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Abstract

We numerically analyze the temperature response of tapered doped fiber
amplifiers and discuss their feasibility to be used as a sensing element in tempera-
ture fiber sensors. In particular, we consider Ytterbium (Yb) and Thulium (Tm)
rare earths in the tapered doped fiber designs. We have modified the coupled
propagation equations for the pump and signal radiations in order to include dif-
ferent taper structures and introduce the temperature dependence of the absorption
and emission cross-sections of Yb and Tm ions. It was found that the temperature
sensitivity of the amplified signal in Tm-doped fiber amplifiers is one order of
magnitude higher than this obtained with Yb-doped fibers. Additionally, in all
doped fibers, the temperature sensitivity of the signal radiation is higher for low
pump powers in a co-propagating pump scheme, and it highly depends on the
longitudinal shape of the taper used. Finally, for both Yb- and Tm-doped fibers, the
temperature sensitivity can be increased if we use doped fiber lengths shorter than
1 m and pump powers lower than 300 mW. This study provides valuable informa-
tion for the development of tapered fiber amplifiers doped with other rare earths
and novel designs for doped fiber temperature sensors.

Keywords: ytterbium, thulium, taper, doped fiber, sensors

1. Introduction

Non-invasive sensors for temperature and strain measurements in explosive
enviroments and with immunity to electromagnetic interference are constantly
required. In this context, optical fibers have become a key piece to develop
temperature sensors in such hazardous applications. As an example of these
applications, we can mention petroleum pipeline monitoring and hydraulic
fracturing evaluations [1, 2]. Consequently, many efforts have been made to
improve the performance of fiber optic temperature sensors based on different
principles and designs.
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Optical Fiber Applications

The development of temperature and strain fiber sensors for environmental
measurements where immunity to electromagnetic interference and high personal
safety are required has been studied with great interest until today. This fact has
allowed the development of a large number of fiber optic temperature sensors based
in different principles and desgins; among them, we can distinguish two principal
groups which are based in doped [3-10] and un-doped fibers [11-17]. In the first
group, we have sensors that use the temperature dependence of the fluorescence
lifetime and involve techniques as the fluorescence intensity ratio. In these sensors,
the key parameter is the temperature dependence of the absorption and emission
cross-sections of the pump and signal in the doped fiber amplifier [18-22]. On the
other hand, the second group of temperature sensors are based on un-doped fibers,
and these use principally interference techniques. As examples, we can mention
sensors based on Fabry-Perot interferometers, fiber Bragg gratings, long-period
gratings, optical fiber couplers, and tapered fibers [11-17]. The key parameter in
these sensors is the temperature dependence of the dielectric material that modifies
the modal behavior of the signal that propagates in the un-doped fiber. It conse-
quently changes the interferometer condition and generates a power variation at the
end of the fiber device. Currently, several works have been performed to improve
the sensitivity of these temperature sensors employing a combination of these
sensing techniques in doped and un-doped fibers, respectively. Additionally, these
combinations have allowed discerning between simultaneous strain and tempera-
ture measurements [3-6]. In this context, the gradual progress to develop improved
temperature fiber sensors requires the necessity to explore continuously novel
configurations based on the sensing techniques described above. At this point, one
interesting proposal is to consider the use of a tapered fiber, amply used as a
temperature fiber sensor [11-17], inscribed simultaneously in a doped fiber ampli-
fier, which poses an additional temperature response caused by its cross-sections
[3-10, 18-21]. At this respect, only the efficiency of pump absorption in tapered
doped fiber lasers has been studied [23, 24], but a detailed analysis of its tempera-
ture response has not be performed. Therefore, in this chapter, we present an
analysis of the temperature sensing characteristics of a tapered Yb- and Tm-doped
fiber amplifier, and we explore its feasibility to be used as sensing element in
temperature fiber sensors. In the present analysis, we study the thermal response of
the tapered doped fiber with different tapered fiber structures and pump schemes
to find an optimized design for temperature sensing.

2. Numerical simulation

We start our analysis considering first a tapered fiber section formed in a single-
mode step index fiber surrounded by air. This scheme has been extensively studied
in un-doped fibers showing that no changes of the transmitted power by tempera-
ture are obtained when only air is considered as surrounding media [11-14]. These
modifications on the transmitted power are reached when a thermochromic mate-
rial surrounds the tapered fiber section. However, this situation is not considered in
our study because our principal interest is to analyze the transmitted power varia-
tions caused by the temperature response of the amplified spontaneous emission in
the tapered doped core.

