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Abstract

The characteristics of temperature-dependent fluorescence of an ytterbium (Yb3+)-sensitized er-
bium (Er3+)-doped silica fiber are presented. A 10-cm long double-clad Yb3+/Er3+-codoped fiber
is diode-pumped at 915 nm and the individual fluorescence intensities from Yb3+ and Er3+ ions are
measured with varying the fiber temperature. The ratio of the dual fluorescence intensities va
ponentially with temperature in the range of room temperature to∼300◦C. This dual-dopant system
has dual emission bands that emit comparable fluorescence powers. Particularly, the self-refe
fluorescence intensity ratio is insensitive to external perturbations in the fiber, which is useful fo
sors that are used in a harsh environment without any use of additional referencing techniqu
scheme allows a compact, long-life, and low-cost temperature sensor and can also be combin
a wide range of existing fiber-optic multiplexing schemes that can simultaneously detect m
physical parameters.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Optical fiber sensors have widely been used to detect various physical param
for example, temperature, strain, bending, stress, chemicals, etc. [1–7]. Among the
silica-based fiber-optic sensors for efficient temperature detection have been studi
basic but important topic in this field because they allow nearly instant response as
giving very high precision. Furthermore, they can be implemented in a distributed
sor network [8–10]. A variety of temperature measurement methods via optical
include Bragg gratings [8], scattering [9,10], or fluorescence-based techniques [1
Fiber Bragg gratings are very efficient at temperature sensing and are easy to
ment; however, they always need additional techniques to discriminate the Bragg sh
temperature and by strain/compression [3,8]. On the contrary, the fluorescence-bas
niques are relatively independent of ambient conditions besides temperature. One
widely used methods is the detection of fluorescence lifetimes [12–14]. This metho
be utilized with various rare-earth-doped silica fibers. In principle, fluorescence is in
by pump power at a certain wavelength that is suitable for the doped ions, and a strai
ward detection procedure is simply needed. Additional advantage of such rare-earth
fiber sensors is that they are compatible with a wide range of existing fiber-optic mult
ing schemes that can simultaneously detect multiple physical parameters [3,4].

Here, we present the characteristics of temperature-dependent fluorescence of
long double-clad, Yb3+-sensitized Er3+-doped silica fiber (YESF). The dual dopants
Yb3+ and Er3+ ions generate fluorescence-power amounts in different rates with te
ature when they are diode-pumped, and the ratio between them varies with tempe
This property is based on the fact that the energy transfer rate between Yb3+ and Er3+ ions
is thermally coupled because the population densities of the ions are dependent on
ature. Even when a strong perturbation is involved in the fiber, the fluorescence in
ratio (FIR) is likely to be kept valid [11], which suggests that this scheme would be
ful for sensor applications that need self-referencing or those used in a harsh enviro
This scheme can also be combined simultaneously with a wide range of existing fibe
multiplexing schemes.

In the following, we present a simplified theoretical background regarding the
perature characteristics of Yb3+/Er3+-codoped systems, experiments and implementa
together with a simulation result, and concluding remarks.

2. Theory of temperature characteristics of Yb3+/Er3+-codoped system

When a rare-earth-doped system is pumped with a fixed rate, the fluorescence v
including a lifetime change can reflect the corresponding temperature [12]. Based
property, various rare-earth ions, such as Er3+, Yb3+, Nd3+, etc., have been investigate
for fiber-optic sensors [13–15].

