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Strain and temperature effects on erbium-doped fiber for decay-time
based sensing
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D. I. Forsyth, T. Sun, Z. Y. Zhang, and K. T. V. Grattan®
Department of Electrical, Electronic and Information Engineering, City University, Northampton Square,
London EC1V OHB, United Kingdom

(Received 2 June 1999; accepted for publication 13 October)1999

An experimental investigation into the strain and temperature sensitivity of the fluorescence decay
time in commercial erbium-doped optical fiber has been carried out. Results show that a strain effect
on the performance of temperature-based sensors using such fiber is larger than that for
neodymium-doped fiber, but a little smaller than is seen in similar ytterbium-doped material. For the
materials studied, the relative change in lifetime ranges from about®6’ (for Yb) to 14

X 10" 7 (for Nd) we ! and the associated error in the temperature measurement ranges from 1.8
%10~ 3 (for Nd) to 6.1x10 3Kue ! for the Yb sample used. The application to simultaneous
strain and temperature monitoring is discussed.2@O0 American Institute of Physics.
[S0034-6748)0)03701-1

I. INTRODUCTION fiber-based, simultaneous strain, and temperature sensors
made.
The wider availability of a range of rare-earth-doped op-
tical fibers, from a variety of sources and designed usually
for laser or telecommunications applications, has mordl. THEORETICAL BACKGROUND
readily allowed their use in a number of intrinsic optical fiber

sensor devicekThis ha.\s most usuglly bgen in optical fiber ture sensitivity occur and ideally must be separébTehe
thermometry, where either dntensityratio of the fluores- 5 4r0und to simultaneous strain and temperature measure-
cence arising from severdlsually two specific levels is  ment ysing optical techniques has been discussed in some
analyzed or the fluorescendecay timeat a particular wave-  Jetail by Jonésand summarized previouslyln essence,
length is determined® In the course of previous work with however, two measurand-dependent observables, in this in-
several types of neodymium-doped fiber, to create a fluoresstancer; andr, (the fluorescence lifetimes produced by two
cence decay-time-based temperature reference for an in-fibgifferent rare-earth-doped fibgrat a certain temperatur@,
optically based strain sensor, a small additional strain sensand a specific straing, must be considered, where each
tivity of that fiber was observed in research by léual?  shows some sensitivity to both measurands so that

Here, an optical fiber network comprising an in-fiber Fabry—

In sensor systems of this type, both straimd tempera-

Perot ‘¢alon strain sensor was coupled with an Nd-doped T_ Kir KT )
fiber thermometer and some unexpected cross sensitivity of L72 Kot Kol €

that fiber to strain effects was seen. This was investigategych that

further for other types of Nd and Yb-dopetibers and it

became apparent that a study of erbi(En)-doped fiber was T_ ;{ Koe  —Kiclfm 2
essential, due to the widespread use of this material in optical L€ KitKae= KoKy =Kor - Kyr [I72)

fiber SyStemS and its proven value in Optical thermom%tl’y. where KnT and an are coefficients of temperature and
In this work as a result, a study has been carried out o&train, respectively, fon=1 or 2 in this case.

the effect of longitudinal straifup to the level of fiber frac- Thus, the simultaneous measurement of strain and tem-
ture) on a fluorescence decay-time-based temperature sengsérature by using two sensing elements is possible with a
scheme(in this case based on erbium-doped fibend the  knowledge of the calibration parameters of the system. From
resulting potential error in uncorrected systems evaluatethis, temperature and strain errors arising from the above
and quantified. Characteristics of the device over a temperaystem may be estimated respectively below as
ture range from room temperature 40 150 °C are consid-

9 ) b ) |K2d|A 7|+ Ky l|A |
ered. Results obtained are compared with those from other |§T|= KK oo KoK
similar systems and recommendations for intrinsic, optical 1Th2e h2T e