Once air is considered as the surrounding media, we proceed to analyze the mode
field expression of the fundamental core mode within the tapered fiber. The mode
field expression is an important parameter in doped fiber amplifiers because it
determines the core mode fraction of the pump and signal, which affects the power
conversion in the doped core [23-28]. In this study, Gaussian shapes for the pump
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and signal fundamental core modes were considered. Thus, we can write the trans-
verse intensity pattern using a Gaussian envelope approximation given by [29]:

1 _r QZ
e @

Fp.s(r)

where subscripts p and s refer to pump and signal radiations and Q is determined
by the characteristic of the fiber: the refractive indexes and radius of the core and
cladding, respectively. The multiplying factor in Eq. (1) is chosen to normalize f(r)
as follows:

271pr’§(1’)011’ =1 (2)
For a step index fiber, Q is approximately given by [29]:
B VEK(W)

where a is the core radius and U = a\/k*n2 — %, W = a\/ f* — k*n?,

V =kay/nt —n3, k= 27”’ n1 and n, are the refractive indices of the active core
and cladding, respectively, and f is the propagation constant of the pump or
signal mode. For a given V, the value of W can be obtained using the empirical
relationship

W = 1.1428V — 0.996, (4)

It is valid only for step index fibers. In this way, according to the pump and
signal wavelengths, one can obtain the respective values of U, W, and V using the
numerical aperture (INA) of the fiber where

NA = \/n? —n3, (5)

and subsequently the parameter Q. This procedure is accurate for 1.5<V <2.5.

Now, we analyze the thermal effects on the tapered doped fiber considering the
changes of the absorption and emission cross-section with temperature. Previous
works in un-tapered fibers have reported changes in population of the energy levels
in Yb-doped glasses, and the broadening of the homogeneous linewidth as temper-
ature is increased [18-21]. It results in modifications of the absorption and emission
cross-sections for the signal and pump radiations. These effects may vary for each
individual doped fiber due to the different glass composition, concentration of
dopants and co-dopants, and the degree of structural disorder on the glass network
used in different active fibers. In particular, we study the impact of variations on
the cross-sections due to temperature in tapered doped fiber amplifiers. Without
loss of generality, we use the absorption and emission cross-section changes with
temperature reported in [18], which is a representative of several Yb-doped fibers.
These changes are expressed in the following equations:

o(T) =¢(20°C) + j—; (6)
dojje™ o
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d 637(')164717;1 - m2
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where 61964 and ¢1064"" are the absorption and emission cross-sections for the

signal wavelength and 67" and ¢

/" are the absorption and emission cross-
sections for the pump wavelength, respectively.
In order to model a temperature-dependent tapered Yb-doped fiber amplifier,

we numerically analyze the following coupled equations:

976nm

dl, 0(;;) — [62,(T)ny(T) — &%, (T)n1(T)| Nioil,, (7, 7) (10)
dls;:Z) = (60 (T)m2(T) — 63 (T)11(T) [ Niot L (1, 2) (11)

where I, (r,z) and I;(r,z) are the pump and signal intensities; Ny, is the total
ytterbium population; 6*, , 6bn, 6, 65,,, are the temperature dependent absorption
and emission cross-sections of the pump and signal at 976 nm and 1064 nm,
respectively; and 71(T), n,(T') are the temperature-dependent upper- and
lower-state populations of Yb, which are given at a steady state by the following
equations:

Rups + Waps
Rups + Rem + Waps + Wep + Aesp

ny = 1-— ny (13)

where R, = aﬁbslphvp, Ren = agmlphvp, Waps = o, Ishvs, and W, = ¢, Ihv,. In
these equations, the ASE generation is not considered, and only effects of the taper
and temperature modifications are investigated.

In order to consider the taper effects and the overlap of the pump and signal

fundamental mode with the active core, we can use [29]:
IP»S T PP,S<Z>fp,5 (V) (14)

where subscripts p and s refer to pump and signal radiations, P, (z) are the z-
dependent powers at the pump and signal wavelengths, and f () is given by Eq. (1).
It is clear at this point that the effect of taper and temperature in parameter Q
defined in Eq. (3) directly modifies the evolution of pump and signal intensities
described in Egs. (10) and (11).

If we consider the pump power at any value of z, we have [30]

(o8}

oo (21
Py(z) = Jo .[o Ly s(r,2)rdvdg = 27:J0 Ly s(r,2)rdr (15)

Then,

AP, (z) _ 2JTJOO aly, s(r,z)rdr (16)

dZ 0 dZ

Using Egs. (14) and (16), we can rewrite Egs. (10) and (11) as follows:
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Figure 1.