In fact the emission is proportional to the population of each energy level, and h
the ratio of the fluorescence intensity from two thermally coupled energy levels c
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N2

N1
= I2j

I1j

= g2σ2jω2j

g1σ1jω1j

exp

(−�E

kT

)
= B exp

(−�E

kT

)
, (1)

whereNi , Iij , gi , σij , andωij are the number of ions, fluorescence intensity, degene
the emission cross section, and the angular frequency of fluorescence transmissio
the upper(i = 2) and lower(i = 1) thermalizing energy levels to the terminal levelj ,
respectively.�E is the energy difference between the two thermally linked levels,k is the
Boltzmann constant, andT is the temperature in Kelvin. In practice several effects,
example, the overlap of fluorescence peaks originating from the two individual ther
coupled energy levels, have been shown to cause a deviation of the measured FIR f
behavior predicted by the Boltzmann distribution of Eq. (1). Thus, Eq. (1) can be mo
into the following equation:

FIR =
(

n2

n1

)
B exp

(−�E

kT

)
+

(
m1

n1

)
, (2)

whereni defines the fraction of the total fluorescence intensity of the transition origin
from leveli actually measured by the detector for thei level andmi defines the fraction o
the total intensity from leveli which is measured by the detector for the other thermaliz
level [11].

Temperature-dependent changes in the intensity of the fluorescence usually arise
the temperature dependence of nonradiative transition rates of the energy level or, i
circumstances, of the population of other energy levels of the doped ions. Therefo
measuring the fluorescence intensity originating from a particular level, the tempe
could in principle be inferred. Although fluorescence changes can be directly tran
into the corresponding temperature, the simple intensity-based detection scheme
ously, cannot resolve out any additional perturbations in the fiber or transmission
of the fiber. One way to resolve this drawback is to detect fluorescence intensi
two different energy levels (wavelengths) that have different temperature depend
if the intermediate loss, which can be introduced by bending loss, transmission los
pump loss with the fiber, is nearly identical for the emissions at different wavelength
Eq. (1)) [11]. In addition, the emission lines should be sufficiently separated; othe
the sensitivity can be too low to obtain reasonable accuracy because the resultant�E be-
comes small (see Eq. (2)). Although we can choose two different energy levels that a
dopant can introduce, in general one emission band is dominant that the others ar
to become too small to detect. On the other hand, if a dual-dopant system is cons
there is a good possibility to have dual emission bands which emit comparable fluore
powers. Here, a dual-dopant system of a YESF is investigated. Although the upconv
luminescence intensity ratio2H11/2/4S3/2 in Yb3+/Er3+-codoped bulk fluoride phospha
glasses was investigated with different temperature conditions showing a good lin
with temperature [17], the upconversion fluorescence is not perfect for sensor applic
because of the extremely low efficiency of the process.

On the contrary, a YESF has strong emissions both at∼1 and at∼1.5 µm that are mor
suitable for senor applications. The energy level diagram of Yb3+/Er3+ ions in a silica
fiber is shown in Fig. 1. The absorption of pump photons by Yb3+ ions promotes electron
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Fig. 1. Schematic diagram of the energy levels of Yb3+ and Er3+ ions in a YESF. Forward and backward ener
transfer mechanisms are indicated while the upconversion of the Er3+ ions is neglected.

from the ground state2F7/2 to the2F5/2 manifold, which is followed by the energy transf
from 2F5/2 level to the4I11/2 level of Er3+ ions and the nonradiative decay to the4I13/2
level. If the pump power is sufficiently low, the upconversion absorption of Er3+ ions does
not significantly change the dynamics of the4I11/2 level of Er3+ ions and the2F5/2 level of
Yb3+ ions. The rate equations for this process can be expressed as follows [18]:

dnY2

dt
= WEYnY1nE3 − WYEnY2nE1 − nY2

τY21

= −
(

KYE + 1

τY21

)
nY2 + KEYnE3, (3)

nY1 = NYb − nY2, (4)
dnE3

dt
= WYEnY2nE1 − WEYnY1nE3 − K32nE3 − nE3

τE31

= −
(

KEY + 1

τE3

)
nE3 + KYEnY2, (5)

dnE2

dt
= K32nE3 − nE2

τE21
, (6)

nE1 = NEr − nE3 − nE2, (7)