Kol ATy |+ [Kyq]| A

Je|= ,
|5¢ |K 17K 2= KorKy |

()
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FIG. 1. Experimental arrangement used in this work.
9800 |
whereA 7, is the change in the lifetime, amd=1 or 2 in this
instance. 9750 | | | T ; 1 |
A particular description of the simultaneous discrimina- 0 20 40 60 80 100 120 140 160
tion of temperature and strain based on the use of dual ele- Temperature (degC)

ments, involving for example two different doped fibers or
one doped fiber combined with an alternative strain sensing
element is possible, in terms of the use of Eq&) and (2),

with the error tolerance being estimated from E(®.and B . .
(4). Fluorescence may be excited in such a doped fibePOWer: Po=40mW) which was modulated via an external

through the use of a pulse of light from an appropriate Iase?ltegtromc solurcte.thhef8”13 r;rr:ﬁ Wtivelet:lgth ta}t WT)'Chd't ?‘pt(:\r-
diode source. It is found that following the termination of the at€d was selécted lo 1all within the absorption band of the

excitation light pulse, the fluorescence decay signal can b r-doped material usetiand the laser was coupled to one

written as an exponential function of time,by iber input of a 2<1 coupler arrangement. The qutput of the
coupler was connected to a length of conventional commu-

f(t)=Aexp(—t/7)+B, nications fiber leading to a stable tube ovéSITANTON

whereA corresponds to the initial fluorescence amplituge; REDCROFT, into which was fusion spliced the- 5 cm
is the corresponding fluorescence lifetime, which is!ong test piece of single-mode=3/125 um core/cladding

temperature-dependent; aBds the signal baseline offset.  ET fiber, using both high and low levels of doping, in two
separate cases. This length of fiber used ensured an adequate

absorption and fluorescence signal yield. The other end of
the sample was fused to a similar piece of communications-
The experimental arrangement used was similar to thatype single-mode fiber. Strain was applied by using a pulley
of previous work’® as shown in Fig. 1, and consisted of a system with weights added, progressively controlling the
laser diode pumpwavelength,\ =813 nm and maximum overall strain exerted on the test fiber. Care was taken to
prevent the fiber from touching the tube oven glass and to
! I | | lubricate the pulley in order to minimize friction. The detec-
R ) tor used, an InGaAs photodiode, was chosen to cover the
: , spectral fluorescence emission range at wavelengths greater
000 . \/“ —— ‘ than the laser wavelength and was connected to the other
0.01 - input of the couplef. Thus, with the system described, the
.02 f temperature and strain applied to the fiber sensor could be
carefully controlled and monitored.
It was necessary to measure the fluorescence lifetime of
1 the doped fiber and for this task an analog-to-digital card
connected to a PC was employed to process the signal elec-
tronically. The falling edge of the pulse was used to sample
the output of the photodiode, obtaining the time evolution of
the exponential decay in the fluorescence, with a sampling
frequency of 10 kHz.
A test was first performed to estimate the range of strains
l ' ' ' * which could be applied to the completed fiber system with-
000 005 010 015 020 025 out damage. This fiber was found to break for a total load of
time(secs) approximately 240 g which, from a knowledge of the dimen-
FIG. 2. Analysis of decay-time data from Er-doped fiber: upper graph—Sions and mechanical properties of the fiber, corresponded to
residual error vs time; lower graph—decay signal vs time. a strain,e, of about 250@e calculated from:

FIG. 3. Graph of fluorescence lifetime vs temperature.

