).
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Fig. 1. Real (a) and imaginary (b) part of the modal field of complex
refractive index TEC-fiber.
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Figure 2 shows the phase distribution in the fiber’s
cross section for three experimentally acceptable values
Neo,i &t A=1.55um. This phase can be considered to be the
wave-front of the fundamental mode LPy. It is well
known that the wave-front is a plane for ideal fibers (no
loss or gain), but when the imaginary part of the
refractive index is introduced, the wave-front is distorted.
The phase distortion revealed in Fig. 2 shows that there is
a power outflow from the doped region to cladding,
which is induced by the axial gain. We find that the phase
distortion is principally dominated by the imaginary part
of the refractive index ng; Note that the phase is
multiplied by 10 for ne,;=10™ and 100 for ne,;=10°. It is
bvious that these curves are overlapped and therefore the
phase is analogue to Nncy .
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Fig. 2. Radial phase distribution at A=1.55 um for three different values

of ne,,;. The phase has been multiplied by 10 for ne,;=10°and by 100 for
nm,i:10'6.
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Fig. 3. Gain versus operating wavelength. The gain has been divided by
10 for ne;=10*and multiplied by 10 for n;=10".
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Figure 3 shows the gain (or loss) in dB/m, as a function
of wavelength for three different values of ng;. As it is
seen, when the gain corresponding to nw,izlo’4 is divided
by 10 and the gain corresponding to ne,; =10 multiplied
by 10, the curves are overlapped and therefore the gain or
loss is analogue to ng,;. Moreover, the gain increases as
the wavelength decreases because more field energy is
confined in the high-index region.

In conclusion, the modal characteristics of TEC fibers
with gain or loss are analysed by Gelerkin’s method. The
imaginary part of the electric field results in wave-front
distortion in the fundamental mode of the TEC fiber with
loss or gain, which means that there is a power flow out
or into the doped region according to the sign of the
imaginary part of the refractive index. It can be assumed
that the modal field is a combination of some normal
modes of the corresponding fiber without gain or loss and
therefore, induces a wave-front distortion. The spectral
characteristics of gain are also examined for three
experimentally acceptable values of the imaginary part of
the core-refractive index. As the operating wavelength A
increases, the gain decreases because the optical power
confined to the core decreases. Our results may
potentially be useful to design high power fiber lasers or
amplifiers using TEC technique.
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