where 1/τE3 = 1/τE31 + K32. nYi and nEi are the population densities of Yb3+ and
Er3+ ions at leveli, respectively.NYb andNEr are the total dopant concentrations of
Yb3+ and Er3+ ions. WYE andWEY are the cross-relaxation coefficients, which are
macroscopic energy transfer parameters of an Er3+/Yb3+-codoped system. These descr
forward (Yb3+ → Er3+) and backward (Er3+ → Yb3+) energy transfer processes, resp
tively. KYE andKEY are the forward and backward energy transfer rates, respective
the equilibrium state between the forward and the backward energy transfer proce
KYEnY2 = KEYnE3, the ratio of the energy transfer rates are described as [18]

KYE

KEY
= nE3

nY2
= NErgE3

NYbgY2
exp

(−�E

kT

)
. (8)

The population density of each state is related to temperature because the corres
lifetime of each state is dependent on temperature. As a result, the energy transfer r
is a function of the population density can indicate the temperature of the system. The
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the FIR between the emissions at∼1 and∼1.5 µm in a YESF can be a key to determini
temperature that is nearly independent of other physical parameters. Considering th
of the energy transfer rates (Eq. (8)), the FIR (Eq. (2)) can be modified into the follo
equation:

FIR′ = B ′
1 + B ′

2 exp

(−�E′

kT

)
, (9)

whereB ′
j (j = 1 or 2) and�E′ are the modified factors that are accompanied by

concentration-dependent energy transfer rates between the2F5/2 level of the Yb3+ ion and
the 4I11/2 level of the Er3+ ion as well as the energy difference between the2F5/2 level
of the Yb3+ ion and the4I13/2 level of the Er3+ ion. The characteristics of this measu
are experimentally investigated in the following section in comparison with a nume
simulation.

3. Experiments

The experimental arrangement is shown in Fig. 2. A YESF was drawn from a
form that was fabricated in-house by the modified chemical-vapor-deposition (MC
and solution-doping technique. It had an Yb3+/Er3+-codoped core of a diameter of 9 µ
and a numerical aperture (NA) of 0.16. The concentrations of Yb3+ and Er3+ ions are
approximately 20,000 and 1000 ppm, respectively. The inner cladding was made o
silica and had a diameter of 150 µm. It was coated by a low-index polymer outer cla
that provided an NA of 0.48. This double-clad structure allows the use of a multim
diode pump source for exciting the rare-earth ions. The thermal damage thresh
this polymer coating is approximately 150◦C, which is potentially the upper limit of th
temperature that is allowed to the fiber. In order to increase the temperature rang
glass fibers are preferred and can easily be implemented. However, in the experim

Fig. 2. Experimental setup for the measurement of temperature-dependent fluorescence characteristics o
The light from the pump source is launched into the 4× 1 multimode coupler via lenses and dichroic mirro
The backward fluorescence is detected by an optical spectrum analyzer.
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polymer coating was simply striped off to eliminate the coating damage in higher
perature, i.e., the outer cladding was replaced with an air surround of which refr
index is∼1. A 10-cm long fiber was used in the experiment. This length was simpl
termined to enable sufficient fluorescence power as well as adequate pump abs
The YESF section was fusion-spliced to a standard multimode-fiber coupler and wa
in a temperature-controlled oven. A laser diode emitting at 915 nm was used to
Er3+ ions via Yb3+ ions. In fact, the YESF has the main absorption peak at∼975 nm
and the second absorption peak at∼915 nm. The peak absorption at∼975 nm is typ-
ically more than five times larger than the absorption at∼915 nm, whereas absorptio
band around∼975 nm is more than three times narrower than that around∼915 nm. In

(a)

(b)