IIl. EXPERIMENTAL ARRANGEMENT

0.02
0.01 -

residual error

normalized decay signal




106 Rev. Sci. Instrum., Vol. 71, No. 1, January 2000 Arnaud et al.

10302 0.030
10300 | N 0.028 ® high doped
0.026 -
10298 - 0.024 | A low doped
10296 | 0.022
4 0,020 -
g 10294 % 0.018
£ 10292 < 0016
3 2 0014
3 10290 - 0.014 f
g 0012 - ®
10288 —— fitted @ 0.010 - is
A measured
10286 | 0.008 - 1
0.006 | &
10284 0,004
10282 T T T T T T T T T T 0.002 —
0 200 400 600 800 10001200 14001600 180020002200 0.000 | | | : , , ,
(a) strain (ue) 0 20 40 60 80 100 120 140 160
9865 Temperature (deg C)
FIG. 5. Strain sensitivity of fluorescence lifetimes as a function of tempera-
A ture.
9860 —
The plots analyzed in this study were obtained by pro-
9855 cessing a 512 point time series with an integration run time
) of =100 min in each case. This integration time is much
2 9850 | longer than would be useful for a sensor system, but here it
8 was used to ensure an accurate determination of the very
small strain effect present. The method of signal analysis was
9845 71 — fitted quite different from the previously employed phase-locked
&  measured detection (PLD) method"° or applying a non-iterative
9840 method to the results obtainé¥put an acceptable level of
A error was obtained. Although the signal detected was noisy,
0835 the effects of temperature and strain on the lifetime were
T T T T . g .
0 500 1000 1500 2000 2500 clearly identified and measured. The processing scheme em-
b) swain (ue) ployed a Marquardt—Levenberg algorithm for parameter

estimation—an accurate tool but slow for on-line operation.

FIG. 4. (a) Plot of lifetime as a function of strain for a low doped fid@00

m). (b) Plot of lifetime as a function of strain for a high doped fil§@60 . .
ppm. (b) gh doped fit B. Temperature calibration of the system

ppm.
An initial calibration of the performance of the system in
mg/A terms of the decay time as a function of temperature was
SRV carried out, to check the consistency of the performance with

) ) ] that of previous work. This is shown in Fig. 3 for the 960
for the 125um diameter used, and is Young's modulus  20_150°C. The figure also illustrates the dominant nature of

_ H 0 -2 . . . .
(=stress/strainy 7.31x 10:°N/m"* (for fused quarte the temperature effect upon lifetime, as will be evident from
the results on strain tests at a series of fixed temperatures
IV. RESULTS shown below.

A. Analysis of the decay of fluorescence
C. Strain calibration of the system over the

Figure 2 shows a typical data analysis result of the fluo
g yp Y rtemperature range of 20—150°C

rescence signal output as a function of time. In the lowe
plot, the sampled data and the fitted exponential curve are For each of the two different Er-doped fiber types con-
shown together. All of the results of this type which were sidered(200 and 960 ppm dopinga series of results was
taken show similar results, with the fitted exponential beingtaken of the lifetime change with applied strain. Having pre-
very close to the data points and without revealing a substandously determined the fiber fracture limit é£2500 ne, the

tial mismatch. In the upper plot, it is possible to see the errorapplied strain was limited so as not to exceed this figure.
Ysampledt) — Yiitea(t), Which is very small and considered not Temperature increments e£25°C were used for the 960
to affect the estimation of lifetime, in spite of the fact that appm fiber and=50 °C for the 200 ppm sample. Typical re-
negligible second order effect is recognized. sults obtained for each are shown in Figa)4for 200 ppm
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TABLE |. Data on several doped fibers for sensor use.

Er 200 ppm Er 960 ppm Yb 2.5% Nd 300 ppm
Typical lifetime 10 350 10 100 875 365
at 25 °C(us)
a1 (9.66+1.93) (11.9+2.97) (4.91+0.91) (13.7+1.37)
e Mre) x 1077 x 1077 x 1077 x 1077
L1 —(2.41+0.19) —(2.47£0.29) —(0.8+0.1) —(7.17+0.82)
LK) x 1074 x 1074 x 1074 x 1074
aT 4.0x10°3 4.7x10°3 6.1x10 3 1.8x1073
;(K//LE)
AT=1000ue 4.0 4.7 6.1 1.8