Modeling scheme using tapered Yb-doped amplifiers with different tapered core shapes and with co-propagating
single pump at diffevent initial taper ends: (a) pump at the end with wider radius and (b) pump at the end
with lower radius.

d a(2)
Pﬁéz) — 27[[0 (o, (T)na(T) — UZhS(T)nl(T)}Nmtpr’)VdV (17)
a(2)
dI:; f) _ sz (63, (T)2(T) — 6, (T)n1(T) | Ny f, (r)rddr (18)
0

On these equations, we assume that the fiber is doped with uniform Yb concen-
tration up to the core radius “a” which depends on z. Besides, it is worth to note that
n1(T) and ny(T) depend on f, (r) due to their relation with I, and I; intensities.

Once the temperature-dependent coupled equations are defined, we proceed to
model a tapered Yb-doped fiber amplifier with different longitudinal tapered core
shapes and different pump schemes [31] as is shown in Figure 1.

r(z) = % (=D — Bz —2?) (19)
r(z) = é (-D-BL-2) - (L-2?) (20)

This model can be applied to a different doped material as the thulium; in this
case Egs. (6) to (9) must be replaced in agreement with absorption and emission
cross-section changes with temperature reported in [32-35]. These changes are
expressed in the following equations:

olo00mm (T) — 15.56x10 % — 38x10 T (21)
c1600mm (T — 1.8x10% 4 1.99x10 T (22)
ol84mm (T) = —1.96x10% + 3.53x10 8T (23)
oo (T = 3.75x10 % — 1.57x10 T (24)

3. Results and discussion

As a first step, we analyze the power conversion along the fiber between the
pump and signal radiations for the different taper schemes described in 0. In
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addition, we consider the following absorption and emission cross-sections for the
Yb-doped fiber amplifier at 20°C: o/, = 1.488x10 **m?, ok, = 1.829x10 **m?,
), = 6x10"%m?, and 5, = 3.58x10~ ®m?, where the wavelengths 976 and

a
1064 nm correspond to the pump and signal radiation, respectively. In the numer-
ical simulation, we have fixed the numerical aperture of 0.18 along the tapered
fiber, and we change the temperature from 20 to 120°C. In both taper structures

named Taper 1 (Figure 1a) and Taper 2 (Figure 1b,) we employ a pump power of
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Figure 2.

Modeling of a tapered Yb-doped amplifier. Evolution of the pump and signal vadiations at two different
temperature;, (a), (b) and (c) for the scheme named taper 1 at 1 W of pump power for different tapered core
shapes; (d), (e), and (f) for the scheme named taper 2 at 1 W of pump power for different tapered core shapes.
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1 W, and the corresponding numerical results are shown in Figure 2 for each
tapered structure. In this figure it is relevant to observe the behavior of the cross-
point where the signal and pump conversion occurs, due to the fact that this cross-
point shifts to different lengths according to temperature variations. Then, this shift
is an indicative of which tapered structure is affected principally by temperature,
modifying in this way the Yb-doped fiber amplifier performance. To visualize this
temperature response in a better way, we proceed to analyze the amplified signal
power at the end of the tapered fiber at 20°C with respect to the signal generated at
different temperatures T using the following normalized expression:

[P;(20°C) — Py(T)] /P:(20°C). (25)

We evaluate this equation for each tapered structure given in Figure 1. In the
calculations we employ a fiber length = 3 m, and a pump power = 1 W. The results
are shown in Figure 3. According to Figure 3, all tapered fiber structures show a
high temperature sensitivity for large values of temperature. In addition, we can
observe that the tapered fiber structure named Taper 2 is more sensitive to temper-
ature for different tapered shapes. Especially, for the Taper 2 with a parabolic-1
shape, we obtain an improvement of the temperature sensitivity in the fiber
amplifier.
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Figure 3.
Efficiency signal conversion for different temperatures at the end of the tapeved fiber.
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Figure 4.

Temperature behavior of the generated signal for different temperatures T = 30 and 120°C at different pump
powers: 0.1 — 0.5W.
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Temperature response at different pump powers is shown in Figure 4, where
temperatures of 30 and 120°C are used. The signal is calculated at the end of the
tapered fiber (3 m) according to the scheme of Figure 1.

According to Figure 4, the temperature sensitivity of the signal radiation for
both tapered fiber schemes shown in Figure 1 is higher as the temperature is
increased, and it can be improved if we employ lower pump powers than 1 W,
respectively. In particular, this increment on sensitivity highly depends on the taper
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shapes; (d), (e), and (f) for the scheme named taper 2 at 1 W of pump power for different tapered core shapes.
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shape and the pump scheme employed in the amplifier design. Additionally, this
temperature sensitivity can change according to the tapered fiber length. In our
calculations, the tapered length was 3 m, but other temperature sensitivities can be
obtained if we consider tapered fiber length between 2 and 2.5 m, where the cross-
point of the signal and pump radiations is located (See Figure 2). In this sense,
further analysis needs to be performed to optimize the temperature sensitivity
using different taper ratios and different taper lengths and modifying the longitu-
dinal shape of the tapered doped fiber amplifier. Similarly, in the case of Th, we
analyze the radiation conversion along the fiber between the pump and signal
radiations of the different schemes described in Figure 1. The numerical aperture
NA = 0.18 is considered constant along the taper, and the temperature is changed
from 17-117°C. For both schemes shown in Figure 1, the co-propagating pump and
signal power were set at 1 W and 20 mW, respectively; the corresponding results of
the signal conversion for three different temperatures are shown in Figure 5 for
each longitudinal tapered core shape.