Fig. 3. Spectral fluorescence intensity profiles with respect to temperature from (a) Yb3+ and (b) Er3+ ions,
respectively. It is seen that the fluorescence intensities from the codoped ions are in a comparable l
decrease with temperature.
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addition, the center wavelength of a pump source is changed with pump current.
the absorption when a 975-nm pump source is used is not always stronger than
915-nm one is used [19]. In the experiment, relatively small pump power that is en
to generate fluorescence and not to start lasing is needed. Therefore, a 915-nm
source is appropriate. The pump light was coupled into the multimode-fiber couple
the backward-propagating fluorescence was detected by an optical spectrum analyz
nominal pump power measured in free-space between the two lenses (see Fig.
∼1 W and the coupling efficiency into the multimode-fiber coupler was 60%. Wh
pump source with single-mode pigtailed output and a 2× 1 single-mode coupler are ava
able, the pump power needed can be reduced and the system can be realized mo
effectively.

Figures 3a and 3b show the individual emission spectra from Yb3+ and Er3+ ions,
respectively, with respect to temperature. It can be seen that the fluorescence int
from the codoped ions are in a comparable level and decrease with temperature. T
orescence intensities at fixed wavelengths 1012.5 and 1537.5 nm are shown in F
and 4b (resolution bandwidth: 2 nm), respectively. These wavelengths are the fluore
lines from one of the manifolds of the2F5/2 level (Yb3+) and the4I13/2 level (Er3+) to
the terminal levels of2F7/2 (Yb3+) and4I15/2 (Er3+), respectively. The squares in Fig.
represent the measured ratio of the intensities from Yb3+ and Er3+ ions, while the solid
line represents the theoretical expectation based on Eq. (9). The simulation parame
B ′

1 = 1.35, B ′
2 = 0.011, which were determined iteratively, and�E′ = −1000.5 cm−1.

Although the temperature characteristics of the YESF can be dependent on many
the theoretical estimation is in good agreement with the measurement. It is worth
that even though the energy transfer rate between the2F5/2 level of the Yb3+ ion and the
4I11/2 level of the Er3+ ion and the energy difference between the2F5/2 level of Yb3+

(a)

Fig. 4. Fluorescence intensities at fixed wavelengths with respect to temperature are shown (a) fo3+
(1012.5 nm) and (b) for Er3+ (1537.5 nm) ions, respectively. (c) The squares represent the measured d
the intensity ratio, and the solid line represents the theoretical estimation based on Eq. (9).
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Fig. 4. (Continued.)

ions and the4I13/2 level of Er3+ ions are not explicitly separated, the approximation ba
on Eq. (9) is in good agreement. The negative sign to�E′ in the exponent in Eq. (9) i
due to the fact that the energy level of2F5/2 (Yb3+) is higher than that of4I15/2 (Er3+),
which leads to an exponentially decaying form of the FIR variation with respect to
perature. It is noteworthy that even when strong perturbations are involved in the
the FIR can be insensitive to them from the point of view of the effects induced by
external perturbations because they are nearly even to the two different emission
thereby being canceled out within the ratio. This suggests that the proposed scheme
useful for sensor applications that need self-referencing or those used in a harsh e
ment.
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4. Conclusion

We have characterized the temperature-dependent fluorescence of a 10-cm long
for potential sensor applications. The temperature range of room temperature to∼300◦C
was investigated. The fluorescence spectra via both Yb3+ and Er3+ ions were measure
and the mutual intensity ratio (FIR) was calculated. This FIR varies exponentially
temperature, thereby indicating the temperature. The temperature resolutions of
der of 1◦C in the low-temperature region (T < 150◦C) and of the order of 10◦C in the
high-temperature one (T > 150◦C) were obtained. The resolution in the high-tempera
region is somewhat low, however, that in the low-temperature one is compatible with
fluorescence-based temperature sensors [11–14]. Our numerical model of the FIR w
spect to temperature was in good agreement with the experimental data. This 10-cm
YESF can be used as a sensor head which allows a compact, long-life, and low-co
perature sensor. This scheme can also be combined with a wide range of existing fibe
multiplexing schemes that can detect multiple physical parameters simultaneously.
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