(K)

and Fig. 4b) for 960 ppm. A least-squares regression is useatence lifetime change due to strain and temperature sepa-

to create the fitted straight lines in each case. There is sommately for the four fibers comparedow and high doping

considerable degree of scatter, reflecting the signal noise anevel of Er, and the samples of Yb and Ndith an index of

the degree of averaging undertaken, arising as it does frommensor performance for the equivalent variatiaf, (in K),

the small change in the decay time seen. in the sensor output temperature for a case of 1088train

These results are drawn together in Fig. 5 where thapplied to the fiber.

slopes of the graphs, i.e., the sensitivities, are plotted for both

fiber types over the full temperature range considered. The

results each show quite a high degree of error, in spite of th¥. DISCUSSION

long integration time, due to the comparatively small nature . . .

f e v efect when compared 0 e temperaue sens 0 SeU o e g Sovs | an e oosee

tivity. However, there appears to be no additional temperal- . . o th f the Nd- P d Yb-doped fi-

ture effect in that the change in sensitivity plotted as a func;ONYer N comparison 1o those of the an oped T

. Bers at room temperature, and that the lifetime change and

low doped fibers, at an average value ef1x10 2 Lesn;ltirr]]g :](_an;]perthljre %eper:jdenﬁis are ejse?“‘f"”y simillalr for

pspe . This observation is consistent with results from tig; otf zacllg Iifzgmeogéa?nps? stlfarlir: serrzvirr: inr?l':tt)ll\(/eelsaigs\llt:a\;;

't)i(r;\./lous work studying Yb- and Nd-doped fiber characteris- - " ce reported for Nd and Yb, which indicates the
possibility of discrimination between temperature and strain
measurement by using several rare earth doped fibers in a

D. Comparison with Yb- and Nd-doped fibers single sensor arrangement. For optimization of the tempera-

In the light of the requirement to produce a fiber optictur_e mea_suremf-:-nt, Nd-doped appears to b(_a st th?_*T‘OSt

thermometer with a minimum strain sensitivity, or a strainSUItabIe fiber since it hasthe h|ghest relative sensitivity,
(S8L/6T)/L, allowing more precise temperature measure-

sensor with the maximum sensitivity and minimum tempera: N Il as the | ¢ vty o St |
ture effect, the performance parameters of three different €Nt as Well as the lowest sensitivity to S réfior eoxamp €
n error in the temperature measurement of 1.8 °C arises due

thermometer schemes using different doped fibers in term@ o . . o
of the effect of strain on temperature measurement, are con]ig a 1000pe var|a't|or.1). This prc_)perty of strain sensitivity

pared. The other fibers considered are(®d0 ppm and Yb and. consequent lifetime variation gould be employgg for
(2.5%9-doped fibers, and the results shown were Obtaine@tram-te_mper_ature measurements n composite SETISOrs.
from previously reported work in this fiefl’ As an index of rom this point of view, Er-doped fibers seem to be in the

sensitivity against strain for the temperature-based sensor'g],'dgle _rt:?]nge ?ffensmwt};_ O.]; the/gtht/a[ tvxllo ssmt\zles ct%nstld-
the following can be used: ered, with a relative sensitivitydL/d€)/L also between tha

of the Nd and Yb-doped fibers. The results have shown that
JT _JT L there does not seem to be much difference in the strain de-
de L de’ pendence of the fluorescence lifetime between the use of the
here T is 1 ture. lifeti d e strai high and low Er-doped fibers in this work. Research is con-
where 1 represents lemperature, fiietime, and e strain tinuing to investigate a wider range of doped fiber materials
showing the degree to which the apparent temperature re: - S
. .10 optimize sensitivity.
sponse of the thermometer changes due to the strain applied
to the fiber. The values ofL/JT in units of usK ™! are
o_b_ta}ined u§ing the ve}lues of/de in units of us ue * (sen- ACKNOWLEDGMENTS
sitivity) which are estimated from the slopes of the graphs of
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