According to Figure 6, all tapered doped fiber amplifiers show an increasing
temperature sensitivity for values starting even at 27°C and up to the maximum
temperature of 117°C. The curves for “Taper 2” scheme (all in blue color) showed a
saturation at around 87°C, indicating less sensitivity to temperature with respect to
“Taper 1” scheme (in black color). However, this behavior could vary if we use
other fiber lengths. In this context, the curves shown in Figure 5 represent a design
map that could allow us to choose the taper shape and its corresponding taper
length, given by the cross-point in order to improve the temperature sensitivity of
the tapered doped fiber amplifier around a specific temperature value.

On the other hand, Figure 7 shows the temperature response at different pump
powers for the two tapered core shapes analyzed in this work, where temperatures
of 27 and 117°C are used. The signal is calculated at the end of the tapered fiber
(3 m) according to the scheme of Figure 1.

According to Figure 7, the temperature sensitivity of the tapered doped fiber
amplifier grows as the temperature is increased, and it is higher for low values of the
pump power. This is an important result to consider for the design of fiber lasers
and temperature fiber sensors. Therefore, we can consider that the temperature
sensitivity of the signal radiation is higher for low pump powers, and this sensitivity
is different for each pump scheme and depends on the taper used. This sensitivity
can vary according to the length of the fiber used. For example, these calculations
were made at 3 m; however, more sensitivity changes can be obtained at shorter
length, as it is shown in Figure 2. Additionally, further analysis needs to be
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Figure 6.
Normalized amplified signal for diffevent temperatures at the end of the tapered fiber with L = 3m.
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Temperature behavior of the generated signal for temperatures T = 300 and 390°K at different pump powers
(0.2—1 W): (a) taper 1, parabolic 1 and 2, (b) taper 2, parabolic 1 and 2.

Sensing A pump Fluorescence Temperature Sensitivity ~Reference
material (nm) wavelengths (nm) range (°C) cc™h

Er: silica fiber 800 530/555 23-600 0.013 [10]
Yb: silica fiber 810 910/1030 20-600 0.095 [31]
Nd: silica fiber 807 nm 820-840/895-815 —50-500 0.168 [3]

Er: silica fiber 785 527-537/545-555 21-96 0.006 [8]

Yb: tapered 976 1064 15-120 0.005 This work

silica fiber

Tm: tapered 1650 1841 17-117 0.009 This work
silica fiber

Table 1.
Comparison of the performance of rare-eavth-doped fibers and materials as temperature-sensing elements.

performed to optimize the temperature sensitivity using different taper ratios and
the longitudinal shape of the tapered doped fiber.

Similar results were obtained as in the case of using an Yb-doped fiber amplifier
for temperature sensing. However, although the response follows a similar behav-
ior, the results are different, the evolution of the pump and signal radiation is
shifted to shorter lengths along the fiber, the efficiency signal conversion is larger,
and the temperature behavior of the generated signal for different temperatures as a
function of the pump power shows an increased response for the Tm-doped fiber
amplifier. The sensitivity of both tapers can be compared with other kinds of sensor
of temperatures using similar techniques as shown in Table 1. Table 1 compares the
parameters of the authors’ tapered ytterbium- and thulium-doped fiber tempera-
ture sensors with existing ones. It can be seen that the sensitivity of the sensors is
close to early work on doped silica fibers for intrinsic fiber-optic temperature
Sensors.

4. Conclusion
We have reported a numerical analysis of the temperature effects in tapered

ytterbium and thulium-doped fiber amplifiers in co-propagation mode. We found
that the tapering shape and the pump power at the input amplifier modify

10
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significantly its temperature sensitivity. In particular, the temperature sensitivity is
higher as the core radius is reduced in the propagation direction (Taper 1 scheme),
and it can be maximized if the tapered fiber length is equal to the propagation
distance where the cross-point of the power conversion is achieved. On the other
hand, the temperature sensitivity can also be incremented if we use lower pump
powers at the amplifier input. Then, for temperature sensing applications, it is
desirable to work using tapered doped fiber amplifiers in low pump power regimes.
Our results can be extrapolated to other doped fibers and are of great interest for the
improvement of high-power tapered lasers and the development of temperature
fiber laser sensors.
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